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Abstract

The perovskite oxide family is renowned for its ability to be modulated with elemental
doping to tune desirable macroscopic properties. Perovskite oxides are commonly used as
proton-conducting ceramic (PCC) electrolytes for solid-oxide fuel cells. PCC electrolytes must
have thermodynamic stability in both oxidizing and reducing environments, low electronic
conductivity, and the ability to readily form protonic defects. To help discover new PCC
electrolyte materials and to understand the role of different elements and compositions on
material properties, high-throughput materials screening together with first principles materials
science can be utilized to scan a large elemental phase space. In this study, we conduct a high-
throughput scan of 4793 materials to determine how different cation species modulate
thermodynamic stability, electronic conductivity, and defect formation. Our filtering analysis
identifies 116 materials (including BaZrO3 and BaCeOs) that are electronically inactive and
thermodynamically stable under reducing and oxidizing conditions. Furthermore, we identity 43
materials (including BaZrQ3) that are also thermodynamically stable under a pure CO»
environment. For all the 116 materials, we conducted a thermodynamic analysis of oxygen
vacancy and protonic defect formation to identify trends in ionic conductivity. This study
provides a supplemental understanding of the role of elemental identity and doping ratios on
material stability and activity that can aid the design of new perovskite oxides for proton-

conducting applications.

Keywords: Solid oxide fuel cells; Proton-conducting ceramic; Material Discovery; Perovskite
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1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices that directly oxidize hydrogen
and hydrocarbon-based fuels with a higher theoretical efficiency relative to the thermochemical
combustion of hydrogen and hydrocarbon-based fuels [']. For oxide-conducting SOFCs (O-
SOFCs), the anode oxidizes incoming fuel and consumes negative oxide ions (O?), the cathode
reduces incoming oxygen and produces O%, and the electrolyte layer conducts O* ions from one
electrode to the other without the conduction of electrons. To overcome high activation energies
associated with electrode kinetics and ionic conduction, high operating temperatures (e.g., > 800
°C) are required which limits the practical applications and commercialization of SOFCs [**].
The electrolyte plays a vital role in determining the operating temperature of SOFCs based on
the electrolyte’s ability to conduct ions between the electrodes. Common O-SOFC electrolytes
include YSZ, LSGM, and GDC [*°] and require a typical functioning temperature of 700-1000
°C to exhibit high ionic conductivity. Therefore, O-SOFCs suffer from high operational costs
and premature aging due to mechanical stresses [*7]. A possible solution to lower the electrolyte
operating temperature is the utilization of proton-conducting solid oxide fuel cells (P-SOFCs)
[®?]. Proton-conducting ceramics (PCCs) have displayed promising ionic conductivity at
temperatures as low as 400 °C ['°]. Therefore, PCCs have attracted significant interest in the
development of intermediate temperature (e.g., ~ 650 — 800 °C) SOFCs.

The perovskite oxide material family with general formula of ABO3 (Figure 1(a)), where
the A-site being an alkali metal, an alkaline earth, or a rare earth metal, and the B-site being a
transition metal, has received significant research interest for proton-conducting applications [''].
The current state-of-the-art P-SOFC electrolytes are the acceptor-doped PCCs based on BaZrO3

(BZO, Figure 1(b)) and BaCeO3 (BCO, Figure 1(c)). BZO suffers from ionic conductivity
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problems due to high grain boundary resistance, and BCO suffers from material instability in the
presence of H>O and COz ['>7!4]. To better improve the performance of BZO and BCO,
researchers have used elemental doping at the B-site to modulate the ionic conductivity and
thermodynamic stability. Zuo et. al. co-doped BCO with Zr and Y to produce the material
Ba(Zro.1Ce0.7Y02)03.5 (BZCY7) which was found to display good conductivity (~9 x 101 S
cm ! at 700 °C) and thermodynamic stability under CO» environments ['>!¢]. Despite these
promising properties, commercial adoption of BZCY7 (and other BZCY conformers) suffers
from high manufacturing costs due to high sintering temperatures (> 1550 °C) and from a limited
concentration of incorporated protons due to the acceptor-dopant proton trapping effect [172°].
Beyond the BZO and BCO families, Zhou et. al. reported that the perovskite SmNiO3 could be a
promising PCC for low temperature SOFCs [%']. Brownmillerite, niobate, tantalite, and
Ruddlesden-Popper material classes have also received attention as potential PCC materials for
intermediate temperature P-SOFC applications [**2*]. However, only a limited number of these
materials can satisfy most properties required for optimal PCCs at lower temperatures, such as
high proton conductivity, low activation energy, chemical stability with neighboring electrode
layers, and thermodynamic stability under H,O and CO» environments. Understanding the role of

cations and the structures of these complex oxides, such as perovskite-based materials, is critical

to guide the development of novel PCC materials with high efficiency.



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

O A-site
© B-site

Perovskite
(Ale ,xBI-yB’y03)

BaZrO;
(Pm3m)

Figure 1: a) General structure of the perovskite oxide (ABOs) used for all computed
compositions in this study, b) cubic unit cell of BaZrOs, and c¢) orthorhombic unit cell of BaCeOs.

A high-throughput first-principles material discovery and design strategy has been
effectively used to identify new materials for O-SOFC applications [>°%°], thermionic emission
devices [?7], solar cell applications [*®], and PCCs. For PCCs, Islam et al. [*°] sampled over 5000
ternary oxide materials with six formula classes, AxBOs, AxBO4, AxB207, AxBO3, AxB20s, and
AxBO», without considering any doping at the A- or B-sites. Thermodynamic stability of these
materials in the presence of H>O at 0 K, proton migration barriers, and proton incorporation
capabilities were tested in this study and found that the materials with connected BO¢ octahedra,
such as, perovskites YbFeOs, AcFeOs, YbCoO3, and CaFeOs (Pm3m); TbaMo.07 (Fd3m);
EuzsMoO7 (P2,2,2,); brownmillerite Sr2C020s (Pnma); Mn2TeOg (P4, /mnm); and NbMoO4
and CrMoO4 (Cmmm), are in general good proton conductors. In terms of water stability, oxides
containing A-site cations with high oxidation states and B-site cations including Zr, V, and Mo
exhibit good stability, whereas oxides with Co, Ti, and Ce cations tend to degrade in the
presence of H,O. Furthermore, fast proton diffusion is favored along the BOs octahedra
compared to other types of BOx polyhedral. Furthermore, no perovskite material yielded a

migration barrier greater than 0.97 eV and f-block-containing perovskites displayed a proton
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migration barrier range between 0.13 to 0.59 eV. While this study provided a general
understanding and guidelines for identifying novel PCC materials from a large set of non-doped
ternary oxide materials, introduction of A- and B-site dopants to these materials needs to be
explored to further improve the stability and ionic conductivity.

Here, we conducted a density functional theory (DFT) high-throughput screening study
of a wide array of perovskite oxides to understand the influence of A- and B-site cations and
dopants on proton conductivity and to discover novel PCC materials with good conductivity and
phase stability under H», HoO and CO; environments. Starting from the database of materials
analyzed by Jacobs et. al. [°] and Ma et. al. [*], the materials set is further expanded to 4793
distinct perovskites with a general A.xA’xB1.yB’yOs3 stoichiometry and include binary, tertiary,
quaternary, and quinary A- and B-site compositions. Our initial screening based on electronic
conductivity (bandgap energy > 2.0 eV) and phase stability under cathode/anode environments
resulted in 116 materials. For these compounds, we computed oxygen vacancy formation and
hydration energies to determine the thermodynamic baseline of proton conductivity. Additional
screening based on thermodynamic stability under CO» environment resulted in 43 materials that
could satisfy key environmental stability requirements for proton conductors. This computational
search serves to help enhance the understanding of the materials chemistry that governs proton
conduction, electronic conductivity, and thermodynamic stability for a wide spectrum of
perovskite oxides.

2. Methods

Electronic structure and total energy calculations of the perovskite materials were

performed using spin polarized DFT as implemented in the Vienna Ab Initio Simulation Package

(VASP) version 5.4.4 [*°]. The generalized gradient approximation (GGA) with the Perdew,
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Burke, and Ernzerhof (PBE) functional [*!*?] was used to evaluate electron exchange-correlation
effects. The nuclei and core electrons were represented by the frozen-core projector-augmented
wave (PAW) approach [****]. All pseudopotentials used in the present study are equivalent to
those used by Pymatgen (Python Materials Genomics) v2022.10.22 [*] and the Materials Project
[*] to maintain computational setup uniformity for phase stability analysis. For materials
containing specific transition metals (e.g., V, Cr, Mn, Fe, Co, Ni), Dudarev’s approach for
DFT+U calculations is used to correct the inadequate description of localized 3d electrons [*7-%].
Effective U-J parameters used for these transition metals are taken from the Materials Project
database and these values are tabulated in Table S1 of the Supporting Information. Integration
over the Brillouin zone used the Gaussian smearing method (¢ = 0.05 eV) for all calculations.
The electronic energy and ionic relaxations were converged to 10 eV and 0.02 eV/A,
respectively. All 2 x 2 x 2 supercell calculations (40 atoms per cell) utilized a 4 x 4 x 4
Monkhorst-Pack (MP) k-point mesh consistent with earlier studies [*°?>?’]. The planewave
cutoff energy of 520 eV was used for all the calculations to be consistent with the computational
setup used in the Materials Project database.

All the perovskite materials chosen here for electronic and thermodynamic stability
screenings have a chemical formula of ABO3 and they do not possess any oxide or proton
defects. It is noted that many of these materials may exhibit a degree of oxygen off-stoichiometry
or hydrogen defect formation under SOFC operating conditions [>’]. Therefore, the ABOs
materials used in this study represent a set of idealized compounds that can be used to efficiently
screen materials and the off-stoichiometry analysis is considered out-of-scope for our first-pass
screening study. The tertiary, quaternary, and quinary perovskites were modeled by introducing

A- and/or B-site dopants in 12.5% increments with the dopant ratio ranging from 12.5% to 50%,
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excluding 37.5% in accordance with the earlier studies by Jacobs et. al. [**] and Ma et. al. [*7].
Also, in accordance with the aforementioned studies, a single ordering for doped compounds was
considered by introducing dopant atoms as far away from each other as possible on the
perovskite sublattice such that the number of permutations is tractable. Ma et al. have shown that
different cation orderings, as displayed in Figures S1-5, have little or no effect on the general
electronic properties and convex hull stability [27]. Further details regarding the computed

configurations are outlined in section S1 of the Supporting Information.

Filter 1
Filter 2
A A’ B, B0, Filter 3
perovskite Filter 4
structures with P
Crit 3:

Materials Project E Abgveer:fl):ll > 40 Criterion 4:

compatibility VI G UREET E Above Hull > 40

Cathode Conditions meV/atom .u.nder CO,
Conditions
4793 906 125 116 43

Figure 2: Computational workflow for the DFT-based high-throughput screening process used in
this study. The number below each filter box refers to the number of materials that pass the
corresponding filter criterion.

The filtering methodology used for the high-throughput screening of PCC materials is
presented in Figure 2. Our initial data set has 4793 perovskite materials with a general formula of
A1xA’xB1yB’y0;3 and includes a majority of the 2913 materials analyzed by Jacobs et al. [*°] and
Ma et al. [>’] as well as binary materials (ABO3) taken from the Materials Project database. The
composition of all the materials used in the present study are provided in the Excel spreadsheet
as Supporting Information. Here, we used four successive filters to eliminate materials that do
not satisfy the requirements for effective PCCs. In the first stage (Filter 1), the bandgap is used
as elimination criterion and materials exhibiting a bandgap less than 2.0 eV were eliminated
from the dataset. A bandgap greater than 2.0 eV was selected to isolate compounds that are

strongly insulating and suitable for electrolyte applications. The next three filters focused on
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identifying the materials that are stable under anodic oxidizing conditions (Filter 2), cathodic
reducing conditions (Filter 3), and in the presence of CO; (Filter 4). The stability was determined
from the energy above the convex hull of the phase diagram made from the constituent elements.
A cutoff value of 40 meV/atom for Enunn was chosen to account for the uncertainty range of a
typical DFT calculation and any material exhibiting an Enut > 40 meV/atom for each filter were
eliminated successively [***!']. We used the phase stability analysis tools in Pymatgen to compute
multicomponent grand potential phase diagrams [*>**]. All stability calculations were carried out
under SOFC operating conditions at a typical intermediate temperature of 1073 K where the
anode and cathode are open to H» and O gas, respectively. For stability under a CO»
environment (Filter 4), the calculations were carried out in a system open to both O> and CO».
The chemical potentials of the gas molecules were calculated at typical SOFC conditions of
p(H2) = 1 atm and p(H20) = 0.03 atm for anode stability ['**], p(O2) = 0.21 atm and relative
humidity of 30% for cathode stability [?>**], and 1 ppb CO and p(CO2) = 1.00 atm for CO,
stability [*]. Full details of these stability calculations can be found in Section S2 of the
Supporting Information.

Next, we evaluated the ability to form an oxygen vacancy and protonic defects for the
materials that passed the first three elimination criteria. The stability of a charge-neutral vacancy
defect (V5 in Kroger-Vink notation [*7]) was examined by creating an oxygen vacancy with a
stoichiometry of ABO3.5 (§ = 0.125). All non-identical positions in the 40-atom supercell with
24 oxygen atoms were tested. For creating a charge-neutral protonic defect (OH*), a single
proton is added to the oxygen that was identified as the minimum energy vacancy formation site.

The defect structures were optimized using the same lattice vectors as the defect free cell. The



177 defect formation energy (4Er) for charge neutral defects is calculated utilizing the following

178  equation [*%]:
179 AEf = Edefect - Epristine + Z n;y; (1)
i

180  where Eqgefect and Epristine correspond to the SCF energies of the relaxed supercells in the presence
181  and absence of a defect, respectively, n; being the number of defect atoms removed or added to
182  the pristine supercell, and p; being the chemical potential of the defect atom. We conduct defect
183  formation analysis at 0 K, and therefore, the chemical potentials of O and H are equivalent to Eo

184  and Eu, respectively. Eo and En are defined with the following equations:

185 E, =

- (2)

_Ep,0—Ep

186 =
H 2

(3)

187  Eyp, and Ey, ¢ are equal to the 0 K energies for oxygen and water, respectively. We calculated the

188  hydration energy utilizing the following equation [>**°]:

189 AEhydT = ZAEf,OHg - AEf,V(;( (4)
190 AEfyx is the charge-neutral formation of an oxygen vacancy and AE, , H is the charge-neutral

191  proton insertion energy. A detailed discussion regarding the calculations of defect formation

192 energies and the derivation of AE},,, 4, is provided in Section S1 of the Supporting Information.
193 3. Results and Discussion

194  3.1.1 Filter 1 — Electronic Conductivity

195 One of the key requirements for an electrolyte material is that it should exhibit high ionic
196  conductivity and at the same time high resistance towards electronic conductivity. Hence, we
197  chose electronic conductivity as our first elimination criterion (Filter 1) and set a bandgap limit

198 of 2.0 eV to isolate compounds that are strongly insulating. Calculated bandgaps for all the 4793

10
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materials at GGA-level (GGA+U-level for V, Cr, Mn, Fe, Co, Ni containing compositions) are
provided in the Excel spreadsheet as Supporting Information. As displayed under Filter 1 in
Figure 2, this filter eliminates 3,887 materials that exhibit a bandgap lower than 2.0 eV and the
remaining 906 perovskites are considered for further screening. It is to be noted that the electrical
conductivity analysis is done at 0 K and without considering any off-stoichiometry effects.
Temperature effects such as magnetic transitions or structural changes are considered out-of-
scope for this first-pass screening. A-site elemental analysis of the 906 passing compositions as
displayed in Figure S6(a) of the Supporting Information indicates that the alkaline earth metals
Ba and Sr are the dominant A-site elements that are included in compounds that exhibit
bandgaps > 2.0 eV. Secondary dominant A-site elements include alkaline earth Ca, group 3
element Y, and the lanthanides La and Pr. The B-site elemental analysis is illustrated in Figure
S6(b) which suggests that the majority of the passing materials have Zr as a B-site element and
Ce being the second dominant B-site element. Transition metals such as Co, Cr, Fe, and Ni and
p-block elements such as Ga, P, and Sb are the next prominent B-site elements of the identified
insulating configurations.
3.1.2 Filter 2 -Thermodynamic Stability Under Anode Operating Conditions

The second elimination criterion (Filter 2) focuses on excluding materials that are not
stable under typical anode operating conditions (T = 1073 K, p(H2) = 1 atm, and p(H20) = 0.03
atm). The energy above the convex hull (Enun) at anode operating conditions was calculated for
all the perovskite materials and we eliminated the materials with Enui values above 0.041
eV/atom. Enun acts as a measure of the decomposition energy for a material and a value of Enun =
0 means the configuration is formally stable and on the convex hull. As explained earlier in

Section 2, the cutoff value of 0.041 eV/atom was chosen to account for the uncertainty range (40

11
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meV/atom) of a typical DFT calculation [*****] and in addition, a similar value has been used in
the literature for material metastability analysis in SOFC applications [?°]. This analysis
eliminated 781 materials and we identified 125 perovskites that are both insulators and stable
under anode operating conditions.

Further elemental analysis revealed that the materials with the following elements at the
A-site, Be, Dy, Gd, Ho, Nd, Sm, and Y, were found to be unstable under anode conditions. Most
of these elements are lanthanides except for the alkaline earth Be and group 3 element Y.
Additionally, materials with the following B-site elements, Al, Cu, Mg, Mo, Ni, P, Pr, Re, Rh,
Sb, and Zn, exhibited instability under anode operating conditions. The elemental analysis of the
passing configurations is plotted in Figure S7 of the Supporting Information. The primary A-site
elements (Figure S7(a)) of the passing configurations remain Ba and Sr as identified in the case
of electronic conductivity analysis (Figure S6(a)) and Ca, Cs, La, and Rb being the prominent
minority elements. Similarly, the dominant B-site element of the passing configurations remains
Zr (Figure S7(b)) with Ce, Hf, Sc, Sn, and Ti as the prominent minority elements. Transition
metals Cr and Fe and group 5 metals Nb, V, and Ta, all appear in at least four of the passing
configurations.
3.1.3 Filter 3 -Thermodynamic Stability Under Cathode Operating Conditions

The next filter (Filter 3) focuses on identifying materials that are stable under typical
cathode operating conditions of T = 1073 K, p(O2) = 0.21 atm, and a relative humidity of 30%.
We computed the energy above the convex hull for all materials under cathode operating
conditions as displayed in the Excel spreadsheet of the Supporting Information. Among the 125
perovskites identified from Filter 2, 9 materials were found to be unstable (Enun > 40 meV/atom)

under cathode operating conditions and thus eliminated from the data set. The materials that

12
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were found to be unstable under cathode operating conditions are, Bao.s75Sno.125ZrO3,
Bao.755n0.25Z103, Sro.75Ca0.25210.75V0.2503, Lao sCao sZro.75F€0.2503, Pro sSro.5Zro.75F€0.2503,
Yo.5Ca0.5Z10.75F€0.2503, Yo.5Cao.5Z1r0.75Mno.2503, BaNbo 5Cro.503, and SrZro.7sReo.2503. Further
analysis indicated that the A-site elements, Pr and Sn, and B-site element Re are completely
eliminated from the passing configurations. The 116 perovskite materials that passed these first 3
filters are listed in Table S2 and the elemental analysis of these passing configurations are
plotted in Figure S8 of the Supporting Information. As observed earlier, Ba and Sr remain the
dominant A-site elements and Zr is the dominant B-site element in these passing configurations.
Next, we identified 15 configurations (Table S3) that are stable under anodic and cathodic
conditions but yield a bandgap between 1.0 and 2.0 eV. These materials could be potential
candidates for electrolyte applications, but we did not conduct oxygen vacancy and hydration
analysis on these materials. The elemental composition of these configurations includes mixed
A-sites composed of Ba, Ca, Sr, and Rb; and mainly a Zr majority B-site doped with Mn, Cr, V,
Os, Rh, and Ru. Two unique configurations that do not include Zr are Bao.sRbo.sCeo.sNbo 503 and
Bao.sRbo.sCeo.sTao s0s.

In agreement with the earlier report by Islam et. al. [*°], we find that Zr and V (and group
5 elements Nb and Ta) configurations generally are water stable. Our calculations also predicted
good stability for Ti-containing configurations under humid conditions which contradicts the
observation by these authors. Most Co- and Ni-containing materials were eliminated based on
their instability under anode operating conditions. Cr, Fe, Tc, and Zn are the primary high group
number d-block elements that are present in the materials passing Filter 3. We note here that the
benchmarking PCCs, BCO and BZO are also included in the list of materials passing the first 3

filters which further suggests that our calculations are consistent with the experimentally

13



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

observed stability of these materials ['?] as discussed in Section S3.2 of the Supporting
Information.
3.1.4 Filter 4 —-Thermodynamic Stability Under CO2 environment

One of the main drawbacks of BCO-based electrolytes is known to be the material
instability in the presence of CO». Hence, we examined the thermodynamic stability of the
perovskite materials in our data set under a CO2 environment (T = 1073 K, 1 ppb CO, and
p(CO2) = 1.00 atm) by calculating the energy above the convex hull. This screening step (Filter
4) eliminates another 73 materials from the data set of 116 materials identified from Filter 3
leaving only 43 materials (Table 1) that are stable under a wide range of environmental
conditions and also exhibit high electronic resistivity. We note that BZO passes all the four
filters in agreement with experimental observation [°!*?]. Other passing binary perovskite oxides
include SrZrOs; and YCrOs. Overall, Ba (A-site) and Zr (B-site) are the predominant elements in
the 43 configurations that passed all the four filters and Ce was eliminated completely from the
list after the CO» stability test. Other prominent alkaline earth A-site elements include Sr and Ca
that are present in 24 and 7 configurations, respectively. Non-alkaline earth A-site elements
including Cd, Rb, and Zn are also present in these configurations but only at low concentrations
(e.g., 12.5%). Other prominent B-site elements include Hf, Sn, and Ti which are present in 6, 5,
and 6 configurations, respectively. The presence of Zr, Hf and Ti in the passing configurations
suggests that the presence of group 4 elements at the B-site could improve stability in the
presence of CO»2 and water-containing conditions. Lastly, the transition metal Fe is present in 3
configurations and these configurations include more unique elements such as Bi and the group 5

metals, Nb and Ta.
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Table 1: List of materials that passed the four filters described in Figure 2. Included in
this table are the elemental configuration, the computed bandgap (in eV), vacancy formation
energy (AEy,. in eV), and hydration energy (AEyyq;, in V).

AE
Ba 1.000 Zr 1.000 3.329 6.757 -0.073
Sr 1.000 Zr 1.000 3.856 6.849 0.282
Y 1.000 Cr 1.000 3.847 5.737 0.461
Ba 1.000 Zr 0.875 Pt 0.125 2.043 2.924 1.530
Ba 1.000 Zr 0.875  Sn 0.125 3.468 4.658 2.309
Ba 1.000 Zr 0875 Tc 0.125 2.285 5.381 -0.450
Ba 1.000 Zr 0.875 Ti 0.125 2.779 6.245 -0.909
Sr 1.000 Zr 0875 Ge 0.125 3.861 4.901 0.793
Sr 1.000 Zr 0.875 Hf 0.125 3.818 6.643 0.025
Sr 1.000 Zr 0.875 Mn 0.125 3.169 3.186 -1.210
Sr 1.000 Zr 0.875  Sn 0.125 3.937 4.784 1.849
Sr 1.000 Zr 0.875 Ti 0.125 3.042 6.411 -0.852
Ba 1.000 Zr 0.750 Hf 0.125 3.366 6.771 0.012
Ba 1.000 Zr 0.750 Ir 0.125 2.149 4.024 -1.672
Ba 1.000 Zr 0.750 Hf 0.250 3.415 6.786 0.191
Ba 1.000 Zr 0.750 Ti 0.250 2.730 6.210 -1.233
Sr 1.000 Zr 0.750 Hf 0.250 3.805 6.646 0.163
Sr 1.000 Zr 0.750 Ti 0.250 3.120 6.392 -1.295
Ba 1.000 Zr 0.750  Sn 0.250 3.78 4.681 2.431
Sr 1.000 Zr 0.750  Sn 0.250 3.933 4.519 1.476
Ba 1.000 Zr 0.750 Nb 0.125 Fe 0.125 2.431 5.053 -2.039
Ba 1.000 Zr 0.750 Ta 0.125 Fe 0.125 2.808 5.327 -2.281
Ba 1.000 Zr 0.500 Hf 0.500 3.520 6.843 0.368
Sr 1.000 Zr 0.500 Hf 0.500 3.936 6.86 0.492
Ba 0.875 Ca 0.125 Zr 1.000 3.396 6.686 -0.313
Ba 0.875 Cd 0.125 Zr 1.000 2.967 4.572 -1.382

15




Ba 0.875 Rb 0.125 Zr 1.000 3.377 3.583 -3.859
Ba 0.875 Sr 0.125 Zr 1.000 3.350 6.721 -0.131
Sr 0.875 Ba 0.125 Zr 1.000 3.775 6.783 0.179
Sr 0.875 Ca 0.125 Zr 1.000 3.881 6.813 0.105
Sr 0.875 Zn 0.125 Zr 1.000 3.838 5.189 -0.395
Ba 0.875 Sr 0.125 Zr 0.875 Ti 0.125 2.930 6.253 -0.842
Sr 0.875 Ba 0.125 Zr 0.875 Sn 0.125 3.866 4.682 1.913
Sr 0.875 Ca 0.125 Zr 0.875 Ti 0.125 3.147 6.369 -0.927
Ba 0.875 Bi 0.125 Zr 0.875 Fe 0.125 3.505 4.342 -1.687
Ca 0.750 Ba 0.250 Zr 1.000 3.916 6.668 -0.041
Sr 0.750 Ba 0.250 Zr 1.000 3.445 6.272 -0.701
Ca 0.750 Sr 0.250 Zr 1.000 3.999 6.117 -1.042
Sr 0.750 Ca 0.250 Zr 1.000 3.899 6.788 -0.149
Ba 0.750 Sr 0.250 Zr 1.000 3.363 6.697 -0.223
Sr 0.750 Rb 0.250 Zr 0.750 Ta 0.250 3.296 6.282 -0.943
Ba 0.500 Sr 0.500 Zr 1.000 3.637 6.753 -0.040
Sr 0.500 Ca 0.500 Zr 1.000 4.034 6.792 0.341
290

291 3.2 Vacancy Formation and Hydration Energy Analysis

292

The ability to incorporate a high concentration of protons in the lattice is another key

293  requirement for PCC electrolytes to achieve high proton conductivity. In perovskite oxides, this

294  process occurs by the creation of an oxygen vacancy, which in general is promoted in the

295  presence of an acceptor-dopant, and the hydration process at the vacancy site enables the proton

296  incorporation. Hence, we calculated the oxygen vacancy formation and hydration energies for

297  the 116 perovskite oxides that passed the first three filters. The calculated vacancy formation

298  energies and hydration energies of these materials with respect to doping concentrations at A-

299  and B-sites are displayed in Figures 3(a-d) with BCO and BZO as the benchmark materials. In
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Figure 3(a), the materials are organized by the extent of A-site doping such that A refers to the
non-doped configuration and Ao.s75, Ao.75, and Ag.s correspond to the materials with 12.5%, 25%,
and 50% doping at the A-site, respectively. Among the 116 materials, 55 materials have non-
doped A-site configuration (A1.0), 26 materials have the Ao.75s configuration, and the A¢.75 and
Ao s configurations were found in 25 and 10 materials, respectively. Figure 3(b) provides a
magnified view around the benchmark BZO based on Figure 3(a). In Figure 3(c), the vacancy
formation and hydration energies of the 116 materials are organized with respect to B-site
doping, where B ¢ refers to a non-doped B-site material and Bo.g75, Bo.75, and Bo.s correspond to
the materials with 12.5%, 25%, and 50% doping at the B-site, respectively. Figure 3(d) provides

a magnified view around the benchmark BZO based on Figure 3(c).
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Figure 3: Scatter plots of vacancy formation energy (AE, .. in eV) verses hydration energy

(AEpyqr in eV) for the 116 perovskite oxides that passed the first three filters. a) Materials

organized with respect to A-site doping where A1.0, Ao.s7s, Ao.75, and Ao.s correspond to the
materials with 0%, 12.5%, 25%, and 50% doping at the A-site, respectively, b) magnified scatter
plot around BZO taken from a), c) materials organized with respect to B-site doping where B1,
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Bo.s75, Bo.75, and Bo.s correspond to the materials with 0%, 12.5%, 25%, and 50% doping at the B-
site, respectively, and d) magnified scatter plot around BZO taken from c).

Four different regions are identified in Figure 3(a) and (c) that can be classified as, the
Sn-containing region (AEy,c =4.3 — 5.0 eV, AEy 4, = 1.0 — 3.0 €V), the acceptor-dopant region
(AEyac =2.7-3.5 €V, AEpyqr =-5.0 — -3.0 €V), the BCO-like region (AE,,c =4.5-5.5¢V,
AEpyqr = -2.0 —-1.0 €V), and the BZO-like region (AEy,c = 6.0 — 7.0 €V, AEpyq, =-1.0 - 1.0
eV). A linear-like relationship spans across the three regions including the acceptor-dopant,
BCO-like, and BZO-like regions. 70.7 % of A-site doped (e.g., Ao.875, Ao.75, and Ao 5) materials
and 69.0 % of B-site doped (e.g., Bo.s75, Bo.75, and Bo.5s) materials exhibit oxygen vacancy
formation energy values below 5.5 eV. Figure 3(b) displays all configurations located near the
BZO-like region displaying a mixture of A1.0, Ao.875, Ao.75, and Ag.s materials with an Ao cluster
at higher oxygen vacancy defect and hydration energies relative to BZO. A¢.75s configurations
primarily exhibit better vacancy formation (0.7 — 1.0 eV lower) and hydration activity (0.3 — 0.6
eV lower) relative to BZO. Significant clustering of B, materials occurs in the BZO-like region
with a small cluster in the acceptor-dopant region as displayed in Figures 3(c-d). In addition, a
prominent cluster was found around the acceptor-dopant region for the Bo 75 configurations.
Bo.7s and Bo.s configurations cluster around the Sn-containing region and the intermediate zone
between the BCO-like and BZO-like regions, especially for vacancy formation energies between
5.8 and 6.4 eV. We note that the outlier A1 configuration, BaPto.125Zr0.87503, located at the top
left corner of Figures 3(a) and 3(c) displays excellent vacancy formation activity (~ 3 eV) but has

Sn-like hydration activity (~ 2 eV).
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Figure 4: Scatter plots of vacancy formation energy (AE, .. in eV) verses hydration
energy (AEy qr in V) for the 116 perovskite oxides that passed the first three filters
categorized into the following groups, (a) alkali metals, (b) group 3 elements, (c) group 4
elements, (d) group 5 elements, (e) d-block: period 4 elements, (f) d-block: periods 5 and 6
elements, (g) p-block elements, and (h) lanthanides.
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Next, we analyzed the role of various elements in determining the oxygen vacancy
formation and hydration activity for the 116 perovskites by categorizing them into different
groups as displayed in Figure 4. As discussed earlier, materials with acceptor-dopant elements
exhibit good activity for both vacancy formation and the hydration process and most of these
materials have A1 and Bog7s configurations (e.g., Figures 3(a) & 3(c)). Other materials that fall
into this category are Cso.125Ba0.875ZrO3, Rbo.125sBa0.875Z1r03, Cs0.125510.875Z103, Rbo.125S10.8752103,
Sro.25Bao.75In0.125Zr0.87503, Sro.25Bao.755¢0.125Z10.87503, Sro.25Bao.75Y 0.125Z10.87503, and
Lao.25S10.75S¢0.25Z10.7503. The categorized scattered plots in Figure 4 suggest that the materials
fall into this acceptor-doped region have either alkali metals doping the A-site (Figure 4(a)), or
group 3 (Figure 4(b)) and group 13 (Figure 4(g)) elements doping the B-site. Figure 4(a) further
suggests that in addition to the high activity regime the alkali metals also exhibit another regime
with stagnant hydration activity across a range of vacancy formation energy. High defect
formation activity occurs with an A-site doping ratio of 12.5% and a non-doped Zr B-site
backbone. The introduction of a small percentage of the 1™-ion at the A-site oxidizes Zr such that
hydration becomes favorable upon Zr reduction. For BCO-like alkali metal-containing
configurations, B-site doping with group 5 elements (mostly V, Figure 4(d)) can also alter the
oxidation state of Zr during vacancy formation and hydration processes. B-site doping with
group 3 elements (Sc and Y, Figure 4(b)) also displays two regions of activity, the acceptor-
dopant region and BZO-like region. The materials at the acceptor-dopant region are composed of
an alkaline earth metal at the A-site and Zr at the B-site doped with 12.5% of a group 3 metal.
Here, the acceptor-dopants, Sc** or Y** enable creation of oxygen vacancies which promotes the
hydration process. Our results are consistent with experimental observations that acceptor-doped

perovskites such as Y-doped BaZrO3 (BZY) conformers are stable and display ionic conductivity
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[*°%]. This acceptor-dopant activity was also observed for group 13 elements (Ga and In) as
displayed in Figure 4(g). These elements are more active for vacancy formation but exhibit
approximately 0.3 — 0.5 eV higher hydration energies relative to group 3 elements. Among the d-
block elements, only Cr falls into this acceptor-dopant region when it is present in small
concentrations (e.g., 12.5%) on the B-site as displayed in the bottom-left of Figure 4(e). This
analysis suggests that doping the A-site with alkali metals or doping the B-site with both groups
3 and 13 elements can improve both the vacancy formation and hydration activities of the PCC
materials. We note that BZY conformers are in general affected by the acceptor-dopant trapping
effect where large proton rotation barriers isolate proton transportation to other oxygen sites in
the material [>*]. Previous DFT studies outlined that Rb- and Cs-containing BZO conformers
display a localized or weaker proton trapping and similar proton migration barriers to BZY
conformers [!°°°]. Examination of this effect on proton migration barriers (e.g., migration and
transportation) is considered out-of-scope for this study (see Section S3.3 of the Supporting
Information).

Materials that have B-site doping with the p-block elements (Sn, Ge, and Bi; Figure 4(g))
fall into the Sn-containing region which exhibit slightly lower oxygen vacancy formation
energies but higher hydration energies relative to BCO. Whereas, doping with lanthanides
(mostly Ce, Figure 4(h)) results in a similar vacancy formation activity but better hydration
activity compared to BCO. Bader charge analysis provided in Table S4 of the Supporting
Information suggests that Ce*" is reduced to Ce** and re-oxidized to Ce** during vacancy
formation and hydration processes, respectively, and thus, the hydration activity is promoted on
Ce-containing materials. On the other hand, Sn is reduced from a 4" to a 2" state during the

vacancy formation process and partially oxidizes back to the unfavorable 3™ state during the
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hydration process. Therefore, materials with these group 14 elements exhibit a reasonable
vacancy formation activity but lower hydration activity. Previous experimental [*°] and DFT [*’]
studies have shown Sn is an effective dopant when co-doped with an acceptor-dopant Y in BZO
to form BSYZ. BSYZ displays good stability and ionic conductivity but is affected by the proton
trapping effect at high Y concentrations [2°].

The perovskite oxides in the BCO-like region display intermediate vacancy formation
and hydration energies and most of these materials are composed of A1 configuration with
mixed B-site doping ratios of 12.5%, 25%, and 50% (Figures 3(a) & 3(c)). In addition to the Ce-
containing lanthanide configurations (Figure 4(h)) discussed above, the materials in the BCO-
like region are composed of an alkali metal Rb (Figure 4(a)), group 5 elements V, Nb, and Ta
(Figure 4(d)), and d-block elements Fe, Cr, Cd, and Zn (Figures 4(e) & 4(f)). The alkali metal-
containing configuration in the BCO-like region, Rbo25Bag.75Tao25Ce0.7503 is free of Zr and is
composed of Ce and the group 5 element Ta at the B-site, and therefore, this is a promising
configuration for CO»-free conditions as lower sintering temperatures are expected. All other
configurations with group 5 and d-block elements do not contain Ce. Regarding configurations
containing d-block elements that can readily adopt multiple oxidation states, three Fe-containing
oxides, BaFeo.125Tao.125Z10.87503, BaFeo.125Nbo.125Z10.87503, and Bio.125sBao 875F€0.125Z10.87503, the
Co-containing oxide Lao.25Bao.75C00.125Z10.87503 and the Cr-containing configuration, Lag25Sr0.75
Cro.25Z10.7503 exhibit hydration energies similar to BCO. The Ce-containing configurations
(Figure 4(h)) have a general stoichiometry of A>*ZrxCe;xOs. This is a classic strategy of mixing
BZO and BCO without including the acceptor-dopant Y [*?]. This analysis suggests that co-

doping the B-site with Fe and a group 5 element could yield BCO-like defect formation activity.
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The perovskite oxides in the BZO-like region display intermediate hydration energies but
high vacancy formation energies (Figure 3(a)). Many of these configurations have co-doped
alkaline earth elements such as Sr and Ba at the A-site and Zr-containing configurations that are
co-doped with other group 4 elements such as Ti and Hf at the B-site. Among the group 4
elements, materials with Ti dopant exhibit better vacancy formation and hydration activity
relative to BZO, whereas Hf-containing configurations exhibit similar or less activity than BZO
(Figure 4(c)). A couple of other materials in the BZO-like region contain alkali metals at high
concentrations (50%) at the A-site together with group 5 metals at high concentrations (50%) at
the B-site and exhibit slightly better hydration activity than BZO (Figures 4(a) & 4(d)). Most of
the La-containing configurations in the BZO-like region also have the group 3 element Sc in the
B-site at low doping ratios (12.5 — 25%) and exhibit slightly better vacancy formation activity
than BZO (Figures 4(b) & 4(h)). Materials with d-block elements do not appear in the BZO-like
region, whereas one configuration with the p-block element Si has similar activity as BZO
(Figure 4(e)). Analysis of this region mainly suggests that doping with Ti can improve the

activity relative to BZO.
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Figure 5: Scatter plots of vacancy formation energy (AE, .. in eV) verses hydration
energy (AEyyqr in eV) for the 43 perovskite oxides that passed the first four filters. a) Materials
organized with respect to A-site doping where A1.0, Ao.g7s, Ao.75, and Ao.s correspond to the
materials with 0%, 12.5%, 25%, and 50% doping at the A-site, respectively, b) magnified scatter
plot around BZO taken from a), c) materials organized with respect to B-site doping where B1,
Bo.s75, Bo.75, and Bos correspond to the materials with 0%, 12.5%, 25%, and 50% doping at the B-
site, respectively, and d) magnified scatter plot around BZO taken from d). BCO did not pass the
CO> stability test and is included in the figure only as a benchmark.

Figure 5 displays the vacancy formation and hydration energies of the 43 configurations
(Table 1) that passed all the four filters including the COx> stability test and are categorized with
respect to A- and B-site doping ratios. We note here that the application of Filter 4 eliminates all
materials in the acceptor-dopant region (AE,,c =2.7 - 3.5 €V, AEpyq, = -5.0 — -3.0 €V; Figure
3), except for Bags75Rbo.125ZrO3, suggesting that these materials are not stable under a 1 atm CO»
environment. Only two configurations, BaPto.125Z1r0.87503 and SrMno.125Z10.87503, exhibit vacancy
formation energies (2.9 — 3.2 eV) similar to that of acceptor-dopant materials, however, the

hydration energies (-1.2 — 1.5 eV) are in the range of BCO-like or Sn-containing materials.
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While BCO itself did not pass the CO»> stability test, other materials in the BCO-like region that
exhibit similar or better vacancy formation and hydration activity are: BaFeo.125Tao.125Z10.87503,
BaFeo.12sNbo.125Zr0.87503, Bio.125Bao s75F€0.125Z10.87503, BaRbo.125Z10.87503, BaCdo.125Z10.87503, and
Balro.125Z10.87503. In the Supporting Information, Figure S9 displays the hydration energy verses
vacancy formation energy for all the 116 materials that passed the first three filters and organized
with respect to their stability under CO» environment. This figure clearly shows that most

materials in the better defect formation activity region (AE,c <5 eV and AEy 4, <-1.5 €V) are

either metastable (Enun = 0.041-0.081 eV/atom) or unstable (Enut > 0.081 eV/atom) in the
presence of CO». The metastable materials may be suitable for low pressure CO: (e.g., p(CO2) <
1.00 atm) applications and are listed in Table S5. Among these metastable materials, notable Ce-
free materials that are BCO-like include the following: Rbo.125Bao 875V0.125Z10.87503,
Rbo.125S10.875V0.125Z10.87503, Zno.125Bao 8752103, and Cso.125Bao.875Z1r0s. For Zn- (and Cd-
containing) configurations, Jeong et. al. used DFT calculations to show that significant proton
trapping affects Zn-doped BZO limiting its practical applicability [*®]. Overall, our analysis
suggests that A-site doping with low concentration of an alkali metal complimented with low
concentration group 5 metal doping at the B-site is an effective strategy to generate
thermodynamically stable perovskite-based PCCs that are strongly insulating and adequate ionic
conductors.

3.3 Secondary Filtering for Electrode Materials
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Figure 6: DFT-based high-throughput screening process used for identifying electrode materials.
The number above each filter box refers to the number of materials that pass the
corresponding filter criterion.

A secondary screening process used to propose materials that could have potential use for
electrode applications is described in Figure 6. Since electrode materials should exhibit good
electronic conductivity, our first elimination criterion (Filter 1a) focuses on identifying materials
that exhibit smaller bandgap (< 0.5 eV) and we found 2636 materials out of the initial 4793 data
set satisfy this criterion. These materials are further tested for stability under anode (Filter 2a)
and cathode (Filter 2b) operating conditions as explained earlier for PCC materials screening.
We found 341 materials that passed the anode stability test and only 50 materials passed the
cathode stability test and could have potential use as an anode and cathode, respectively. The
materials identified under different categories are listed in the Excel spreadsheet as Supporting
Information. We did not perform any secondary analysis such as vacancy formation or ionic
conductivity on these set of materials as this is considered out-of-scope for this study.

Next, we examined the elemental composition of configurations that are electrically
active (e.g., Filter 1a passing) in Figure S10. For the A-site, the alkaline earth elements Ba and Sr
are the most common elements with frequencies both above one thousand and Ca being the third

most common element. Like the electrically inactive results (e.g., Filter 1), lanthanides La and Pr
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are the second most common elements. Group 3 element Y and other lanthanide elements such
as Ce, Dy, Er, Gd, Nd, and Sm also occur at the A-site. A-site elements that pass Filter 1a but do
not pass Filter 1 include lanthanides Ce and Er and alkali metals Li and Na. For the B-site, Fe
and Zr are the most common elements followed by transition metals Co, Mn, and Ni, group 5
element Nb, and lanthanide Ce. Prominent B-site minority elements include group 5 elements Ta
and V, group 15 elements P and Sb, and common 2" elements such as Cu and Zn. B-site
elements that pass Filter 1a but do not pass Filter 1 include Be, La, Os, Pd, Ru, and Sr. Lastly, in
contrast to the electrically inactive results, configurations typically include low concentrations of
Zr at the B-site.
4. Conclusions

In this study, we coupled first-principles materials science and a high-throughput
screening methodology to analyze a wide variety of perovskite oxides for their potential use as
proton conducting electrolyte materials. Starting from a data set of 4793 distinct perovskites with
binary, tertiary, quaternary, and quinary compositions, our successive screening methodology
focused on identifying materials that are strongly insulating, thermodynamically stable under
various reaction environments, and have a better ability to incorporate protons. At each filtering
stage we have analyzed the elemental identity and the role of A- and B-site doping in the passing
materials such that the desirable macroscopic properties can be tuned for the specific
applications. Elemental analysis of the 116 materials that passed the electronic conductivity and
thermodynamic stability tests revealed that most of these materials possess Ba and Sr at the A-
site with Zr being the dominant element at the B-site. Less dominant elements that appear in at
least eight configurations are Ca, La, and Rb at the A-site and Ce, Hf, Sc, Sn, and Ti at the B-

site. In terms of doping content, many of the promising materials possess a non-doped A-site
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with Zr-containing B-site doped configurations. The second dominant configurations passing the
stability tests include 12.5% and 25% doping at the A-site or 12.5% doping at the B-site
suggesting that minimal doping is favorable for water stability. Our results are consistent with
the experimental observation that the activity and stability of the state-of-the-art PCC material
family based on Y-doped BZO is improved when the doping ratio is kept under 20% [>%¢°].
Oxygen vacancy formation and hydration energies of the 116 materials were calculated
as a measure of their ability to incorporate protons and the materials were categorized into four
regions based on their activity. Materials that fall into the acceptor-dopant region exhibit high
activity for both vacancy formation and hydration processes and many of these materials have
either alkali metal doped A-sites or B-sites doped with both groups 3 and 13 elements. A second
set of materials identified in the Sn-containing region exhibit reasonable vacancy formation
activity, but lower hydration activity and these materials mainly have B-sites doped with the p-
block elements such as Sn, Ge, and Bi. The third region around the benchmark material BCO
consists of materials exhibiting intermediate vacancy formation and hydration energies and most
of these materials have non-doped A-site configuration with mixed B-site doping ratios of
12.5%, 25%, and 50%. A fourth region includes configurations with an A-site co-doped with
alkaline earth metals and a non-doped Zr B-site that behave similarly to the BZO benchmark
material and exhibit poor activity for both vacancy formation and hydration processes. Although
the materials in the acceptor-dopant region exhibit better defect formation activity, many of these
materials are eliminated while applying the fourth filter that tests the stability under a CO»
environment. The promising configurations identified from our high-throughput screening of
PCC electrolytes that are strongly insulating, thermodynamically stable in the presence of H>O

and COz (including borderline metastability under CO2 with Enun < 0.08 eV/atom) are:

28



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

BaFeo.125Ta0.125Zr0 87503, BaFeo.125Nbo.125Z10.87503, Bio.125Ba0 875F€0.125Z10.87503,
SrMno.125Z10.87503, BaRbo.125Z10.87503, Rbo.125Ba0.875V0.125Z10.87503, Rbo.125510.875V0.125Z10.87503,
and Cso.125Bao.875Zr0O3. The acceptor-dopant configuration BaZro.g75(Sc,Y )o.12503 is also stable
and active. Finally, a secondary screening analysis was also provided to identify stable electrode
materials with good electronic conductivity.

In summary, this study serves to aid the fundamental understanding and principles for the
design of perovskite-based proton conducting electrolytes. We elaborate on the role of elemental
identity and doping ratios on thermodynamic stability and defect formation activity. Insights and
guidelines obtained from this study could enable the selection of materials for various specific
applications that require high electronic resistivity or good electronic conductivity, chemical
stability against high oxidizing and reducing atmospheres and good proton incorporation ability.
Future work will focus on testing a greater number of quaternary and quinary configurations and
compute proton migration barriers to better understand the elemental role on the proton trapping

effect.
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e Development of the perovskite material set, naming scheme, and schematic diagrams of
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Figures of elemental frequency of passing materials for Filters 1-3 and Filter 1a. Bader
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e Excel spreadsheet that includes elemental configuration, bandgap size (eV), energy above
the convex hull (eV/atom) for all environmental conditions, and defect formation analysis

for Filter 3 passing materials.
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