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A Computational Framework to Accelerate the Discovery 
of Perovskites for Solar Thermochemical Hydrogen 
Production: Identification of Gd Perovskite Oxide Redox 
Mediators
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A high-throughput computational framework to identify novel multinary 

perovskite redox mediators is presented, and this framework is applied 

to discover the Gd-containing perovskite oxide compositions Gd2BB′O6, 

GdA′B2O6, and GdA′BB′O6 that split water. The computational scheme 

uses a sequence of empirical approaches to evaluate the stabilities, 

electronic properties, and oxygen vacancy thermodynamics of these 

materials, including contributions to the enthalpies and entropies of reduc-

tion, ∆HTR and ∆STR. This scheme uses the machine-learned descriptor 

τ to identify compositions that are likely stable as perovskites, the bond 

valence method to estimate the magnitude and phase of BO6 octahedral 

tilting and provide accurate initial estimates of perovskite geometries, 

and density functional theory including magnetic- and defect-sampling to 

predict STCH-relevant properties. Eighty-three promising STCH candidate 

perovskite oxides down-selected from 4392 Gd-containing compositions 

are reported, three of which are referred to experimental collaborators for 

characterization and exhibit STCH activity. The results demonstrate that 

the high-throughput computational scheme described herein—which is 

used to evaluate Gd-containing compositions but can be applied to any 

multinary perovskite oxide compositional space(s) of interest—acceler-

ates the discovery of novel STCH active redox mediators with reasonable 

computational expense.
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1. Introduction

Solar thermochemical hydrogen (STCH) 
production is a promising method to 
generate carbon neutral fuels from water 
using concentrated solar energy.[1,2] 
STCH is typically produced by either 
low-temperature, multistep processes or 
high-temperature, two-step processes.[3] 
Although some notable multistep STCH 
processes have been demonstrated,[4] these 
methods involve design complications and 
inefficiencies such that two-step STCH 
processes are now generally preferred.[5] 
Two-step STCH processes involve a reduc-
ible metal oxide, referred to as a redox 
mediator, that facilitates the dissociation 
of steam. These processes begin with 
a high-temperature thermal reduction 
step (TTR  ≤ 1500  °C) to reduce the redox 
mediator, resulting in a phase change 
and/or partial reduction of the mediator. 
The reduction step is followed by the 
oxidation step, which splits water and is 
typically performed at lower temperatures 
(TWS ≥  850 °C), during which steam reoxi-
dizes the redox mediator and, in the pro-
cess, generates hydrogen gas.[6–8] The gold 
standard STCH redox mediator, CeO2, 

exhibits rapid oxidation kinetics, long-term cyclability, and con-
sistent H2 production at low steam-to-H2 ratios, all of which are 
desirable for STCH.[9,10] However, CeO2 also suffers from low 
H2 yields at reduction temperatures TTR ≤ 1500 °C, the practical 
operating temperature limit for conventional reactor materials, 
which limits its use in industrial applications. The development 
of novel redox mediators that exhibit enhanced water-splitting 
performances at lower temperatures (TTR  < 1500  °C) is there-
fore critical for the commercial viability of STCH production.

The perovskite oxide chemical space provides a large and 
promising source of potential STCH redox mediators.[11] 
Single perovskite oxides (ABO3 compositions) have the 
same crystal structure as the prototypical mineral perovskite 
CaTiO3, in which large radii A-site cations occupy the same 
sites as Ca, smaller radii B-site cations occupy the octahe-
drally coordinated sites of Ti, and O occupies the corners 
of the corner-sharing octahedra. Complex perovskite oxides 
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with AxA′1−xByB′1−yO3 compositions, such as BaCe0.25Mn0.75O3 
(BCM)[12] and Sr0.4La0.6Mn0.4Al0.6O3 (SLMA),[11,13,14] were pre-
viously demonstrated as redox mediators for STCH, and 
exhibit improved redox cyclability relative to redox media-
tors that operate by a phase change mechanism, such as 
Fe3O4,

[15] and lower reduction temperatures relative to CeO2. 
Perovskite oxides are an attractive STCH materials space 
due to the expected diverse and tunable[16] properties of the 
many different compositions that adopt the perovskite struc-
ture,[17] which include high-temperature stability, reducibility, 
high ionic conductivity, and facile reoxidation.[18] However, 
currently known STCH active perovskites suffer from low 
hydrogen production capacities and slow oxidation kinetics, 
which have impeded the development of these materials as 
redox mediators for commercial-scale STCH processes. Iden-
tifying novel perovskite oxide compositions with improved H2 
production capacity and rapid reduction and oxidation kinetics 
continues to be a primary goal of the STCH community.

Thermodynamic analysis by Muhich et al. and others showed 
that viable STCH redox materials must satisfy the following 
STCH Gibbs free energy inequalities[5,19]

286 kJ/molcycle TR WSH H H∆ = ∆ + ∆ ≥  (1)

44.4 J/mol Kcycle TR WSS S S∆ = ∆ + ∆ ≥  (2)

Ideal STCH redox mediators possess a reduction enthalpy, 
ΔHTR, large enough to reduce steam, but not so large that exces-
sively high temperatures are required to reduce the mediator.[19] 
In contrast, maximizing the reduction entropy, ΔSTR, benefits 
both requirements, as large ΔSTR decreases the free energy 
of reduction at a given temperature and therefore lowers the 
temperature necessary to reduce a material with a given ΔHTR. 
Recent investigations of STCH active materials have character-
ized contributions to ΔSTR. For instance, Naghavi et al. showed 
that the state-of-the-art STCH redox material CeO2 exhibits 
a “giant,” positive onsite electronic entropy of reduction, 
ΔSTR,elec,

[20] in addition to configurational and vibrational entro-
pies associated with oxygen vacancy formation.[21] Ceria’s large 
ΔSTR,elec arises from the multiplicity of unoccupied Ce f-orbital 
states that lie near the conduction band minimum (CBM), 
which become thermally accessible relative to the Fermi level 
of CeO2 at STCH reduction temperatures. This insight led to 
the identification of CeTi2O6 as a STCH active redox material 
following a computational investigation of Ce-containing oxides 
by Naghavi et al.[22]

More generally, Lany et  al. showed that the formation of 
charged oxygen vacancy defects under STCH reduction condi-
tions results in large ΔSTR,elec if a material possesses a large 
density of states (DOS) electron effective mass, denoted as m

e

∗ ,  
near the CBM.[23] m

e

∗  quantifies the multiplicity of states in 
a manner that is not Ce f-orbital specific, meaning that the 
contributions to the multiplicity of states from other ele-
ments are also considered. Larger m

e

∗  corresponds with larger 
ΔSTR,elec, and can be rapidly and accurately characterized using 
first-principles electronic structure calculations such as den-
sity functional theory (DFT). Oftentimes, the evaluation of 
ΔSTR,elec incurs no additional computational expense relative 
to first-principles bulk stability screening, which is typically 

performed in computational studies of theoretical perovskite 
oxides prior to experimental STCH characterization to assess 
the likelihood that a metal oxide composition is synthesiz-
able and phase stable as a perovskite.[24,25] In this manner, the 
evaluation of m

e

∗ and ΔSTR,elec can be efficiently integrated into 
high-throughput computational frameworks for STCH candi-
date discovery.

Herein, we demonstrate that perovskite oxides with the lan-
thanides Ce, La, and Gd possess large m

e

∗  and thus, potentially 
large ΔSTR,elec. While Ce- and La-based perovskites have previ-
ously demonstrated STCH redox activity,[12,13,26,27] Gd-based 
perovskites are relatively unexplored for STCH; some La-
containing, STCH-active perovskite oxides retain their STCH 
activity when Gd is substituted for La,[28] but to our knowl-
edge, no high-throughput computational investigations spe-
cific to the STCH activity of Gd-containing perovskites have 
been performed. Therefore, we focused our computational 
investigation on the set of theoretical Gd-containing multinary 
perovskite oxides with compositions Gd2BB′O6, GdA′B2O6, and 
GdA′BB′O6, and predicted their STCH activity using a com-
bination of ab initio and empirical approaches to evaluate the 
stabilities, electronic properties, and oxygen vacancy thermody-
namics of these materials. Eighty-three promising STCH can-
didate oxides were identified from the 4392 GdA′BB′O6 compo-
sitions we evaluated, which were referred to our experimental 
collaborators for synthesis and characterization. Of those, 
three were selected for synthesis and characterization over the 
other 80 Gd-containing candidates because they span a range 
of stabilities and oxygen vacancy enthalpies, which is useful 
for validating our choice of screening criteria. Of those, GdLa-
CoFeO6 (GLCF), GdLaMnNiO6 (GLMN), and SrGdMnAlO6 
(SGMA) were first synthesized because similar compositions 
have reported perovskite synthesis procedures. STCH activity 
was experimentally demonstrated for these three Gd-containing 
perovskites identified by our framework.[29–31] This demon-
strates that the high-throughput materials discovery scheme 
we have developed—which evaluates perovskite/nonperovskite 
synthesizability, ΔHTR, and ΔSTR,elec using the m

e

∗  of complex 
Gd-containing perovskites—accelerates the discovery of novel 
STCH materials with reasonable computational expense.

2. Results and Discussion

2.1. Large mm
ee

∗∗ Attributable to Gd3+

2.1.1. Cation Contributions to m
e

∗

Perovskite oxides that possess large m
e

∗  should by extension 
exhibit larger ΔSTR,elec relative to perovskite oxides with smaller 
m

e

∗. Previous studies have shown that certain cation spe-
cies (e.g., Ce4+) contribute large numbers of electronic states 
to the DOS near the CBM of metal oxides, which can result 
in large m

e

∗ . To quantify contributions to m
e

∗  on a cation-by-
cation basis, we evaluated the m

e

∗  of all available metal oxides, 
including nonperovskites, tabulated in the Materials Project 
(MP) database.[29] The MP currently contains the DFT-com-
puted structures and energies of >140 000  inorganic materials 
with ≈70 000 of these entries being metal oxides. Of these, 
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≈24 000 metal oxides possess tabulated electronic structure 
information from which m

e

∗  can be computed. To make the 
following analysis cation specific, we assigned oxidation states 
to elements present in the MP-tabulated perovskite oxides 
using the pymatgen[30] python package’s oxidation state assign-
ment algorithm. In this manner, we identified the cations 
that produce the largest m

e

∗ among the cations present in MP 
entries with tabulated DOS.
Figure  1 plots the distributions of m

e

∗  for the 23  723 MP 
metal oxides with tabulated DOS. The horizontal axis shows 
the nine cations present in at least 20 MP entries with tabu-
lated DOS that have the largest mean m

e

∗ . Notably, Ce4+ is 
rediscovered as the cation that, on average, contributes the 
largest density of accessible electronic states near the CBM at 
1000 K, followed by the lanthanide cations Gd3+, La3+, and Ce3+ 
in decreasing order. MP entries containing these four cations 
are computed to possess larger average m

e

∗  than MP entries 
containing the 86 other cations considered (see Table S1,  
Supporting Information), which suggests that one or more of 
these cations should be included in STCH metal oxide candi-
date compositions to increase ΔSTR. This analysis identifies 
the cations that, on average, result in the largest m

e

∗ , but does 
not quantify changes in the m

e

∗  if one cation is substituted for 
another. Additionally, the data analyzed constitutes all metal 
oxide entries tabulated by the MP, as opposed to specifically 
evaluating the perovskite oxide structures. This suggests that 
Gd3+ substitution in metal oxide compositions could increase 
ΔSTR regardless of geometry. However, as this investigation 
is focused on perovskites, we leveraged our ABO3 perovskite 
dataset to isolate contributions to the m

e

∗  attributable to single 
cation substitutions in perovskite oxides. Our data set consists 
of 657 single perovskite oxide compositions generated in up to 
six unique perovskite geometries as denoted by their Glazer tilt 

notation.[31] A complete description of the ABO3 data set used 
and the criteria enforced to create the substitution matrices 
are detailed in the Supporting Information (“ABO3 Perovskite 
Dataset and Substitution Matrices”).

2.1.2. +3 Cation Contributions to m
e

∗: ABO3 Perovskite Oxides

Figure  2 displays the average shifts in the m
e

∗  following the 
replacement of starting +3 cations (vertical axis) with substituted 
+3 cations (horizontal axis). This matrix shows that, on average, 
substitution of nearly all +3 cations present in our dataset by 
Ce3+ or Gd3+ increases m

e

∗ . Consistent with the MP analysis 
described above, substitution of Ce3+ by Gd3+ also increases m

e

∗ 
on average. Substitutions by La3+ generally increase m

e

∗  when 
La3+ is substituted for other lanthanide +3 cations, e.g., Tb3+, 
Yb3+, Pr3+, etc. Therefore, our ABO3 perovskite dataset confirms 
the trends in m

e

∗  uncovered in the MP tabulated metal oxides 
reported in Section 1 (Figure 1), which suggests that to maximize 
m

e

∗  for STCH applications, perovskite oxides should preferen-
tially include one or more of the +3 lanthanides Ce3+, Gd3+ and 
La3+. Additional details regarding the substitution matrix, as 
well as matrices for +2 and +4 cation substitutions present in 
our dataset, are reported in the Supporting Information (“ABO3 
Perovskite Dataset and Substitution Matrices”). Because the Ce- 
and La-containing compositional spaces possess known STCH 
redox mediators that have been previously characterized, we 
examined the largely unexplored Gd-containing compositional 
space and identified several novel STCH perovskite oxides. As 
described in Section II, our high-throughput computational 
screening approach combines the machine-learned descriptor τ, 
the empirical bond valence method (BVM), and DFT into the 
scheme illustrated in Figure 3.

Figure 1. Distributions of m
e

∗  for the nine cations present in Materials Project tabulated oxides that, on average, have the largest m
e

∗  (only the cations 
present in at least 20 MP entries with tabulated DOS are reported). Cations are ordered by their mean m

e

∗  (black dashed line) from left to right. MP 
entries containing the cations Ce4+, Gd3+, La3+, and Ce3+ are predicted to have the largest average m

e

∗ s (m
e

∗  = 2.485, 1.633, 1.313, and 1.180, respec-
tively). Numbers in parentheses below the box plots denote the number of entries evaluated that contain the associated cation.
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Figure 3. Schematic of the high-throughput computational approach used to identify candidate perovskite oxides for STCH from 4392 Gd2BB′O6, 
GdA′B2O6, and GdA′BB′O6 compositions. A) Step 1: Compositional screening for perovskite stability using the machine-learned descriptor τ. B) Step 
2: Determination of perovskite geometry, i.e., Glazer octahedral tilt system, using the BVM to eliminate unstable polymorphs and provide accurate 
initial structures for DFT geometry optimization. C) Step 3: Evaluations of stabilities, electronic properties, and oxygen vacancy enthalpies using DFT.

Figure 2. Substitution matrix showing the average shift in the m
e

∗  upon substitution of the starting A-site cation (vertical axis) with a substituted cation 
(horizontal axis) for the 657 ABO3 perovskite oxides in our database. Green indicates an increase in m

e

∗  following substitution, whereas purple indicates 
a decrease in m

e

∗ . Cations that cannot be interchanged because the ABO3 substitution criteria are not satisfied (see “ABO3 Perovskite Dataset and 
Substitution Matrices,” Supporting Information) are colored gray. Substitutions of nearly all +3 cations present in our dataset by Ce3+ or Gd3+ (fourth 
and ninth columns, respectively) increase m

e

∗ . On average, Gd3+ substitutions for Ce3+ increase the m
e

∗  in the ABO3 perovskite oxides considered.
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2.2. Computational Scheme Used to Identify STCH Candidates

2.2.1. Composition Selection Using the Tolerance Factor τ

Experimental ABO3 perovskites are more frequently observed 
with Gd3+ occupying the A-site than the B-site.[32] The Gd-con-
taining perovskite oxides investigated herein were therefore 
limited to Gd2BB′O6, GdA′B2O6, and GdA′BB′O6 compositions, 
where Gd only occupies the perovskite A-site. 4392 charge-
balanced Gd-containing compositions were enumerated using 
combinations of the 24 elements determined to be commercially 
viable, nontoxic, nonradioactive, and therefore relevant for STCH 
(see the Supporting Information “Viable STCH Elements”). These 
4392 compositions were first screened by their perovskite stabili-
ties using τ.[33] τ classifies ABX3 compositions as perovskite or 
nonperovskite using the Shannon radii[34] of the A, B, and X cat-
ions and the formal oxidation state of the A-site cation as inputs. 
Furthermore, τ can be extended to the A2BB′X6, AA′BB′X6, etc. 
compositions by fractionally weighting the A- and B-site cation 
radii. Fractional weighting results in a 91% classification accu-
racy for A2BB′X6 compositions, only slightly lower than the 92% 
accuracy τ achieves for the ABO3 single perovskites on which it 
was trained. τ predicts that 1325 of 4392 compositions evaluated 
herein are synthesizable as perovskites (e.g., τprob > 0.5). For the 
present work, the STCH relevant properties for 824 of the 890 
Gd-containing compositions that have τprob ≥ 0.8—and are there-
fore most likely to be stable as perovskites—were predicted using 
DFT. We were unable to predict structures for 66 of 890 com-
positions due to missing bond valence parameters for some cat-
ions (e.g., Ti2+). Figure 4 displays the frequency of A- and B-site 
occupation of all elements in the 824 Gd-containing compounds. 
Consistent with experimental perovskite oxides,[32] τ predicts that 

transition metals and metalloids most frequently occupy the 
B-sites, whereas alkali, alkaline earth and lanthanide elements 
most frequently occupy the A-sites.

2.2.2. Initial Structure Generation for DFT

BVM Initial Structure Prediction: Initial perovskite geometries 
for the 824 compositions optimized by DFT were generated 
using PySPuDS, a custom high-throughput python wrapper for 
the BVM-based SPuDS program.[35] For perovskites, the sym-
metry and magnitude of BO6 octahedral tilting can be described 
using Glazer notation (e.g., a−b+a−).[31] SPuDS predicts the mag-
nitude of high-symmetry BO6 octahedral tilting for 11 Glazer 
modes by minimizing the BVM Global Instability Index (GII), 
which is strongly correlated with the DFT energies of experi-
mental ABO3 perovskite oxide compositions.[36,37] SPuDS can 
therefore accurately estimate the magnitude of BO6 octahedral 
tilting for a given phase relative to structures optimized using 
DFT. Additionally, we have previously shown that the DFT-
optimized orthorhombic symmetry (a−b+a− Glazer mode) is 
the ground state perovskite structure predicted for ≈95% ABO3 
compositions examined.[38] To best capture the ground state 
properties of Gd2BB′O6, GdA′B2O6, and GdA′BB′O6 perovskites, 
all initial structures for DFT optimization in the present investi-
gation were generated by SPuDS in the monoclinic P21/n (#14) 
space group (a−b+a− Glazer mode). For reference, an example 
AA’BB’O6 structure generated in the a−b+a− Glazer mode is 
depicted in Figure 3B. The perovskite compositions with B-site 
alloying (e.g., Gd2BB′O6 and GdA′BB′O6) were generated using 
rock salt site ordering, while the perovskite compositions with 
A-site alloying (e.g., GdA′B2O6 and GdA′BB′O6) were ordered to 

Figure 4. Periodic table plot of the 824 Gd2BB′O6, GdA′B2O6, and GdA′BB′O6 perovskite compositions evaluated using high-throughput DFT calcula-
tions. A-site occupation is indicated by the color in the upper left corner of each element, whereas B-site occupation is indicated by the color in the 
lower right corner. Consistent with experiment, lanthanides most frequently occupy A-sites in our dataset, while transition metals most frequently 
occupy the B-sites. As indicated in the figure, all compositions investigated herein have Gd occupying the A-site.
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minimize the Ewald sum over the four perovskite A-sites in the 
20-atom unit cell of the a−b+a− Glazer mode.

Monte Carlo Site Displacements of High-Symmetry Structures: 
SPuDS generates perovskite structures that are stabilized by 
BO6 tilting without the incurred expense of DFT geometry 
optimizations. This is vital to high-throughput computational 
investigations of STCH relevant properties, as previous computa-
tional studies of ABX3 and A2BB′X6 perovskites (X = O, Cl, F, Br) 
have shown that the stabilities, oxygen vacancy enthalpies, and 
electronic properties (e.g., band gap and DOS me) of perovskites 
are highly sensitive to the BX6 tilting phase and magnitude.[39–41] 
However, BO6 tilting alone cannot capture all experimentally 
observed properties of perovskite oxides. For instance, off-site 
displacements of Ti within the TiO6 octahedra result in the 
observed ferroelectricity of the perovskite oxides PbTiO3 and 
BaTiO3.

[42] Because SPuDS generates high-symmetry Glazer tilt 
structures—which restricts B-sites to their high-symmetry posi-
tions within the BO6 octahedra—when optimized in DFT these 
structures cannot capture the more subtle electronic effects 
observed in perovskite oxides with lower symmetry.[43] Therefore, 
we perturbed the site positions of structures predicted by SPuDS 
from their high-symmetry positions prior to DFT optimization 
using a modified MC rattling procedure.[44] MC rattling breaks 
crystal symmetries while maintaining physical interatomic dis-
tances, which allows DFT optimization to better capture the 
effects of symmetry-breaking on STCH relevant properties.

2.2.3. High-Throughput DFT Screening to Identify STCH Candidates

Stage 1: Materials Project-Compatible Geometry Optimization to 
Predict EHull: The 824 τ-stable Gd-containing perovskite struc-
tures—generated in the a−b+a− Glazer tilt and MC-rattled—
were first screened by their DFT-predicted phase stabilities. 
Because all 824 of these perovskites contain Gd, which is a 
magnetic element, their magnetic ordering must be specified 
prior to DFT optimization. For a set of 252 binary compounds, 
Stevanovic et  al. showed that the stabilization attributed to 
magnetic orderings other than high-spin ferromagnetic (FM), 
i.e., antiferromagnetic (AFM) or ferrimagnetic (FiM), is on the 
order of 10–20 meV/atom.[45] Likewise, we also found that the 
mean difference in DFT total energies between ABO3 perov-
skites initialized as FM versus the lowest energy ABO3 perov-
skite initialized in up to 20 unique AFM orderings was 7 meV/
atom, although some outliers can exceed 100 meV/atom.[38] 
Because these reported differences are typically very small, 
the 824 structures optimized by DFT were initialized with FM 
ordering and evaluated by their stabilities relative to competing 
phases tabulated in the MP database. The energy of a material 
relative to the convex hull, EHull, quantifies its energy relative 
to the energies of its decomposition products. For the present 
work, the 385 perovskite oxides with DFT-computed, FM EHull ≤ 
60 meV/atom were magnetically sampled in Stage 2 of DFT 
screening. This EHull tolerance accommodates the reported error 
of ∼30 meV/atom intrinsic to DFT-computed oxide formation 
energies[46] as well as the additional 0–20 meV/atom error that 
can, on average, be attributed to FM initialization in DFT.[38,45]

Stage 2: Self-Consistent Bulk Magnetic Sampling to Predict Eg and 
m

e

∗: Whereas DFT stability predictions are relatively insensitive 

to magnetic ordering—particularly when stability prediction 
errors are incorporated into the screening scheme, as we have 
done using the EHull tolerance—electronic property predictions 
are considerably more susceptible to the spin configuration. For 
instance, Malyi et  al. showed that DFT optimizations of YTiO3 
and LaTiO3 perovskite oxides that did not correctly consider mag-
netic ordering resulted in false metal predictions (Eg = 0) for these 
semiconductors.[47] High-throughput computational schemes in 
which materials are indiscriminately initialized high-spin, high-
symmetry FM and optimized in DFT are likely insufficient to 
reliably predict metallic/non-metallic behavior. This shortcoming 
is particularly detrimental for STCH candidate discovery, as the 
STCH-relevant m

e

∗ are generally computed for semiconductors 
and insulators (Eg  >  0) using DFT. To mitigate inaccurate elec-
tronic property predictions in Gd-containing perovskites, geom-
etry optimizations followed by self-consistent field (SCF) DFT 
calculations in up to 20 unique initial magnetic orderings were 
performed for each of the 385 geometry-optimized candidate 
structures. Magnetic sampling was performed using pymatgen’s 
MagneticStructureEnumerator module, which computes all sym-
metrically unique magnetic orderings for a structure’s elements 
and site positions. Sampling introduces initial spin disorder that 
can widen artificially small Eg attributable to high-symmetry spin 
initializations. Following magnetic sampling, 311 of 385 composi-
tions were computed to have Eg > 0, and therefore a nonzero m

e

∗.  
These 311 perovskites were passed to the subsequent stage of 
DFT evaluation of oxygen vacancy formation energies, of which 
we successfully completed calculations for 231 of the 311 mate-
rials. For the remaining 80 compositions, convergence issues 
resulted in either unphysical oxygen vacancies, i.e., ΔHOvac< 0 or 
ΔHOvac ≫ 10  eV, or unconverged calculations for which ΔHOvac 
could not be computed. As a result, and although a number of 
these materials could be competent redox mediators, these 80 
compositions were excluded from further analysis.

Stage 3: Defect Cell Oxygen Vacancy Calculations to Estimate 
∆HTR: The ΔHTR of STCH redox mediators dictates many 
STCH properties, from hydrogen production capacity to long-
term cyclability.[5] Thermal reduction of STCH materials in 
two-step processes typically follows one of two reduction mech-
anisms, either: 1) a complete or partial phase change, such as 
the complete reduction of ZnO to elemental Zn,[48] or 2) an 
off-stoichiometry mechanism during which oxygen vacancies 
form but the phase is preserved, such as the partial reduction of 
the SrxLa1−xMnyAl1−yO3 (SLMA) perovskites.[11,13,14] ΔHTR is typi-
cally estimated using DFT-computed oxygen vacancy formation 
enthalpies at T  = 0 K, ΔHOvac (eV). ΔHTR of a redox mediator 
can therefore be estimated by DFT using Equation (3)

Ovac tot

defect

tot

Host

OH H E ETR µ∆ ≈ ∆ = − +  (3)

where 
tot

Host
E  is the DFT total energy of the defect-free (Host) 

oxide, tot

defect
E  is the DFT total energy of the reduced/defective 

oxide containing a single oxygen vacancy, and µO is the chemical 
potential of oxygen at T = 0 K. Herein, we define µO = −4.948 eV/
atom, which is the lowest energy O2 entry tabulated in the 
MP (mp-12957). We also assume that the 231 Gd-containing 
perovskite oxide candidates in our screening are reduced via 
the off-stoichiometry mechanism, which is most frequently 
observed in STCH active perovskite oxides.[11,12,26]  ΔHTR was 
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therefore estimated using DFT charge-neutral oxygen vacancy 
defect calculations, enforcing an oxygen vacancy defect concen-
tration limit of Cd  <  0.1 to avoid spurious self-interactions with 
periodic images. Distortions that lower the symmetry relative to 
the nominal cubic perovskite, such as BO6 tilting and MC-rat-
tling prior to DFT optimization, can lead to variable local oxygen 
coordination environments within the theoretical structures 
investigated herein. These unique oxygen environments result in 
distributions of ΔHOvac; accordingly, defect calculations were per-
formed for all symmetrically unique oxygen sites present in the 
bulk perovskite lattices. Symmetrically unique oxygen sites were 
determined using pymatgen’s PointGroupAnalyzer module.

Our screening approach prioritizes Gd-containing composi-
tions with 1.95 eV ≤ ΔHOvac ≤ 3.95 eV. We preferentially screen 
for compositions with ΔHOvac  ≤ 3.95  eV because CeO2 has 
ΔHOvac = 3.95 eV computed within our high-throughput frame-
work, and CeO2 only exhibits its exceptional H2 production 
capacities near the upper limit of the practical STCH tempera-
ture range (Tred  ≥ 1500  °C).[9] We evaluated compositions that 
have computed ΔHOvac within −2 eV of CeO2 (ΔHOvac ≥ 1.95 eV), 
which includes compositions with ΔHOvac greater than the 
standard state formation enthalpy of steam, H O (g)2

H∆ ≈ 2.5 eV.[49] 
STCH activity under high-pressure steam conditions can be 
observed for redox mediators with ΔHTR  ≈  ΔHOvac  <  2.5  eV 
such as hercynite (FeAl2O4), whereby H2 production is driven 
by the chemical potential difference between the reduced medi-
ator and reactor steam conditions.[50] Cycles that change the 
chemical potential difference incur additional energetic costs, 
however, and are therefore suboptimal.[51] Despite this, we 
consider some compositions with ΔHOvac  <  2.5  eV, consistent 
with previous DFT investigations,[16,22] as these perovskites 
could feasibly demonstrate STCH activity under certain reactor 
conditions.

2.3. Data Set Statistics and STCH Candidates

2.3.1. STCH Active Materials Identified by Computational Screening

Table 1 lists the DFT-computed properties of the Gd-containing 
compositions identified by our computational approach that 
were referred to experimental collaborators, who synthesized 

them as perovskites and demonstrated their STCH activity.[52–54] 
We chose the compositions GdLaCoFeO6, GdLaMnNiO6, 
and SrGdMnAlO6 for initial experimental studies because 
similar compositions have documented perovskite synthesis 
procedures that could be easily modified by our experimental 
collaborators,[11,55,56] and they exhibit EHull and OvacH∆  values 
that span the full range of screening criteria used in this study 
(0 meV/atom ≤ EHull ≤ 60 meV/atom and 1.95 eV/atom ≤ OvacH∆

≤ 3.95  eV/atom). GdLaCoFeO6 (GLCF) has EHull  = 0  eV/atom 
and OvacH∆  near the middle of our range ( OvacH∆ = 2.77  eV/
atom). SrGdMnAlO6 (SGMA) has EHull =  33.4 eV/atom, or near 
the middle of our stability range, and a OvacH∆  at the lower 
bound of our range ( OvacH∆ =  1.95 eV/atom). Finally, EHull and 

OvacH∆  of GdLaMnNiO6 (GLMN) both approach the upper end 
of our ranges (58.8 and 3.33 eV/atom, respectively).

To further validate our high-throughput computational 
workflow we also evaluated Mn-containing perovskites, 
including three known STCH-active perovskite manganates, 
as they have been extensively investigated as STCH redox 
mediators. Application of our workflow to Mn-containing mul-
tinary perovskites (compositions A2MnB′O6, AA′Mn2O6, and 
AA′MnB′O6, see the Supporting Information “Investigation 
of Mn-containing Perovskite Oxides”) rediscovers the known 
STCH-active perovskites SrLaMnAlO6, Sr2TiMnO6, and Ca2T-
iMnO6 as promising STCH candidates. The DFT properties of 
these materials computed using our workflow are also listed in 
Table  1. This work also identified the perovskite manganates 
La2MnNiO6 and Nd2MnNiO6 as promising STCH candidates, 
which to our knowledge had not yet been reported as STCH-
active. We also referred these materials to our experimental 
collaborators who successfully synthesized and demonstrated 
them as STCH active perovskites.[53] The identification of 
STCH competent Mn-containing redox mediators using our 
scheme further illustrates the generalizability of the empirical 
approaches used herein.

The broad OvacH∆  range of 1.7  eV, as well as the observed 
conditions of Eg > 0 and EHull < 60 meV/atom for STCH active 
materials in Table 1 (apart from SLMA), justify our MP compat-
ible screening criteria. SGMA was discovered using our scheme 
and has a OvacH∆  of 1.95  eV, representing the lower ΔHOvac 
boundary (1.95  eV) used to identify STCH redox mediator 
candidates in the present investigation. The SGMA composition 

Table 1. Computed EHull, m
e

∗ , Eg, and 
∆ OvacH for eight STCH active perovskite compositions identified by computational screening. The STCH activities  

of SrLaMnAlO6, Sr2TiMnO6, and Ca2TiMnO6 were previously demonstrated. Materials are ordered by increasing average oxygen vacancy enthalpy. The 
DFT predicted structures for SrGdMnAlO6, GdLaCoFeO6, and GdLaMnNiO6 are shown in Figures S4 and S5 (Supporting Information).

Compound EHull [meV/atom] m
e

∗ Eg [eV]
∆HOvac  [eV] First discovered by this framework Other references

SrGdMnAlO6 33.4 2.54 1.09 1.95 Yes Bare et al.[54]

SrLaMnAlO6 77.0 3.27 1.50 2.10 No McDaniel et al.a)[11]

Sr2TiMnO6 7.8 7.31 1.31 2.23 No Qian et al.a)[57]

Ca2TiMnO6 5.9 9.46 1.71 2.38 No Qian et al.a)[58]

GdLaCoFeO6 0.0 8.52 1.01 2.77 Yes Park et al.[52]

La2MnNiO6 48.0 4.04 1.61 3.13 Yes Morelock et al.[53]

GdLaMnNiO6 58.8 2.36 1.35 3.33 Yes Morelock et al.[53]

Nd2MnNiO6 0.6 2.63 1.49 3.67 Yes Morelock et al.[53]

a)References to experimental demonstrations of STCH activity for Mn-containing known STCH redox mediators that this work rediscovered.
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Sr0.4Gd0.6Mn0.6Al0.4O3 exhibits hydrogen production capaci-
ties of 141, 162, and 171 µmol g−1 over three consecutive redox 
cycles under 40% volume H2O conditions and with reduction 
and oxidation temperatures of TTR = 1350 °C and TWS = 850 °C, 
respectively.[54] Qian et  al. identified the perovskite oxide 
Ca2TiMnO6 (CTM55) and demonstrated its exceptional STCH 
yield of 10.0 mL g−1 at TTR = 1350 °C and TWS = 1150 °C with 
a cycle time of 1.5 h.[58] Our computational approach predicts 
the OvacH∆  of this material to be 2.38 eV, well within the STCH 
active range, and predicts a relatively large, favorable contribu-
tion from ΔSTR,elec attributed to its relatively high m

e

∗  of 9.46. 
Our computational approach predicted similar properties and 
water splitting behavior for the perovskite oxide Sr2TiMnO6 
(STM55) identified by Qian et al.[57]

GLCF was identified by our computational approach 
and exhibited hydrogen production capacities of 101 and 
141 µmol g−1 over consecutive redox cycles.[52] GLCF also has 
improved STCH cyclability relative to the similar perovskite 
oxides La0.6Sr0.4Co0.2Fe0.8O3  and LaFe0.75Co0.25O3, which 
degrade during redox cycling. This behavior was explained 
by GLCF’s broad ΔHOvac range computed using our com-
putational scheme relative to the previously reported perov-
skite LaCo0.5Fe0.5O3

[59] (L2CF); vacancies with larger ΔHOvac 
are less likely to form at water splitting temperatures, and 
thus preserve the perovskite lattice during redox cycling. 
The perovskite oxide compositions GLMN, LaMn0.5Ni0.5O3 
(L2MN), and NdMn0.5Ni0.5O3 (Nd2MN) were first compu-
tationally predicted using our scheme and subsequently 
characterized for their STCH activity by Morelock et  al.[53] 
Relative to GLCF, GLMN, and L2MN exhibited enhanced 
hydrogen production capacities with H2 present in a 1:1333 
ratio to steam (16 µmol g−1 vs 36 µmol g−1 and 34 µmol g−1).  
This novel STCH behavior was rationalized by GLMN and 
L2MN’s average oxygen vacancy enthalpies OvacH∆ , as these 
materials possess OvacH∆  (3.33 and 3.13 eV) that are closer 
to the OvacH∆  of the high-conversion redox mediator CeO2 
(3.95 eV) than the OvacH∆  of GLCF (2.77 eV). All of Nd2MN’s 

unique oxygen sites have ΔHOvac > 3.40 eV, which approach 
the upper boundary of our screening of ΔHOvac  = 3.95  eV. 
Like CeO2, the corresponding large ΔHTR of Nd2MN pre-
dicted from OvacH∆  results in significantly decreased STCH 
production relative to L2MN at TTR= 1350 °C when H2 is not 
present in steam.

2.3.2. Computationally Identified STCH Candidate Materials

Of the 231 compounds evaluated in Stage 3 of our screening, 
83 have 1.95  eV OvacH≤ ∆ ≤  3.95  eV. Additional STCH rel-
evant properties for the 83 candidate materials are listed in 
Gd_Multinary_Perovsktie_Oxide_STCH_Candidates.csv. The 
most promising STCH candidates should have m

e

∗  comparable 
to that of CeO2 (m

e

∗   = 30.71) and OvacH∆  in the STCH active 
range; however, we find that as m

e

∗  increases, Eg and OvacH∆
 

generally increase as well, which can result in OvacH∆  outside 
the STCH active range (Figure 5). The increase in OvacH∆  with 
increasing Eg is consistent with the results reported by Deml 
et  al., who used this correlation to predict the oxygen vacancy 
formation enthalpies of 45 binary and ternary oxides.[60] We 
find that compounds with m

e

∗  > 20 possess OvacH∆  > 3.95 eV/
atom, with a few notable exceptions. For example, compounds 
with Ce on the A-site, namely, CeGdCoNiO6, CeGdMnNiO6, 
and CeGdCoFeO6 have the largest m

e

∗  (38.30, 29.30, and 
32.05, respectively) of all compounds with OvacH∆  in the 
STCH active range (3.44, 3.80, and 3.95, respectively), and 
are therefore predicted to be excellent candidates for STCH. 
Likewise, GdYMn2O6 is a promising STCH candidate, with 
m

e

∗   = 31.88, EHull  = 7 meV/atom, and OvacH∆ = 3.77  eV. How-
ever, the bandgap of GdYMn2O6 (Eg = 0.47 eV) is small, which 
may restrict temperature-dependent changes in the Fermi level 
under STCH operating conditions and thus the magnitude of 
ΔSTR,elec. GdSmAlFeO6 is another promising STCH candidate, 
with m

e

∗  = 21.85, EHull = 24.77 meV/atom, and OvacH∆ = 3.38 eV. 
However, the computed bandgap of GdSmAlFeO6 (Eg  = 
2.60 eV) is 0.8 eV larger than that of CeO2, which could inhibit 
electron promotion to states near the CBM at STCH reduction 
temperatures and thus limit ΔSTR,elec.

Although few materials possess both large m
e

∗  and OvacH∆  in 
the STCH active range, we find 78 potential STCH candidates 
with low to intermediate m

e

∗  (1.0 m
e

≤ ≤
∗  20.0) and 1.95  eV 

OvacH≤ ∆ ≤  3.95  eV. These candidates include the experimen-
tally demonstrated water-splitting materials in Table  1, which 
are displayed as stars and colored by m

e

∗  in Figure  5. The 
majority of STCH candidates contain a 3d transition metal (Cr, 
Mn, Fe, Co, and/or Ni) and/or Al, Mg, or Sb on the B-sites, and 
a lanthanide (La, Y, Pr, Nd, Sm, or Gd) or Ca/Sr mixed with 
Gd on the A-site (Figure 6). For compounds with fixed B/B’ ele-
ments, we find that lanthanide/Gd mixing on the A-site results 
in higher OvacH∆  compared with Sr/Gd or Ca/Gd mixing on 
the A-site, and that Ca generally has a slightly larger OvacH∆  
compared with Sr (see Figure S6, Supporting Information). As a 
result, when B and B′ elements are fixed between compositions 
the most promising STCH candidates have either lanthanides 
or Sr/Ca occupying the A-site with Gd, but rarely both (Table 2). 
One notable exception is the Gd-A′-Al-Mn-O chemical space, 
in which the Sr and Ca containing compounds have OvacH∆  

Figure 5. STCH relevant properties for the 231 Gd compounds evaluated 
in Stage 3 of our screening scheme. The stars indicate CeO2 and the eight 
experimentally verified water splitting materials listed in Table 1. We iden-
tified 83 of 231 compounds with 

∆ OvacH  within the estimated STCH active 
range (1.95  eV ≤ ∆ ≤OvacH  3.95  eV). Generally, Eg and ∆ OvacH  increase 
with increasing m

e

∗ , and most of the compounds with the largest m
e

∗ are 
outside of the STCH active range of 

∆ OvacH .
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approaching the lower end of the STCH active range (1.95 and 
2.62  eV, respectively) and the lanthanide elements Y, Pr, Nd, 
Sm, and Gd have OvacH∆  approaching the upper bound of 
the STCH active range (3.86, 3.64, 3.90, 3.90, and 3.62  eV, 

respectively). Substitution of Sr, Ca, and lanthanides on A-sites 
of perovskites within the Gd-A′-Al-Mn-O chemical space should 
therefore result in a class of highly tunable STCH materials 
that exhibit a broad range of OvacH∆ .

Figure 6. Periodic table plot of the 83 Gd2BB′O6, GdA′B2O6, and GdA′BB′O6 STCH candidate perovskite compositions. A-site occupation is indicated 
by the color in the upper left corner of each element, whereas B-site occupation is indicated by the color in the lower right corner. The majority of 
STCH candidates contain a 3d transition metal (Cr, Mn, Fe, Co, and/or Ni) and/or Al, Mg, or Sb on the B-sites, and a lanthanide (La, Y, Pr, Nd, Sm, or 
Gd) and/or Ca/Sr mixed with Gd on the A-site.

Table 2. Ranges of STCH relevant properties grouped by unique B/B’ sites for 65 of the 83 GdA′BB′O6 STCH candidates with A′ = Ca, Sr, or a lanthanide. 
The m

e

∗  of Ce-containing STCH candidates that are outliers with respect to other lanthanide elements with fixed B/B′ elements are reported in parentheses.

B B′ A′ (Alk) A′ (Ln) Eg range [eV]
∆HOvac  range [eV] m

e

∗  range

Al Mn Ca, Sr Y, Pr, Nd, Sm, Gd 1.09–1.73 1.95–3.90 2.54–5.97

Co Co – Y, La, Nd 0.92–1.10 2.05–2.30 7.50–9.82

Co Fe – Y, La, Ce, Pr, Nd, Gd 0.88–1.61 2.49–3.95 3.20–8.52 (32.05)

Al Co – Y, La, Pr, Gd 0.96–2.02 2.59–3.63 4.84–6.42

Cr Ni – Pr, Nd, Sm 0.58–0.58 2.40–2.45 3.46–3.6

Mn Ni – Y, La, Ce, Pr, Gd 1.34–1.73 3.33–3.74 2.36–3.58 (29.30)

Co Mg – Y, La, Pr, Nd, Sm, Gd 1.12–1.31 2.05–2.28 3.86–7.72

Co Ni – Y, Ce, Nd, Gd 0.29–1.12 1.95–3.42 2.72–3.76 (28.30)

Mg Mn – Y, Pr 1.95–1.95 3.38–3.38 3.52–3.79

Co Cr – Nd, Sm, Gd 0.62–1.54 3.34–3.85 5.09–6.75

Cr Zn – Pr, Nd, Sm, Gd 0.82–1.10 2.12–2.19 3.54–3.82

Mn Mn – Y, Sm 0.23–0.47 3.71–3.77 1.77–31.89

Cu Fe – Y, Pr 0.31–0.31 2.28–2.82 4.94–5.94

Fe Sb Ca, Sr – 1.83–2.05 3.73–3.78 5.43–5.58

Cr Mn Ca, Sr – 1.23–1.23 2.90–3.26 3.61–3.86

Fe Ti Ca, Sr – 1.85–2.11 3.32–3.70 2.98–3.41

Ni Sb Ca, Sr – 2.38–2.89 3.79–3.86 4.12–4.76

Mn Ti Ca, Sr – 0.48–0.71 2.98–3.42 1.88–2.06

Sb Zn Ca, Sr – 2.27–2.43 3.63–3.69 1.38–1.43

Mn Zr Ca, Sr – 0.47–0.94 3.55–3.70 1.12–2.17
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Chemical spaces with at least two compounds in the STCH 
active range are grouped by B/B′ site and listed in Table  2. In 
addition to the Gd-A′-Al-Mn-O chemical space, we identified 
12 unique B/B′ combinations with Gd-lanthanide mixing on 
the A-site and seven unique B/B’ combinations with Gd-Ca/Sr 
mixing on the A-site which contain compositions in the STCH 
active range. The B/B′ combinations Cr/Ni, Mn/Mn, and Cu/Fe 
have small computed bandgaps (Eg < 0.6 eV), whereas the B/B′ 
combinations Ni/Sb and Sb/Zn have large computed bandgaps 
(Eg > 2.2 eV). The properties of these B/B′ combinations are rela-
tively unaffected by the identity of the A-site cation, which could 
limit electronic property (i.e., Eg and m

e

∗ ) tuning within these 
chemical spaces. Additionally, the B-site combinations Co/Co, 
Cr/Ni, Co/Mg, and Cr/Zn have compositions with OvacH∆  < 2.77, 
which is the OvacH∆  computed for GLCF. GLCF has poor STCH 
performance under high steam-to-hydrogen ratios, which are 
relevant conditions for industrial-scale STCH production.[53] We 
anticipate that perovskite oxides with these B-site combinations 
will therefore have insufficient ΔHTR to underly grid-scale STCH 
technologies. The remaining B-site combinations (Co/Fe, Al/
Co, Mn/Ni, Co/Ni, Mg/Mn, Co/Cr, Fe/Sb, Cr/Mn, Fe/Ti, Mn/Ti, 
and Mn/Zr) are predicted to contain industrially relevant STCH 
candidate perovskite oxides and could provide exceptional STCH 
materials with further compositional tuning.

3. Conclusions

We report a high-throughput framework to evaluate complex 
multinary perovskite oxide spaces for their STCH applications. 
We focus this investigation on the relatively unstudied Gd-con-
taining perovskite oxides (compositions Gd2BB′O6, GdA′B2O6, 
and GdA′BB′O6) because GdBO3 perovskites have large pre-
dicted m

e

∗ , and are therefore likely to possess large ΔSTR under 
STCH conditions. Our theoretical materials screening frame-
work leverages ab initio and empirical methods to characterize 
the stability, structure, and STCH relevant properties of these 
materials (i.e., Eg, m

e

∗ , and OvacH∆ ). From a candidate space 
of 4392 possible compositions, we identified 83 Gd-containing 
STCH candidates, three of which have been synthesized and 
demonstrated experimental STCH activity by our experi-
mental collaborators. By extending this framework to other 
compositions of interest to the STCH community, i.e., the 
Mn-containing perovskite oxides, we rediscovered three previ-
ously known STCH redox mediators and discovered two novel 
STCH-active perovskites, further validating our screening 
approach. Ultimately, we report several STCH candidate redox 
mediators in the multinary perovskite oxide space and an 
effective high-throughput approach to screen vast alloyed com-
positional spaces for solar thermochemical applications.

4. Experimental Section

DOS Electron Effective Mass Calculations: Cation contributions to 
the DOS electron effective mass (m

e

∗) were calculated from the DFT 
orbital-projected DOS computed for non–defect host structures. Energy 
densities contributing to cation-specific DOS effective masses were 
multiplied by their temperature-dependent Boltzmann weighting

/w eE
E E kT

i

i CBM= ( )−  (4)

where wE i
 is the weighting associated with a given eigenvalue i, Ei, 

ECBM is the orbital-projected conduction band minimum as determined 
from the vasprun.xml output of the Vienna Ab Initio Simulation Package, 
VASP, and kT is Boltzmann’s constant multiplied by the temperature of 
interest (T  = 1000 K for the present work). The orbital projected DOS 
effective mass of cation j, m

e

∗ , is calculated as the following summation

· ·m w DOS E dEe E i
i i∑ ( )=∗  (5)

where DOS(Ei) is the density of electronic states at the energy level 
Ei above ECBM, and dE is the energy difference between eigenvalues i 
and i+1.

Structure Generation and Optimization: All Gd-containing 
compositions with τprob  ≥ 0.8 were input to SPuDS (DOS version 
>  2.20.08.06) and generated in the a−b+a− Glazer octahedral tilt system 
using a custom python wrapper; this python wrapper is publicly available 
for download at https://github.com/zaba1157/PySPuDS. SPuDS enforces 
symmetric BO6 octahedra and the B-site occupation of high-symmetry 
Wyckoff positions. MC rattling was therefore performed to break these 
symmetry constraints prior to DFT optimization. Magnetic effects on 
the stabilities and electronic properties of theoretical perovskites were 
explicitly considered by first performing two consecutive spin-polarized 
relaxations initialized in a high-spin ferromagnetic configuration, with 
species-specific initial magnetic moments dictated by the default MP 
spin parameters. Magnetic sampling of these computed structures was 
performed for up to 20 different magnetic symmetries using pymatgen’s 
MagneticStructureEnumerator. Finally, the internal coordinates of the 
DFT structures—with lattice vectors and initial magnetic moments fixed 
from previous optimizations—were optimized such that total energies 
were converged to within 10−6  eV and forces were converged to within 
0.01  eV Å−1. In this manner, the effects of spin configuration on the 
electronic DOS were explicitly captured. All geometry optimizations were 
performed without symmetry constraints on the optimized wavefunction.

GGA+U DFT calculations were performed using the Vienna 
Ab-initio Simulation Program (VASP 5.4.1)[61–63] with the Perdew–
Burke–Ernzerhof (PBE)[64] exchange-correlation functional and 
periodic boundary conditions using projector augmented wave (PAW) 
pseudopotentials.[65,66] All calculations are compatible with the MP 
database, which tabulates the structures and energies of inorganic 
materials computed at the PBE (GGA+U) level of theory. The electronic 
wave functions were expanded in a plane wave basis set with an energy 
cutoff of 520  eV. The Brillouin zones were sampled during geometry 
optimizations using the Monkhorst–Pack algorithm to automatically 
generate a Γ-point centered k-point mesh with a grid density of at 
least 1000/(atoms/unit cell). The specific pseudopotentials used are 
consistent with pymatgen’s MPRelaxSet, which is the default relaxation 
parameter set for the MP. Hubbard U parameters for the elements Mn, 
Fe, Co, Cr, Mo, W, V, and Ni were taken from the pymatgen[30] python 
package’s MPRelaxSet, which tabulates U parameters calibrated using 
the approach described by Wang et al.[67] Energies above the convex hull, 
EHull, included MP-specific corrections as described by pymatgen’s MP 
Compatibility Settings. These include oxide-specific corrections based 
on the structure type (i.e., oxide, peroxide, superoxide, or ozonide). 
As discussed in https://docs.materialsproject.org/methodology/total-
energies/, the coordination environments of oxygen anions present 
in these materials determine their structure type classifications. EHull 
of DFT optimized Gd2BB′O6, GdA′B2O6, and GdA′BB′O6 structures in 
this study’s data set were calculated relative to their lowest enthalpy 
decomposition products as tabulated in the MP.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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