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Abstract

The Srn+1FenOsn+1 Ruddlesden-Popper (RP) perovskite family displays promising oxygen
permeability and serves as a host stoichiometry for the design of solid oxide electrode materials.
A strategy to tune electronic and ionic properties is the introduction of substitutional dopants like
Pr** to the A-site. In this study, we investigate the bulk structural, electronic, and oxygen migration
properties for the n = 1 RP perovskite (SrixPrx)2FeOas:s5 (x = 0, 0.125, 0.25, 0.375, and 0.5). The
oxygen partial pressure is adjusted to elucidate how anodic and cathodic operating conditions
influence the formation of oxygen defects. Under anodic conditions, the oxygen vacancy as the
dominant oxide defect for all dopant-configurations. Under cathodic conditions, oxygen vacancy
defects dominate for configurations from x = 0 to x = 0.375 while the oxygen peroxide interstitial
defect becomes the primary defect for x = 0.5. Next, we examine the relationship between Pr**
concentration, iron oxidation state, and charge compensation with defect formation to explain the
trends in vacancy and peroxide interstitial formation energies. Results clarify the role of lanthanide
A-site substitutional dopants on the electronic conductivity and oxide defect formation and
migration in Sr-based RP perovskites. These atomic-scale insights suggest design directions for

RP perovskites in SOFCs.
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1. Introduction

Mixed ionic-electronic conducting (MIEC) materials have found use as oxygen permeation
membranes and solid oxide fuel cell (SOFC) anodes and cathodes ['~*]. For SOFC applications,
MIEC design is primarily focused on reducing high oxygen reduction overpotentials at the cathode
and increasing the stability of the anode against coking and sulfur poisoning [*°]. Mitigation of
these losses can shift the operating temperatures of SOFCs from greater than 800 °C to the
intermediate-temperature (IT) regime between 600 and 800 °C [®7]. High temperatures facilitate
fast reaction kinetics without the need for expensive metal catalysts (e.g., Pt), but cause premature
aging of the SOFC stack [**]. While transition metal-based cubic (e.g. BSCF, LSM, and LSCF)
[*~'!] and double perovskites (e.g. SFMO) ['21°] have encountered widespread attention as MIEC
materials in SOFCs, these materials are disadvantaged by poor ionic conductivity at low
temperatures ['®] and suffer from degradation at SOFC operating conditions [!”'*]. In order to
circumvent these difficulties, another class of perovskite materials called Ruddlesden-Popper (RP)
phase oxides have been explored which display enhanced oxygen transport and promising catalytic
activity for both hydrogen and hydrocarbon oxidation under high sulfur conditions ['*%2].

Recent studies investigated Sr3Fe>O7.5, the n = 2 member in the Srn+1Fe Osn+1 series, as a
possible cathode material [***°] due to its excellent structural stability. A computational study by
Ota et. al. [?*] elucidated the relationship of vacancy defect formation and migration in Sr3Fe>O7.s
as a function of the non-stoichiometry factor (&) and identified defect stability with 6 = 0.25. The
vacancy defects were found to be predominantly located between the bilayers of the FeO» planes.
To evaluate the catalytic activity of Sr3Fe;0O7.5, Tan et. al. examined the oxygen reduction reaction
(ORR) kinetics on both FeO, and SrO (001) surfaces and concluded that the O dissociation barrier

needs to be reduced to decrease kinetic losses [?’]. A common strategy used to improve the



performance of such MIEC materials is to utilize substitutional dopants in order to tune the
electronic, ionic, and catalytic properties. Kagomiya et al. reported that the introduction of La**
lowered the vacancy migration barrier between the (Sr,La)FeOs3 perovskite layers and a change in
oxide ion migration mechanism was observed at temperatures above 830 °C [**]. Here, we focus
on the bulk properties of SroFeOus:s, the n = 1 member of Sry+1FenOsn+1 at the intermediate
temperature regime (e.g., 800 °C). Sr2FeOs:s decomposes to Sr3Fe2O7.5 at 930 °C under
atmospheric oxygen [*] and therefore, we find that it is constructive to elucidate the defect
formation and migration of Sr2FeOs.s as this phase is likely to coexist with Sr3Fe2O7.5 in the
intermediate temperature regime. In order to understand the effect of doping at the A-site, we
further examined the bulk properties of the (Sri«Prx)2FeOu.5 (SPF) material. We chose Pr** as A-
site  dopant because experimental studies reported that the anode material,
Pro.sSr1.2(Co,Fe)o.sNbo.2O4+5 (PSCFN) displayed excellent oxidation kinetics, good stability under
H>S, and negligible coke formation ['2?°]. Furthermore, a recent study by Tan et. al. [*°] reported
that the ProsSri2(Fe,Ni)O4.s (PSNF) material with exsolved NiFe nanoparticles is a promising
anode material for direct hydrocarbon fuel SOFCs. We intend in this study to understand how the
introduction of an A-site dopant affects the SroFeOs series as a function of applied partial pressure
of oxygen (e.g., anodic and cathodic conditions) at the interface of the IT operating regime (e.g.,
1073 K).

This study utilizes density functional theory (DFT) to examine the bulk structural,
electronic, and oxygen defect formation properties of SPF (x =0, 0.125, 0.25, 0.375,and 0.5) as a
function of the concentration of Pr** and oxygen partial pressure. Here, we considered all possible
arrangements of St/Pr for a given composition within a 56-atom supercell and outlined the effects

of oxygen defect formation with & values of + 0.125. We show that Pr*" substitution strongly



influences the structural and electronic properties, oxide defect formation energies, and oxide
migration barriers of the SPF family. The findings of this work, particularly the relationship of
Pr** concentration and oxygen defect formation energy, provide a baseline understanding for
future material design related to (Sri«xPrx)2FeOs and supplement material design for other

(Sr,A)2FeOs RP perovskites.

2. Methods

Electronic energies are obtained with spin-polarized Kohn-Sham DFT+U calculations with
periodic boundary conditions via the Vienna Ab Initio Simulation Package (VASP) [*']. Electron
exchange-correlation effects were evaluated by utilizing the generalized gradient approximation
(GGA) with the Perdew, Burke, and Ernzerhof (PBE) functional [*?**]. Dudarev’s approach for
DFT+U calculations is used to correct for the inadequate description of localized 3d electrons on
transition metals and 4f electrons on lanthanides [**]. A U-J parameter of 4.0 eV was chosen for
the Fe 3d electrons where the selection of this value is based on a method validation study by Ota
et al. for the Sr3Fe207.5 system [!>%6]. A U-J parameter of 6.0 eV was chosen for Pr 4f electrons
based on earlier studies of PrO> [*>*]. The nuclei and core electrons were represented by the
frozen-core projector-augmented wave (PAW) approach using the following valence
configurations: Sr (4s4p5s), Pr (5p6s4f), Fe (3p3d4s), and O (2s2p) [*’]. The plane-wave basis set
was set to a kinetic cutoff of 750 eV. Integration over the Brillouin zone used the tetrahedron
method with Bléchl corrections for all calculations [*%]. All unit cell and 2 x 2 x 1 supercell
calculations utilized a 9 x 9 x 3 and 5 x 5 x 3 Monkhorst-Pack (MP) k-point mesh, respectively
[*°]. The convergence criteria for SCF energy calculations and ionic relaxations were set to 107

eV and 0.02 eV/A, respectively.



A 56 atom 2 x 2 x 1 supercell of SPF shown in Fig. Sla was utilized for the oxygen defect
calculations. The dopant-configuration models were developed using the site-occupancy disorder
(SOD) package on the 2 x 2 x 1 supercell of SroFeQy, that allowed us to compute all possible non-
symmetrical dopant-configurations [*°]. In order to minimize the computational complexity of this
study, all structures generated by SOD were initially optimized with the same initial magnetic
moment configuration, denoted as configuration A in Fig. SIb. The lowest energy structure
identified for each dopant-configuration was selected as the representative model structure for
further calculations. In order to identify the most stable magnetic configuration for iron, the
representative model structure for each dopant configuration was then tested with different
possible magnetic moment configurations presented in Fig. S1b. The formation of oxygen vacancy
defects (Vo™ in Krdger-Vink notation [*']) was examined considering all non-identical oxygen
atoms in the 56-atom supercell. The representative sites used for interstitial defect simulations
(O¢") are illustrated in Fig. S2.

Formation free energies of oxygen defects, in each charge state q, were calculated utilizing
the following equation:

AG(q) = Egefect = Epristine £ Mo(Eo + 1) + q(Eypy + Ep) + Ecorr €Y
where Egefect being the SCF energy of the relaxed supercell containing a defect in charge state q,
Epristine being the SCF energy of the pristine supercell in a neutral charge state, n, being the number
of oxygen atoms removed or added to the pristine supercell, E, and p, correspond to the energy
and chemical potential of an oxygen atom, respectively (referenced to half the energy and chemical
potential of a gas phase O, molecule). Based on the vibrational analysis of the pristine and vacancy
structures of SroFeO4 that indicate these contributions cancel each other out (see Table S1), further

vibrational contributions are not calculated for all other dopant-configurations [****]. The chemical



potential of an oxygen molecule, po2 (T, p°), is calculated using the following expression with

reference to a total pressure p° of 1 atm:

o p
oz = hoa(T,p%) + ko Tin (222) @

It is well known that GGA tends to overestimate the binding energy of the O, molecule and
therefore, we utilize the following correction scheme based on the H>O splitting reaction to
calculate Eop [*%]:

ESY = 2[(Ehpzo + Efiz6)- (Efs" + Efiy®) - Eporl - EGS” (3)

ZPE
Ei

Here, is the experimental zero-point energy of the corresponding gas molecules, Ey o is the

experimental heat of formation of a gas-phase H>O molecule (T=0 K), and EPfT

is the energy
calculated with PBE functional. Evam in eqn. (1) is the energy of the valence band maximum
(VBM) for the pristine supercell, and Er is equal to the Fermi energy referenced with respect to
the VBM. Ecorr is calculated utilizing the python charged defect toolkit (pyCDT) [*"]. pyCDT
calculates two correction terms: the image-charge correction via the Kumagai and Oba scheme [**
591 and the potential alignment correction. The self-consistent Fermi energy is calculated using the
SC-FERMI code [**!]. For all oxygen migration calculations, we utilized the nudged elastic band
(NEB) algorithm to determine the minimum energy pathway [*2]. All spring forces were converged
to 0.025 eV/A. For Bader charge analysis, we utilized the Henkelman algorithm [°>%*]. All
structures are visualized with VESTA [**]. Lastly, we computed the phase stability of all

considered dopant configurations at T = 0 K, i.e., we are neglecting entropy contributions. Details

of these calculations are presented in section S1 of the Supplementary Information.

3. Results and Discussion

3.1 Structural and Electronic Properties



Utilizing the site-occupancy disorder (SOD) package, the 2 x 2 x 1 supercell of (Sri-
«Prx)2FeOs (x = 0) was converted into 7, 42, 122 and 181 possible non-symmetrical conformers
for x =0.125, 0.25, 0.375 and 0.5, respectively. In order to elaborate on the phase stability of each
dopant-configuration (see section S1), we compute that SroFeOs and SrPrFeOs are stable dopant-
configurations. For Sri75Pro25FeQO4, SrisProsFeOs, and Sri2sPro7sFeOs, we compute 0.001163,
0.000405, and 0.000938 eV/atom above the convex hull, respectively, i.e., these structures are
practically on the convex hull and thus, at least a large fraction of these structures is
thermodynamically stable. The thermodynamic stability of SrPrFeQO4 is observed experimentally
as a sintering co-product under hydrogen conditions for the RP PrSrFeosRuo.1Nbo.1O04+5, and
perovskites Pro4Sro.6(Coo2Feos)1-xM0yO3—» and Pro42Sr0.6Co02Fe07Nbo 103, [>°7]. We present
the calculated volumes of all supercell conformers and their relative energies in Fig. S3 and Tables
S2-S5, respectively. The lowest energy configurations identified from this analysis are illustrated
in Fig. 1 and these conformers were selected for further study. The configurational entropy that
accompanies dopant-configurations with a greater degree of disorder is expected to decrease the
relative free energy at high temperatures, a parameter that is ignored in this study to limit the
computational effort. A clear observation upon Pr** introduction to SroFeOs is the preferential
formation of a clean SrO layer and a mixed Sr/PrO rocksalt layer segmented by the FeO» layers.
For x = 0.5, the lowest energy structure has two distinct rocksalt layers composed of SrO and PrO
as displayed in Fig. le. Table S6 outlines the relative energy distribution of each model dopant-
configuration as a function of the initial iron magnetic moment configurations presented in Fig.
S1b. For each dopant-configuration, we select the magnetic configuration with a relative minimum
energy for further analysis. For undoped SroFeQOs, our calculations predicted similar energies for

FM and AFM configurations. However, electronic structure calculations revealed a metallic



behavior for the FM configurations (Fig. S4) and a small band gap was observed for AFM
configurations as explained in the later section and Fig. 3a. Since experimental studies reported a
band gap of 0.8 — 1.0 eV [***°] for SroFeOa, we chose the AFM configuration for further analysis.
Increasing the Pr** concentration increases the average magnetic moment of Fe as the number of
high spin (HS) Fe*" are reduced to HS Fe*". This relationship is consistent for all starting magnetic
configurations indicating that the predicted oxidation state of Fe is independent of the starting
magnetic configuration.

b) x,, = 0.375 €] %, =0:375 d) x,, = 0.375 e) xp, =0.5

Fig. 1: Polyhedral representations of the lowest energy dopant-configurations for a) SraFeQg, b)
Sr1.75Pro.2sFeQgy (structure 7), c) Sr15ProsFeQs (structure 23), d) Sr1.25Pro.7sFeQa (structure 56),
and e) SrPrFeOas (structure 45).

Fig. 2 outlines the supercell structural parameters of (Sri«Prx)2FeOs as a function of Pr**
concentration. A gradual increase in the Pr content results in an expansion of the SPF supercell
volume, elongation of Fe-O bonds, and a gradual decrease in Fe-O-Fe angles. Octahedral tilt
increases with increasing Pr** content due to the mixed presence of +2 and +3 A-site atoms in the
rocksalt layers. The observed increase in unit cell volume while substituting Sr** with Pr**, an ion
with a smaller native ionic radius (1.18 A vs 0.99 A) [%°], appears to be counterintuitive. A similar
counterintuitive observation was made by Ritzmann et. al. where the introduction of Sr>" to the A-

site of the orthorhombic perovskite LaFeO;.s decreased the supercell volume and Fe-O bond



lengths, whereas the Fe-O-Fe angles increased toward 180° [®']. This behavior was attributed to
the formation of electron holes that shift the (Sr,La)FeOs series from an insulator to a p-type
semiconductor [®!]. In order to understand such electronic effects of Pr’" substitution to the

SroFeO4 perovskite in this study, we examined the partial density of states (PDOS) plots of each

dopant-configuration as displayed in Fig. 3.
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Fig. 3: PDOS for Fe 3d (black) and O 2p (red) states for (SrixPrx)2FeOs: a) x =0, b) x = 0.125, c¢) x
=0.25,d) =0.375, and e) x = 0.5. Energies are referred to the Fermi level (Ef). Positive PDOS
values represent a-spins states and negative values represent B-spin states.

A small band gap of 0.34 eV was observed for SroFeOs (Fig. 3a) which is smaller than the
experimental value (0.8-1.0 eV [°**%?]) due to the well-known error of GGA which tends to
underestimate semiconductor bandgaps and overestimate computed unit cell lattice constants [°].
The electronic structure of the (Sri«Prx)2FeOs system exhibits a metallic character when x = 0.125
and 0.25, semiconductor behavior when x = 0.375, and an insulator behavior for x = 0.5.
Noticeably for x = 0.375 (Fig. 3d), a small band of O 2p states appear in the band gap suggesting

a semiconductor behavior, whereas a clear large gap of 2.55 eV was observed for x = 0.5 (Fig. 3e)
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suggesting that the system became an insulator. To understand the significant increase in the width

of the band gap from x = 0.375 and 0.5, we examined the effect of Pr**concentration on the

oxidation state and magnetic moment of iron. As the content of Pr’" increases, charge

compensation is required to maintain system electroneutrality which can be achieved by changing

the oxidation state of iron. Introduction of Pr** is expected to reduce the oxidation state of iron

from 4+ (x = 0) to a mixture of 3+/4+ (x = 0.125 to 0.375) and to 3+ (x = 0.5). To establish the

effects of charge compensation as the system is reduced, we analyze the magnetic moment of iron

and the computed Bader charges for each element as shown in Table 1.

Table 1: Average Fe magnetic moment (us) and Bader charges (e) for (SrixPrx)2FeO4+5 with and

without oxygen vacancy (Vo*) and interstitial oxygen (O*) defects for x=0, 0.125, 0.25, 0.375,

and 0.5.
x=0 x=0.125 x=0.25 x=0.375 x=0.5
Pristine Hre 3.73 3.84 3.91 4.02 4.10
qre 1.73 1.74 1.73 1.74 1.75
qo -1.21 -1.25 -1.27 -1.31 -1.35
Qsr 1.56 1.55 1.54 1.54 1.53
qpr --- 2.11 2.10 2.10 2.12
With Vo* HFe 3.82 3.81 3.99 4.08 3.97
QFe 1.72 1.72 1.70 1.70 1.59
qo -1.24 -1.27 -1.31 -1.34 -1.34
Qsr 1.54 1.54 1.55 1.54 1.53
qpr - 2.08 2.09 2.09 2.08
With O/ HFe 3.68 3.81 3.90 4.02 4.10
qre 1.79 1.81 1.76 1.70 1.72
do -1.19 -1.22 -1.24 -1.27 -1.30
Qsr 1.55 1.55 1.55 1.54 1.53
qer 2.11 2.10 2.11 2.11
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In the case of pristine (SrixPrx)2FeOu, increasing the Pr’* content increases the magnetic
moment of iron. While the Bader charge of iron stays constant, the Bader charge of O becomes
more negative. The increase in the magnetic moment of Fe is expected as the number of HS d*
Fe*" decreases with increasing Pr’" content and the number of Fe’" HS d° states increases,
according to crystal field theory [**]. The invariance of the iron Bader charge is not unexpected
and is explained in terms of the iron sublattice directly donating charge onto the oxygen sublattice
upon reduction. Furthermore, the PDOS plots illustrated in Fig. 3 revealed that the magnitude of
O 2p states below the Fermi level increases with Pr’* introduction indicating an increased charge
delocalization across the oxygen sublattice as opposed to charge localization across the iron
sublattice. Therefore, increasing Pr** reduces the system which shifts the Fermi level up relative

to the vacuum [*°].

3.2 Oxygen Defect Formation

Here, we examine the stability of oxygen defects in SPF with respect to Pr** concentration.
The formation energies of various oxygen vacancies (Vo™) and interstitial oxygen (Oi*) defects
were calculated using Eq. (1). The configurations with lowest defect formation energy identified
for each defect type with respect to Pr’" concentration are illustrated in Fig. 4 and the
corresponding defect formation energies are presented in Table 2. Magnetic moment variation tests
for each minimum defect are presented in Table S7. These energies outline the following trends:
the vacancy formation energy is essentially constant from x = 0 to 0.375 with a dramatic increase
between x = 0.375 and 0.5, and interstitial formation energy decreases gradually with increasing
Pr** concentration except for a slight negative deviation for x = 0.125. Free energies of these defect

formations (AG) calculated at anodic (T=1073 K; Po>=102° atm) and cathodic (T=1073 K;

13



Po2=0.21 atm) conditions suggest that the formation of vacancy defects is favorable compared to
the interstitial oxygen defects at both anodic and cathodic conditions for x = 0 to 0.375. In the case
of x = 0.5, formation of an interstitial oxygen defect is more favorable than the vacancy defect
under cathodic conditions. The defect formation energies calculated for SPF seem to be lower than
the vacancy formation energies reported for other n = 1 RP oxides. For example, the equatorial
and apical vacancy formation energies for La-based cuprate (La,CuQO4) were reported as 3.02 eV
and 4.48 eV [%¢], respectively and that of La-based nickelate (LaxNiO4) were 3.73 and 4.01 eV,
respectively [*7]. Sr-based manganate doped with Ce (CexSr2xMnQOa) displayed a minimum
vacancy formation energy of 1.76 eV [®] which is closer to the values calculated for SPF. These
studies suggest that the vacancy defect formation is favored in A%>*-based RP oxides due to the

more positive oxidation state of the B-site TM.

b) xp, = 0.125 c) xp, =0.25 d) x,, = 0.375 e} x,, =0.5

° &0229.0 |

Interstitial

Fig. 4: Lowest energy oxide defect conformers identified for (Sr1-xPrx)2FeOas+sa) x =0, b) x =
0.125, c) x =0.25, d) x =0.375, and e) x = 0.5. 6 is modeled as a value of +0.125.
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Table 2: Formation energies (in eV) of oxygen vacancies (AEfvac) and interstitial oxygen defects
(AEgint) calculated for (Sri-xPrx)2FeOsxs with x =0, 0.125, 0.25, 0.375, and 0.5. Free energies of
these defect formation (AG) are calculated at anodic (T=1073 K; Po,=102° atm) and cathodic

(T=1073 K; P02=0.21 atm) conditions. The reported numbers correspond to the structures
presented in Fig. 4 and are calculated with a charge state of g = 0.

1073 K, Poz2 =10 atm 1073 K, Po2 = 0.21 atm
X AEfyac (0 K) AEg,int (0 K) AGtyac AGt;int AGiyac AGt;int
0 1.465 0.578 -1.910 3.953 0.198 1.845
0.125 1.497 0.294 -1.879 3.670 0.230 1.561
0.25 1.302 0.447 -2.074 3.822 0.035 1.714
0.375 1.617 0.283 -1.759 3.659 0.350 1.550
0.5 3.876 0.146 0.488 3.509 2.597 1.400

Table 3: Magnetic moment (us) and Bader charges (e) of nearest neighbor(s) Fe to the oxide

defect for (SrixPrx)2FeO4+5 with x =0, 0.125, 0.25, 0.375, and 0.5.

x=0 x=0.125 x=0.25 x =0.375 x=0.5
Pristine With Pristine Pristine With Pristine With Pristine With
Defect Defect Defect Defect

Vacancy

qre
HFe

Interstitial

qo’
qre
HFe

1.73,1.73 1.75,1.75
3.73,3.73 3.65, 3.65

- -0.69
1.73 1.84
3.73 3.67

1.74,1.74 1.72,1.73
3.85,3.85 3.31,3.31

1.74
3.85

1.73
3.81

1.73,1.71 1.66,1.64
3.81,3.78 3.99,4.03

-0.75
1.75
3.88

1.75,1.73 1.64,1.64
4.07,4.10 4.03,4.02

-0.74
1.74 1.62
3.85 3.84

1.75,1.75 1.21,1.22
4.10,4.10 3.60, 3.60

- -0.76
1.75 1.72
4.10 4.09

In order to explain the trends observed in vacancy defect formation of SPF, we examine how the

average Bader charges of iron (Table 1) as well as the Bader charges on the nearest irons to the

vacancy defect (Table 3) change as a function of Pr*" concentration. As a vacancy is formed, the

average iron Bader charge is essentially constant from x = 0 to x = 0.375 but decreases by 0.16 e

for x =0.5.
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The Bader charges on the nearest irons to the vacancy defect are essentially unchanged for x =0
and x = 0.125, decrease by ~ 0.1 e for x = 0.25 and 0.375, and decrease by ~ 0.5 e for x = 0.5.
Ideally, all the Fe atoms in SPF with x = 0.5 should be in a Fe*" state, and therefore, further
reduction of iron results in mixed Fe*" and Fe?" states. Table 3 displays that the magnetic moment
of iron atoms nearest to the vacancy site in case of x = 0.5 is reduced by 0.5 compared to the
pristine system confirming the reduction of iron to the HS d° Fe?" state [**]. In addition, the
calculated Bader charges for this system reveal that the electrons released upon vacancy formation
are transferred to the next-nearest irons of the oxide defect resulting in the generation of Fe?" as
opposed to charge donation to the oxygen sublattice that was observed with Pr** introduction. To
visualize such charge compensation during vacancy formation, we employ the degree of

delocalization factor (1 ) outlined by Mufioz-Garcia et al. [*7°]:

_ (N - 1)(< qo,nonstoichiomet > —< do,stoichiometric >)

< QO,stoichiometric >

A

(4)

In Eqgn. 4, N refers to the number of oxygen ions in the pristine supercell and < qo, nonstoichiometric >
and < qo, stichiometric > refer to the average Bader charge on the oxygen sublattice in the defect and
pristine supercells, respectively. Visualizing this metric in Fig. 5, we identify that the vacancy
formation energy is strongly dependent on how well charge is redistributed to the oxygen
sublattice. The overreduction of iron in the case of x = 0.5 is unfavorable as excess charge upon
vacancy formation is not redistributed to the oxygen sublattice, but directly localizes on the
neighboring irons causing an increase in ionicity on the iron sublattice. Therefore, we conclude
that the formation of less stable Fe** ions upon vacancy formation in the case of x = 0.5 is primarily

responsible for the precipitous change in vacancy formation energy.
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Fig. 5: The variation of AE:yac (in eV) with A (dimensionless) for SraFeOa-s (red), Sr1.75Pro.2sFeQa-s
(yellow), Sr15ProsFeQa-s (green), Sr1.25Pro.7sFeQa-s (black), and SrPrFeQa.s (blue).The lowest
energy vacancy site and all non-equivalent sites are included in this figure. A positive A value
indicates an increase in the extent of charge that is absorbed into the oxygen sublattice.

The interstitial formation energy is found to decrease gradually as the Pr** concentration
increases with a negative deviation observed for x = 0.125 (Table 2). While the vacancy defects
are found to be most stable along the FeO» layer, interstitial defects are most stable in the rocksalt
layers (e.g., SrO and PrO layers) as displayed in Fig. 4. The relationship among the average
distance between the interstitial defect to its two neighboring A-site cations, A-site identity, and
interstitial formation energy is illustrated in Fig. 6. The nearest neighbor elements to the interstitial
oxygen were identified as (Sr, Sr) for x =0 and x = 0.25, (Sr, Pr) for x =0.125 and x = 0.375, and
(Pr, Pr) for x=0.5. For x = 0 and 0.25, which do not include a Pr** neighbor, the observed decrease
in interstitial formation energy by 0.13 eV and a 0.554 A decrease in the average A-site
neighboring distance originate from the increased concentration of Pr** in the lattice. For all other
configurations, the interstitial formation energy is determined directly by the preferential

neighboring A-site configuration that maximizes the number of neighboring Pr** cations. Fig. 6
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displays that the interstitial formation energy and average distance to its neighbors are very close
for x = 0.125 and 0.375 with one Pr** neighbor. This also explains the negative deviation observed
for x = 0.125 for which the interstitial oxygen formation is facilitated by the presence of
neighboring Pr** cations compared to x = 0.25. A more favorable interstitial oxygen formation is
observed for x = 0.5 which has two neighboring Pr** cations, although the average distance to its
neighbors is very similar to those of x = 0.125 and 0.375. Therefore, the average distance of the
interstitial defect to its nearest neighbors is a weak function of interstitial formation whereas the
observed trend in interstitial formation energy is directly controlled by the identity of its

neighboring A-site elements.

0.7
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D 1 1 1 1 1 1 1 1

23 24 25 26 2.7 23 29 3 31 32
Average Distance to Interstitial Defect / A

Fig. 6: Average distance of the minimum energy interstitial defect to neighboring A-site ions
versus the energy of interstitial formation for x = 0 (red), x = 0.125 (yellow), 0.25 (green), 0.375
(black), and 0.5 (blue). The legend labels the elemental identity of the neighboring A-site ions.

Interstitial defects can be of two possible types: peroxide interstitial (O'") or oxide interstitial
(O*). Table 3 outlines that the Bader charge of the interstitial defect for each dopant-configuration
is ~ -0.75 e, a value that is ~ 55% of the average oxygen Bader charge. In all the minimum

interstitial defect conformers displayed in Fig. 6, the interstitial oxygen binds to an axial oxygen.
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The bond distances of these dimers ( ~ 1.5 A, Table S8) are indicative of the formation of a
peroxide interstitial defect as opposed to an oxide interstitial defect for which the O-O distance is
expected to be ~ 2.6 A [®7!]. Furthermore, the Bader charge on the next nearest oxygen atom to
the defect is found to be very similar to that of the interstitial defect (Table S8). This result is
consistent with the observation made by Xie et. al. that peroxide interstitials form via O%" (lattice)
+ 150, — 0%, a reaction which does not involve redox chemistry in the system [®°]. In addition,
we found that the magnetic moment of iron is unaffected by the formation of an interstitial oxygen
defect (Tables 1 and 3), i.e., we conclude that formation of an interstitial oxygen defect is not a
redox process. As opposed to the vacancy formation energy, which is a strong function of charge
compensation of the iron atoms neighboring the vacancy defect, the peroxide interstitial defect
energy is primarily a function of the proximity of the peroxide defect to the neighboring cationic

A-site.
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Fig. 7: Defect formation energy as a function of Fermi Energy at 800 °C for a) Sr2FeQas, b)
Sr1.25Pro.7sFeQa, and c) SrPrFeQa. Configurations with x =0.125 and x = 0.25 are not shown due
to predicted metallic state. The blue and red lines represent the optimized vacancy and
interstitial defect for each dopant-configuration, respectively. The dashed line represents the
self-consistent Fermi-level, and the solid black lines represents the computed CBM for a given
dopant-configuration.

The formation energies of charged defects for materials with a non-zero bandgap depend
directly on the Fermi energy, Er, as displayed in Eqn. 1. Therefore, we plot the formation energy
of the relative lowest energy defect against the Fermi level for the following charge states: 2+, 1+,
and 0 for the vacancy defect, and 1- and O for the peroxide interstitial defect. We also allow the
external operating conditions to influence the defect formation energies by holding the temperature
at 1073 K and partial pressure of oxygen at 102° atm and 0.21 atm corresponding to anodic and

cathodic conditions, respectively [!>6!]. To better interpret the electronic conduction behavior at
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operating conditions, we compute the self-consistent Fermi level for each dopant-configuration
[*>°1]. The self-consistently computed Fermi level is unphysical for x = 0 and 0.375 dopant-
configurations under anodic conditions. The prominence of highly negative vacancy formation
energies for all values in the computed bandgap is a violation of the assumed non-interacting defect
assumption at the dilute limit [*']. Despite the breakdown of the assumed non-interacting defect
assumption, SPF appears to be of n-conductivity under anodic conditions due to a high
concentration of electron releasing vacancy defects and a reduction of Fe*" to Fe** upon vacancy
formation [**]. Based on Fig. 7, we observe that the oxide vacancy is the dominant defect for
dopant-configurations x =0, 0.375, and 0.5 under anodic conditions. Charged defects are dominant
for x =0, 0.375, and 0.5 until a Fermi level of -0.019, 0.094, and 1.561 eV, respectively. Under
cathodic conditions, the self-consistent Fermi level is always located within the band gap for each
dopant-configuration and is located closer to the conduction band minimum (CBM) than the VBM
for x = 0 and 0.375. Based on the self-consistent Fermi level, neutral oxygen vacancies are the
dominant defects for x = 0 and 0.375. For x = 0.5, the neutral peroxide interstitial defect is the
dominant oxide defect where the 2+ vacancy defect displays a 0.548 eV thermodynamic barrier at
the computed self-consistent Fermi level, indicating that SPF under high Pr** concentration and
atmospheric oxygen pressure is likely to exist in a slight hyperstoichiometric state, i.e., interstitials
are more plentiful than vacancy defects.
3.3. Oxygen Migration
Bulk oxygen mobility is approximated by the self-diffusion coefficient, Do (eqn. 5) [*"%].
Dy = Cy;Dy (6)
The local vacancy defect concentration or Cy; is determined by the vacancy formation free

energy (AG,q.), and the vacancy diffusion coefficient or Dy (eqn. 5) is a function of the migration
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free energy (AGp,;4). The migration free energy is the energy required to migrate an oxide defect

from one site to another [*!]. Under the assumption of non-interacting vacancy defects, D, can be
expressed as following (eqn. 6).

D, = Ae~(AHivactAHmig)/kpT (6)
A or the preexponential factor incorporates the jump frequency of vacancy hopping and the entropy
of vacancy formation and migration. The composite migration energy is the sum of the enthalpy
of vacancy defect formation and the migration enthalpy. We approximate these enthalpies as the
energy of vacancy formation and migration energy, respectively. We computed all non-equivalent
jump routes of vacancy-mediated oxygen migration between the equilibrium defect site and next-
nearest adjacent sites. Despite thermodynamic favorability under cathodic conditions, we did not
compute the interstitial migration pathways for x = 0.5 and focused solely on the vacancy
migration schemes for each dopant-configuration in order to determine trends in vacancy-mediated
oxygen migration as a function of Pr>* concentration. As depicted in Fig. 8, there are 3, 9, 9, 9,
and 4 jump routes for the dopant-configurations with x = 0, 0.125, 0.25, 0.375, and 0.5,
respectively. The relative energies of vacancy formation for all corresponding sites and the

calculated barriers of migration are listed in Table 4.
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Table 4 Migration energies (top number) and relative vacancy formation energies (bottom
number in parenthesis) in eV for all non-identical oxygen vacancy migration jump routes. All
relative energies (bottom number in parenthesis) are in reference to the minimum defect site
(oxygen 01) for a given dopant-configuration that are illustrated in Figure 4.

Dopant-Configuration
Jump Route x=0 X=0.125 x=0.25 x=0.375 x=0.5
1.(01-02) 2.652 3.638 3.892 3.539 5.710
' (0.000) (0.079) (0.270) (0.127) (0.000)
2.(01-03) 1.135 1.045 1.105 0.889 1.305
' (0.000) (0.031) (0.319) (0.127) (0.000)
3.(01-04) 1.009 1.027 1.132 0.947 2.813
' (0.425) (0.101) (0.320) (0.063) (1.818)
4.(01-05) 1.087 1.177 1.087 1.533
' (0.021) (0.319) (0.175) (1.461)
0.869 1.130 1.058
5.(01-06
( ) (0.177) (0.319) (0.001)
6.(01-07) 0.996 0.919 0.840
' (0.640) (0.699) (0.384)
7.(01-08) 0.985 1.084 1.104
' (0.507) (0.270) (0.513)
8.(01-09) 1.043 0.937 0.703
' (0.574) (0.698) (0.204)
9. (01-010) 1.062 1.152 1.039
' (0.654) (0.748) (0.522)

Notably, path 1 for each dopant-configuration is highly unfavorable as migration barriers exceed
2.5 eV. Path 1 involves the longest oxide migration path that includes breaking the charge

stabilization of the iron-oxygen sublattice in-the-FeO, plane. Introduction of Pr** slightly
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decreases the in-the-FeO» plane migration barriers relative to SroFeOs with x = 0.5 as an outlier.
Compared to SroFeOs, the in-the-FeO» plane barriers remain unchanged for x = 0.25, decrease by
~ 0.1 to 0.3 eV for x = 0.125 and 0.375, and increase by ~ 0.2 eV for x = 0.5. Out-of-the-plane
migration barriers directly depend on the local A-site ion composition above and below the FeO»
plane. For migration into the pure SrO rocksalt layer, the migration barriers stay essentially
constant for all configurations between x = 0 and 0.375 relative to SroFeOs as the local A-site
environment is similar. Energy barriers for migration into the mixed (Sr,Pr)O rocksalt layer
decrease with increasing Pr’" concentration with a maximum decrease of ~ 0.3 eV observed for x
=0.375 relative to SroFeOs. In both cases of in-the-plane and out-of-the-plane migration, decrease
in migration barrier is observed with increased oxide defect proximity to Pr** which can be attested
to a combined effect of Pr’** having a greater ionic charge and smaller ionic radius than Sr**. The
out-of-the-FeO; plane migration trend does not hold for x = 0.5 as vacancy formation in the pure
SrO and PrO rocksalt layers are highly unfavorable relative to the minimum energy vacancy site.
Therefore, the observed large increase in migration barrier for the out-of-the-FeO» plane migration
in the case of x = 0.5 is possibly derived from a combined result of forming vacancy defects in
rocksalt layers and the harsh charge localization penalty due to overreduction of iron as discussed
in section 3.2. To compare vacancy-mediated migration to other n = 1 RP oxides, Routbort et. al.
demonstrated experimentally for oxygen-deficient La;9Sro.1CuQOs.s a barrier of 0.80 eV, a value
lower than our SPF calculations [7?]. As a comparison to SrPrFeQu, a molecular dynamics study
by Tealdi et. al. [7*] displays for LaSrCoQOa.5 a barrier of 6.02 eV for in-the-plane migration path
O1 — O2 (Table 4), a barrier range of 1.0 — 1.1 eV for in-the-plane migration path O1 — O3, and a
barrier of 1.14 for out-of-the-plane migration path O1 — O35, values that are ~ 0.2 — 0.4 eV smaller

than our calculation for SrPrFeQa.
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Next, we determine the favorable defect diffusion pathway based on the calculated
composite oxide migration barriers for each dopant configuration (Table S9). The computed
primary jump pathways are out-of-the-FeO- plane for x = 0.25 (path 5) and 0.375 (path 7); and in-
the-FeO; plane for x = 0 (path 2), 0.125 (path 5), and 0.5 (path 2). As a first approximation to the
self-diffusion coefficient under anodic and cathodic environmental conditions, we utilize AG,,, to
determine the primary jump pathways under anodic and cathodic conditions. Under anodic
conditions, the strongly negative free energy for x = 0 to 0.375 indicates that a high concentration
of vacancy defects is thermodynamically strongly favorable (Table 2). For these negative energies,
the primary jump pathways are determined solely by the migration energy for x = 0 to 0.375 with
out-of-the-FeO; plane migration favored for x = 0 (path 3), 0.25 (path 6), and 0.375 (path 8); and
in-the-FeO» plane migration for x = 0.125 (path 5) and 0.5 (path 2). Future work will investigate
intermolecular defect corrections to the non-interacting defect assumption at the dilute limit. Under
cathodic conditions, all free energies are above 0 eV; therefore, the primary jump pathways are
out-of-the-FeO; plane for x = 0.25 (path 5) and 0.375 (path 7); and in-the-FeO> plane for x = 0
(path 2), 0.125 (path 5), and 0.5 (path 2). For x = 0.25, the thermodynamic barrier of 0.035 eV

could require intermolecular defect corrections at the dilute limit.
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b) Xp, = 0.125

Fig. 8: Schematic of the vacancy migration jump routes around the minimum energy vacancy
site (filled black circle) for a) SroFeQa, b) Sr1.75Pro.2s5FeQa, c) Sr15ProsFeQas, d) Sr1.25Pro.75FeQas, and
e) SrPrFeQa. The numbers presented inside the structures correspond to the jump routes
presented in Table 4 for each dopant configuration.

4. Conclusions

We have presented a first principles DFT+U study displaying how Pr* substitution at the
A-site influences oxygen defect formation and transport in (SrixPrx)2FeO4zs. A clear relationship
between the structural and electronic properties of SPF are explained in terms of the average Fe
oxidation state. Electronic conductivity improves with an introduction of small amounts (x =0.125
and 0.25) of Pr** such that a mixture of Fe*" and Fe®" ions can coexist with an increased octahedral

tilt to the lattice. The band gap increases and the system becomes an insulator when the Sr to Pr

26



ratio becomes 1:1. The vacancy formation energy remains nearly the same from x =0 to x =0.375
and a sharp increase is observed for x = 0.5 due to the overreduction of Fe. For dopant-
configuration x = 0.5, all Fe atoms are already reduced to a 3+ oxidation state such that further
reduction of Fe to a 2+ oxidation state upon vacancy formation becomes unfavorable. Interstitial
defects exist in a peroxide state where the interstitial formation energy is directly related to the
identity of the neighboring A-site element. The interstitial defect formation energy decreases with
increasing proximity to Pr** as opposed to Sr**. Lastly, ionic conductivity is primarily controlled
by a vacancy-mediated process due to the high concentration of vacancy defects under both anodic
and cathodic conditions. Vacancy diffusion is especially costly for x = 0.5 due to the high energy
of vacancy formation, especially in the rocksalt layer. Based on the interstitial favorability under
cathodic conditions for x = 0.5, future work will investigate the role of interstitial-mediated
diffusion for x = 0.5 and higher Pr** concentrations. Overall, introduction of small amounts of Pr**
at the A-site improves the electronic conductivity of SroFeOs, and either improves or maintains a
constant oxide diffusivity relative to SroFeOs. This study is intended to help the design and
optimization of RP-based materials for direct use in SOFCs. Future studies will investigate the
role of B-site variation with transitions metals like Co, Ni, and Cu as related to their effects on

defect formation, redox stability, and oxide migration.
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