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ABSTRACT: Solar thermochemical (STC) processes hold
promise as efficient ways to generate renewable fuels, fuel . " m
precursors, or chemical feedstocks using concentrated sunlight. :

Specifically, one actively researched approach is the two-step STC
cycle, which uses a redox-active, off-stoichiometric, transition-
metal oxide material to split water and/or CO,, generating H,
and/or CO, respectively, or syngas (a combination of H, and CO). @
Identifying novel metal oxides that yield larger reduction extents
(practically achievable off-stoichiometries) than the state-of-the-art @

(Ca,Ce)MO;

@/

‘----
H,O/CO,
splitting

. Thermal
: reduction
CeO, is critical. Here, we explore the chemical space of Ca—Ce—

Y . b N———e L >
M-0 (M = 3d transition metal, except Cu and Zn) metal oxide O ( % @ gas
perovskites, with Ca and/or Ce occupying the A site and M\ J7777° (Ca,Ce)MOg.4
occupying the B site within an ABO; framework, as potential STC

candidates. We use density functional theory (DFT)-based calculations and systematically evaluate the oxygen vacancy (Vay)
formation energy (~ enthalpy of reduction in an STC cycle), electronic properties, thermodynamic stability of CaMOj, CeMOj, and
Cay sCey sMOj; perovskites, and the Vag formation energy within Ca,Cey sTi; sMg, sO5 perovskite. We consider only Ca and/or Ce
on the A site because of their similar size and the potential redox activity of Ce*". If both Ce and M exhibit simultaneous reduction
with Vag formation, the resulting perovskite could exhibit a larger entropy of reduction than a single cation reduction. The increased
entropy produces increased reduction for fixed temperature, partial pressure of oxygen, and reduction enthalpy, and therefore
increased STC efficiency. Importantly, we identify CagsCeysMnOj3, CaysCe(sFeOs, and CayCeysVO; to be promising candidates
based on their Va, formation energy and thermodynamic (meta)stability. Moreover, based on our calculated on-site magnetic
moments, electron density of states, and electron density differences between pristine and defective structures, we find
CagsCeysMnO; to exhibit simultaneous reduction of both Ce** (A-site) and Mn®" (B-site), highlighting a particularly promising
candidate for STC applications with a predicted higher entropy of reduction than CeO,. Finally, we extract metrics that govern the
trends in Vag formation energies, such as standard reduction potentials, and provide pointers for further experimental and theoretical
studies, which will enable the design of improved materials for the STC cycle.

1. INTRODUCTION replace the WS step to produce CO, or a combination of the

Generating H, and/or CO using off-stoichiometric oxides via a two can generate le.ﬂ;re of H, a.nddCO.. b
two-step solar thermochemical (STC) process that splits water Howev§r, new r?anena s are required to increase the extent
(STCH) and/or CO, (STCC) is a promising technological of reduction at similar or lower temperatures and thereby

pathway to generate sustainable fuel and/or fuel (or chemical) improve the eﬂicien?: 4°_f1§h§ STCH cy‘cle, beyond‘the state-of-
precursors.””'*7'* Sustainable fuel alternatives are partic- the-art pure CeO,,” if STCH is to contribute mean-

ularly important for heavy-duty transportation or aviation, ingfully to future renewable fuels portfolios. Recently, oxide
which are difficult to electrify, and for other applications aimed perovskites, which also appear in non-STC, energy-conversion
at achieving a net carbon-neutral economy. Briefly, typical STC devices,"”™*" have gained traction as potential candi-
cycles consist of two distinct steps,””'>"® namely, a thermal dates.”**7?9732873% Geveral studies have reported improved

reduction (TR) step where an oxidized metal oxide is heated
to high temperatures (>1673 K) and low oxygen partial Received: July 13, 2020 cne
pressures (po, < 100 Pa) to induce oxygen deficiency/off- Revised:  November 1, 2020
stoichiometry. Subsequently, the off-stoichiometric oxide cools Published: November 17, 2020
to a lower temperature (873—1473 K; in the absence of a
source of oxygen), where it spontaneously splits steam in the
water-splitting (WS) reoxidation step. CO, splitting can
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Figure 1. (a) Configurational entropy of reduction, including only the cation sublattice(s), plotted as a function of oxygen concentration (x in
ABO,) for scenarios involving single (dashed blue curve) and simultaneous (solid red curve) cation reduction. (b) Derivative of the configurational
entropy with respect to oxygen off-stoichiometry (), plotted against § normalized per number of atoms in stoichiometric ABO; or CeO, (n). The
derivatives include both anion and cation sublattices. (c) Evolution of the oxygen chemical potential as a function of §/n in ABO;_s and CeO,_s, at
a reduction enthalpy of 3.98 eV/Va,. Dash-dotted green line represents chemical potential of oxygen gas at 1673 K and a p, of 107* atm. Dotted

red and blue lines signify equilibrium &/n (or &,,/n) under the aforementioned conditions for an ABO; perovskite with and without simultaneous
redox activity, respectively. Dotted orange line indicates 6.o/n in CeO,_j.

productivity metrics for water/CO, splitting.””***” Oxide
perovskites are attractive candidates particularly because of the
diversity of metal cations that can occupy the A and B sites
within an ABO; framework, which provides a flexible handle to
tune the enthalpy of reduction (AH,.q, closely related to the
oxygen vacancy formation energy, E; [Vao:|31) to suit STCH/
STCC processes.

A notable drawback of moving to a perovskite framework is
the loss in entropy of reduction (AS,4) per oxygen or per
atom compared to CeO,.'”**' Reduced CeO, exhibits
configurational entropy within its two sublattices, the oxygen
anion (O + Vag, where Vagy = oxygen vacancy) and the Ce
cation (Ce* + Ce*") sublattices.*”™** Ce also can exhibit an
on-site electronic entropy, due to the multitude of low-energy
configurations available for electrons occupying the seven 4f

orbitals,'” which was used recently in a search of Ce-based
materials for STCH and the subsequent proposal of CeTi,Og4
as a candidate by Naghavi et al.* By contrast, an ABO,
perovskite often has only one redox active cation, the B
(typically, 3d transition metal) cation, thereby exhibiting
configurational entropy only within one of two cation
sublattices and the oxygen anion sublattice. Thus, the primary
cause of the decrease in AS 4 is the lack of redox-activity of the
A cation. Additionally, the nonredox activity of A in ABO,
reduces the oxygen evolution capacity, normalized per mol-
atom of the oxide, since A only ensures the structural integrity
of the perovskite framework without contributing to the redox
process in an STC cycle. A higher AS, 4 results in a higher
production of H, (CO) in water (CO,) splitting per unit oxide
(see Section 2) for the same enthalpy of reduction and would
provide additional flexibility in the temperatures and/or partial
pressures used for the TR and WS steps.”**** A potential
way of increasing AS.4 in oxide perovskites is to identify
compositions where both A and B cations are simultaneously
redox-active, as the reduction of both A and B furnishes
additional configurational degrees of freedom to increase AS, 4.
Hence, if there are perovskite compositions that can exhibit
simultaneous redox activity, that would introduce a new
strategy for identifying a material class which could exceed the
performance of ceria. Discovering such a material class is the
focus of this work.

We explore herein the chemical space of Ca—Ce—M—-0O
perovskites (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) to identify
perovskites that exhibit simultaneous redox activity and are
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suitable for STCH (or STCC). Specifically, we evaluate the
oxygen vacancy formation energy at 0 K (E{Vag] & AH,.g),
referenced to O, gas also at 0 K, the thermodynamic stability at
0 K, and the electronic structure (i.e., band gaps) for ternary
CaMO;, ternary CeMO;, and quaternary CajyCe;sMO;
perovskites using density functional theory (DFT***)-based
calculations. Thus, the ternary perovskites considered have
either Ca or Ce on the A site and a 3d transition metal on the
B site, with the quaternary perovskites having an equal
proportion of Ca and Ce mixed on the A site. We do not
consider Cu and Zn atoms on the B site since both metals
typically do not exhibit oxidation states higher than +2, which
does not provide for the desired charge neutrality in a
Ca;CeysMO; or CaMOj; framework.

A recent analysis'* has suggested that a AH,4 in the range of
~34-39 eV is a good target range for improved STCH
materials, where the AH,4 is referenced to O, gas at a
reduction temperature >1573 K. Typically, high (low) values
of AH,4 lead to a decrease (increase) in oxygen evolution in
reducing conditions and increase (decrease) in water-splitting
yield in oxidizing conditions. Given that DFT errors in defect
formation energies are typically £0.1 éV**~>" and assuming
that experimental optimization of composition and processing
techniques can cause another +0.1 eV deviation in AH, 4, we
use a range of 3.2—4.1 eV as a target window to evaluate
potential candidates. Importantly, we find that Ca,;Ce; sMnO,
and Cay;CeysFeO; are promising candidates that exhibit an
E{Vap] within the target window for STCH. Additionally, we
present substantial evidence for simultaneous reduction of
both Ce and Mn ions in Ca,sCeysMnOj;, thus leading to a
perovskite structure that can exhibit simultaneous redox
activity and an associated increased AS,.4 relative to ceria
and other perovskites. In addition, we expect CayCe(sVOj; to
be a potential STCH candidate, where variations in the Ca—Ce
configuration can bring the oxygen vacancy formation within
the STCH-target range. We also discuss trends in the
calculated vacancy formation energies and thermodynamic
stabilities and offer insights useful for follow-up experimental
and theoretical studies.

The structure of this paper is as follows. In section 2, we
quantify the impact of simultaneous cation redox activity on
the overall oxygen evolution capacity in a practical STCH
process. In section 2.1, we identify potential structural, charge-
neutrality, and redox-activity constraints that led us to the
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quaternary composition of CaysCeysMOj;. Sections 3 and 4
respectively detail the computational methods used in this
work and the workflow of calculations (including schemes to
generate theoretical structures). Section 5 contains our results,
starting with the ternaries (section 5.1), then the quaternaries
(section S.2), followed by a discussion of the candidates
identified (section 5.3). Section 6 outlines the role of some of
the assumptions made and avenues for future research. Finally,
section 7 offers concluding remarks.

2. IMPACT OF SIMULTANEOUS CATION REDOX

Figure la displays the configurational entropy of reduction
(Sconﬁg) for a given perovskite (ABO;), as a function of the
oxygen concentration (x) in ABO,. Sconﬁg is referenced with
respect to the stoichiometric ABOj, since there are no
configurational degrees of freedom at the ABO; composition.
In addition, we restrict ourselves to the configurational degree
of freedom on the cation sublattices and ignore any electronic
(entropy from metallic bands), vibrational (phonons),
magnetic (spin alignments), and other degrees of freedom
that may contribute to the overall AS, 4. Scenarios shown
include simultaneous cation reduction, i.e., both A and B
reduce (solid red curve; two sublattices) and the case of only A
or B being redox-active (dashed blue curve; one sublattice).

The mathematical expressions for S_,,g, for both the one and
two sublattice scenarios are given in eq 1, where kg is the
Boltzmann constant, x is the oxygen concentration, and ¢ is the
oxygen off-stoichiometry. Specifically, 6 = 3 — x in ABO,, and 6
=2 — xin CeO,.

Seonsig(1 sublattice, ABO;_;)
= —kz(26 In 26 + (1 — 28) In(1 — 25))

mnﬁg(Z sublattices, ABO;_;)
= —2k(6In S + (1 — &) In(1 — 8))

conﬁg(l sublattice, ABO,)
= —kp((6 — 2x) In(6 — 2x) + (2x — 5) In(2x — 3))

Conﬁg(Z sublattices, ABO,)
= — 2kz((3 — x) In(3 — x) + (x — 2) In(x — 2))
(1)

For the purposes of this simple analysis in Figure la and eq 1,
we assume an ideal configurational entropy in both scenarios of
cation reduction, i.e., the excess electrons arising from TR mix
freely on the A and/or B sites. Additionally, for simultaneous
redox, we assume that the two excess electrons arising from
removing a neutral oxygen atom from the anion lattice
distribute themselves equally on both A- and B-cation sites, i.e.,
both A and B reduce to the same extent. Furthermore, we
restrict the range of our calculations to 2.5 < x < 3, where the
lowest value of x (2.5, equivalent to ABO,) represents an
oxygen off-stoichiometry of 0.5 mol of O/fu., which
corresponds to an addition of 1 mole of electrons. Thus, in a
one sublattice scenario, a composition of ABO, g corresponds
to either all A or all B sites being reduced (similar to all Ce
atoms being reduced in CeO;;). Importantly, simultaneous
cation reduction always leads to a higher S_,.4, than a single
cation reduction, as indicated by the red curve being strictly
more positive than the dashed blue curve across all x in Figure
la, consistent with the fact that simultaneous cation reduction
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provides more configurational degrees of freedom. Moreover,
while S5, maximizes for a single cation reduction at x = 2.75
(off-stoichiometry of 0.25; equivalent to the addition of 0.5
mol of electrons), the maximum occurs at x 2.5 for
simultaneous cation reduction (off-stoichiometry of 0.5;
addition of 1 mole of electrons).

To quantify further the role of S, in determining the
equilibrium oxygen off stoichiometry (i.e., . Xeq in
ABO, and 4 qin CeO,), we plot the derlvatrve of the
conﬁgurational entropy with respect to the oxygen off-
stoichiometry in Figure 1b. In contrast to Figure la, we
include the contribution of configurational entropy in both the
cation and anion sublattices in Figure 1b. Note that for a given

temperature (T) and oxygen partial pressure (po,), Jq is

determined by the oxygen chemical potential () within the
ABO3 5 perovsklte Specifically, J,, is the & at which ug =
"o 9:l8) , where ,ug is the oxygen chemical potential of oxygen
gas and equals half the Gibbs energy of O, gas. g is the
derivative of the Gibbs energy of ABO;_ ; with respect to
oxygen concentration, i.e.,

dG spo,
dx

dGpo, ,
do

Ho =

For a given temperature, oxygen partial pressure, and
[dHagpo, ,]/[d6], po is linearly dependent on [dSapo, ,1/[d5].
Hence, the derivative of the entropy determines any variation
in &y, at a given reduction enthalpy (and given T, po,).

We plot the derivative of the configurational entropy as a
function of the normalized off-stoichiometry (§/n) in Figure
1b, where 1 is the number of atoms in the stoichiometric oxide
(n = 3 in CeO, and S in ABO;). We provide the necessary
mathematical expressions for %S¢/, in single reduction
perovskites (dashed blue line), simultaneous reduction perov-
skites (solid red line), and CeO,_s (solid orange line) in eq 2.

dSconﬁg

(1 sublattice, ABO,_ 5)

= —kBZIn( 20 )+ln( J )
1-26 3-6
SCOnl
fe (2 sublattices, ABO,_;)
—kBZIn( J )+ln( J )
1-6 3-6

Sconﬁg

do

(CeO,_5) = —ky

2525) " 1“(%)]

2 1n(
1 —
(2)

We chose CeO,_5 for comparison as it is the state-of-the-art
material for STCH.>'* Importantly, “«s/ s for a simultaneous
cation redox remains positive and is always higher than CeO,_s
throughout the range of 6/n considered. In the case of a single
cation redox, “Sems/ s is strictly lower than both simultaneous
redox and CeO,_; for all §/n. Overall, the shape of the “Sems/ s
curve primarily dictates the evolution of i within the solid, as
a function of § or &/n.

We then provide an estimate of the .y, at T = 1673 K and
Po, = 107* atm (relevant for STC TR’), in a single redox-active

sublattice perovskite (blue lines and text), a simultaneous two
redox-active sublattice perovskite (red lines and text), and

https://dx.doi.org/10.1021/acs.chemmater.0c02912
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CeO,_; (orange lines and text) in Figure 1c. To obtain 4, we
use a modified regular solution model to describe the
underlying Gibbs energy (G) of the solid (relevant expressions
in eq 3) and subsequently take the derivative with respect to &
to obtain pg.

Gapo, , = (1 = 28)Gpo, + 206G o, + Lo

5. 6 5
TSeonic(0) + 3kgT In—+(1——)
() [3 : :

0-3)

L= (1- 25)GC€02 + 20Gco,, + Lo
+ kgT[(26 In 26 + (1 — 28) In(1 — 26)]

0 lné + (l - é)ln(l - é)]
2 2 2
(3)

Gapo, and Gapp,  in eq 3 are the Gibbs energies of hypothetical

GCeOz_

 2ky1)2

pristine ABO; and defective ABO, 5 perovskite phases, which
are set to the calculated Gibbs energies of CeO, (Gc.o,) and

CeO ( Gceo,_s) in the fluorite structure.*> Additionally, we set

the enthalpy to form an oxygen vacancy (or the enthalpy of
mixing oxygen vacancies with oxygen atoms; L, term in eq 3)
to a constant value across all x, where the value used is
identical to the DFT-calculated E{[Vag] in CeO,_sat 6 — 0 (=
3.98 eV/Vag).*"”*" These approximations ensure that we
capture the effect of entropy, while fixing AH,.4, T, and po..

The prefactors of (1 — 26) and (26) that multiply with Gc.o,
(or Gapo,) and Gc.o,, (or Gapo,,), respectively, normalize the

Gibbs energy contributions of these phases in accordance with
the lever rule of thermodynamics. The final additive terms on
the right-hand side of the expressions for Gpo, , and Gc.o,_, in

eq 3 are the configurational entropy terms on the cation and
oxygen sublattices due to vacancy formation (S.og, () is
identical to eq 1). The numerical prefactors of 3 and 2 that
multiply the anion sublattice configurational entropy terms
reflect the number of oxygen atoms in stoichiometric ABOj;
and CeO,, respectively. Note that /3 and 6/2 within the
oxygen sublattice entropy terms indicate the fraction of Vag in
the oxygen sublattices of ABO;_s and CeO,_; respectively,
with the conjugate terms (i.e,, 1 — 5/3 and 1 — §/2) signifying
the fraction of oxy en atoms. The dash-dotted green line
corresponds to /40 at T = 1673 K and a po, = 107* atm,

obtained from experimental data.”* The zero of yg, conven-
tionally set to the highest chemical potential that the element
can reach, is set here to the total energy of O, gas at 0 K, as
calculated with DFT (see section 3); for reference, ,uoz ® (298
K, 1 atm) = —0.31 eVt

Importantly, this simple analysis predicts that the equili-
brium off-stoichiometry with simultaneous cation reduction in
a perovskite is higher (~0.014 mol of O/n or 0.069 mol of O/
fu.) compared to single cation redox in ABO; (~0.009 mol of
O/n or 0.043 mol of O/f.u.) and CeO,_s (~0.013 mol of O/n
or 0.038 mol of O/fu.). In other words, simultaneous redox
activity could yield a normalized oxygen evolution capacity that
is respectively ~60% and 9% higher than the single-sublattice
scenario and CeO,_; at 1673 K, po, = 10™* atm, and ~4 eV

reduction enthalpy. The 60% and 9% excess normalized
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capacity in the two-sublattice perovskite is similar for other
temperatures (1573—1773 K) and Po, (1075 to 1073 atm)

conditions. Note that the modified regular solution model used
here overestimates the oxygen evolution capacity of CeO,_g
experiments have reported a capacity of 0.005 mol of O/n or
~0.014 mol of O/fu. due to the observed higher reduction
enthalpy (>4 eV) and its variation with 5.** Nevertheless, for
any combination of temperature, po, and enthalpy of

reduction, simultaneous cation reduction always leads to a
higher reduction extent during the TR step. A higher reduction
extent in turn produces larger quantities of hydrogen during
the WS step per unit of redox active material, thus improving
the overall efficiency of a STCH cycle, assuming less than
perfect heat recovery between the reduction and reoxidation
steps.

2.1. Composition Selection. Three major constraints
limit the number of possible compositions that can exhibit
simultaneous cation reduction in a perovskite framework,
namely, structural, charge neutrality, and redox activity. For
example, the ABO; perovskite framework typically has an A
atom that is significantly (>15%) larger than the B atom
(typically a 3d metal), which limits the possible (A,B)
combinations that can exist in nature.”>*® Additionally, there
are five possible combinations of (A,B) oxidation states that
can exist ensuring charge neutrality of the ABO; framework:
(+1,+5), (+2,+4), (+3,+3), (+4,42), and (+5,+1). Among the
possible (A,B) oxidation state combinations, (+1,+S) and (+5,
+1) are not relevant because cations, if reduced from a +1 state
to 0, will no longer be bound within the ABO; framework; i.e.,
reducing a +1 cation to its metallic state will destabilize the
perovskite structure. Similarly, A cations that usually exhibit a
+2 oxidation state (e.g., alkaline-earth metals) do not undergo
reduction to a +1 oxidation state, ruling out a (+2,+4)
combination. Hence, the combination of charge neutrality and
redox activity yields (+3,+3) and (+4,+2) as the only possible
(A,B) combinations that can be simultaneously redox-active.

Among large metal (alkali, alkaline-earth, rare-earth, p-
block) elements that can exhibit either a +3 or a +4 oxidation
state, most of the elements are either toxic (e.g,, Pb*', which
can reduce to Pb?*) and/or rare (lanthanides beyond Ce).
Hence, Ce is the only realistic option that exhibits both a +3
and a +4 oxidation state and is also redox-active, i.e., Ce*" —
Ce*" is a feasible reduction process. If Ce were to completely
occupy the A site, the resulting ABO; perovskite has both (+3,
+3) and (+4,+2) oxidation state combinations possible.
However, both combinations cannot sustain simultaneous
redox activity. For example, in the (A,B) (+3,+3)
combination, Ce®" is not redox-active. Similarly, in the (+4,
+2) combination, all 3d metals (except Cu) are not redox-
active, i.e., do not exhibit a M>* — M reduction, leaving Ce*
to be the only redox-active component. Note that we do not
consider CeCuOj in our calculations due to limitations in the
theoretical description of Cu** — Cu" reduction in oxides.”’

To ensure that both Ce and the 3d metal remain redox-
active, we need to target a quaternary (A,A’)BO; composition
such that the overall oxidation state of A+A’ = 3, with Ce in its
+4 oxidation state. We chose Ca as the additional element to
go on the A site apart from Ce because of its nominal oxidation
state (+2) and similarity in size, as indicated by the ionic
radius®® of Ca®* (1.18—1.34 A for coordination numbers 8—
12) and Ce* (0.97—1.14 A). Further, to ensure that the
oxidation state of A + A’ = 3, we chose a 1:1 Ca:Ce proportion

https://dx.doi.org/10.1021/acs.chemmater.0c02912
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within the perovskite structure, resulting in a Cagy;CeysMO;
composition. Moreover, there is experimental evidence for the
mixing of Ca and Ce leading to formation of a (Ca,Ce)MnO,
perovskite,””*" suggesting that other (Ca,Ce)MO; composi-
tions may be feasible experimentally.

Since Ti** — Ti** reduction is more common in oxides than
a Ti** — Ti*" reduction, we considered a quinary extension of
the Cay3Ce(sTiO;3, namely, Ca;;Ce;sTiysMgysO;, where the
choice of Mg*" is also because of its similar ionic radius to
Ti*".>® Although quaternary Ca,sCe,sMO; perovskites are the
primary candidates for simultaneous cation redox, we evaluated
the ternary CaMO; and CeMO; perovskites as well for
consistency and completeness. Although ternary oxide perov-
skites have been theoretically screened as candidates
before,>"** we use a SCAN+U framework along with a more
diverse set of space groups as template structures (see Section
4) to obtain useful trends and descriptors. Note that
quaternary Ca,Ce,sMO; perovskites where M = a 4d or 5d
metal are also (theoretically) possible but are left for future
work.

3. COMPUTATIONAL METHODS

We used the Vienna ab initio simulation package (VASP)** to
perform spin-polarized DFT+U calculations using with the projector
augmented-wave potentials®> we employed previously.””** We used
the Hubbard U corrected strongly constrained and appropriately
normed®’ (i.e, SCAN+U"") functional to describe electron exchange
and correlation, with U values determined in prior work.””** The U
correction was applied to all 3d and 4f metal orbitals, with the
exception of Sc and Cr.”” We used a kinetic energy cutoff of 520 eV
for the planewave basis, employed Gaussian smearing (width = 0.0S
eV) to integrate over the Fermi surface, and sampled the Brillouin
zone of each structure with a dense, I'-point-centered, Monkhorst—
Pack®® k-point mesh (spacing <0.025 A7!), consistent with our
previous studies.””** The total energies and atomic forces were
converged to 0.01 meV/cell and < 10.03l eV/A, respectively. The
magnetic moments of all 3d ions were aligned ferromagnetically in all
calculations for simplicity in the screening process. Moreover,
previous computational studies®"*” have reported that using a
ferromagnetic versus antiferromagnetic configuration to model the
bulk perovskite changes the Ex[Vag] by +0.1 eV, which is within the
range of our target window (3.2—4.1 eV). In the case of bulk
structural relaxation for ternary perovskites, we did not preserve
symmetry for structures that are originally from the inorganic crystal
structure database (ICSD’?), and we allowed the cell volume, cell
shape, and ion coordinates to change (i.e., all structural degrees of
freedom allowed to relax). However, for theory-derived structures
(see below), we first perform a bulk structural relaxation preserving
space group symmetry followed by a relaxation of the ionic positions
alone without preserving symmetry. We adopted this procedure to
avoid any large-scale structural distortion and to ensure that we can
clearly identify which theoretical structure is the lowest energy
polymorph among those considered at a given composition. In the
case of bulk structural relaxation of quaternary perovskites, we did not
preserve the symmetry and allowed all degrees of freedom to relax. All
band gaps reported here are from electron density of states (DOS)
calculations, in which we evaluate the DOS at energy intervals of
0.00S eV.

We performed only neutral defect calculations to model Vag
formation, i.e, we remove both the oxygen nucleus and all of its
electrons that comprise the atom to create an oxygen vacancy. The
Va, formation energy is given by eq 4, where Ejgaares ESSQ},\,I; U and
E(S)f@l are the total energies of the defective perovskite, pristine

perovskite, and oxygen gas, respectively, with the superscripts on the
E terms indicating the level of theory used.
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For all Vag calculations, we used supercells with a minimum of 10 A
lattice spacing between vacancies in all directions to minimize
interactions of the defect with its periodic image, leading to a Eg[Vag]
that is converged to within +0.1 eV. Additionally, we relax only the
ionic positions of defective structures (i.e., with Vag) while fixing the
lattice parameters to that of the corresponding pristine bulk.

To evaluate the 0 K thermodynamic stability, we obtain all
elements, binary Ca—0O, Ce—0, and M—O; ternary Ca—Ce—0O, Ca—
M-0, and Ce—M—0; and quaternary Ca—Ce—M—O structures that
are available within the ICSD and calculate their total energies within
our SCAN+U framework. While we obtained the total energy of O,
(ie., Eo,@y €4 4) from our prior work,%* all other elemental structures

were calculated with DFT-SCAN, i.e., without any U corrections, as
the optimal physical model of pure metals. Although mixing DFT-
SCAN and SCAN+U total energies is inconsistent, such mixing only
affects regions of the phase diagram that are M-rich, which is far away
from the region of existence of the perovskites considered in this
work. Hence, the 0 K thermodynamic stabilities reported here are
obtained from a consistent treatment of all competing structures at
the same theoretical level. Note that we only included ICSD
structures that are “ordered,” i.e., all sites in a given structure have
integer atomic occupations. After calculating the total energies using
SCAN+U/DFT-SCAN, we used the pymatgen”" package to construct
the 0 K phase diagrams.

4. WORKFLOW AND STRUCTURE SELECTION

To systematically evaluate the Ep[Vag] of ternary CaMOs,
CeMO;, and quaternary Ca,sCey sMOj; perovskites considered
here, we developed the workflow illustrated in Figure 2. All

Obtain theoretical
structures for
composition

Identify lowest energy
polymorph

At least 1 Perform vacancy
ternary structure formation calculations on
available? ternary structure(s)
Start
Obtain theoretical
structures for
Cao.sCeosMOs
Finish

Perform vacancy
formation calculations on
quaternary structure

Identify lowest energy Ca-
Ce configuration

Figure 2. Workflow for calculating oxygen vacancy formation energies
in ternary and quaternary perovskites considered in this work.

green boxes in Figure 2 signify SCAN+U calculations, while
the blue boxes indicate postprocessing steps to obtain
theoretical structures for calculations. Although there are
several CaMO; and CeMOj; ternary structures available in the
ICSD, there are no ordered quaternary Cay;Cey MO;
structures available. Hence, all quaternary perovskite structures
considered here are theoretical. We list all ternary and
quaternary perovskites studied in this work in Table 1 along
with their origin (ICSD/theoretical for ternaries, original
ternary perovskite structure for the quaternaries), space group,
oxidation state of the cations, band gap from DOS calculations,
and the redox-active species (upon Vag, formation). The basis
for the oxidation state of each cation in the pristine materials
listed in Table 1 is the on-site magnetic moment(s) as
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Chem. Mater. 2020, 32, 9964—9982


https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02912?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Table 1. All Ternary and Quaternary Perovskites Considered in This Work along with the Origin of the Structure, Space
Group, Oxidation States of Cations, Band Gap, and Redox-Active Species”

oxidation state

composition origin of structure space group Ca Ce M band gap (eV) redox-active species
ternaries
CaScO;,
CeScO, ICSD Pnma +3 +3 1.45 Ce**
CaTiO, ICSD Pnma +2 +4 2.66 Ti*
CeTiO,
CaVvo, ICSD Pnma +2 +4 0.25 v+
CeVO, ICSD P2/n +3 +3 metallic V3
CaCrO;, ICSD Pnma +2 +4 metallic Cr*
CeCrO, ICSD Pm3m +3 +3 0.34 Cr¥*
CaMnO, ICSD Pnma +2 +4 0.76 Mn**
CeMnO;
CaFeO, ICSD P2/n +2 +4 metallic Fe**
CeFeO;
CaCoO, theory P2/b +2 +4 0.17 Co**
CeCoO; theory Pnma +4 +2 0.15 Ce**
CaNiO, theory P63/mmc +2 +4 1.43 Ni**
CeNiO, theory P2/b +4 +2 022 Ce**
quaternaries
Cay5Ce(sScO; CeScO, Pnma-based +2 +4 +3 1.58 Ce**
CaysCesTiO, CaTiO, Pnma-based +2 +3 +4, +3 0.31 Ti*
CajsCe( VO, CaVvO, Pnma-based +2 +3 +4, +3 metallic v+
CeVO, P2/n-based +2 +3 +4, +3 metallic v+
Ca;sCeyCrO; CaCrO;, Pnma-based +2 +4 +3 0.02 Ce**
CeCrO; Pm3m-based +2 +4 +3 0.03 Ce*
Cay3CeysMnO; CaMnO;, Pnma-based +2 +4 +3 metallic Ce*/Mn**
CaysCeysFeO, CaFeO; P2/n-based +2 +4 +3 0.29 Ce**
Ca5Ce(5Co0; CaCo0;, P2/b-based +2 +4 +3 1.24 Co’**
CeCo0O, Pnma-based +2 +4 +3 1.25 Co**
CaysCe(NiO; CaNiO, P63/mmc-based +2 +3 +4, +3 0.25 Ni**
CeNiO; P2/b-based +2 +4 +4, +2 metallic Nit

“While ternary perovskites originate either from the ICSD or from theory, all quaternary perovskites are theoretical structures derived from one of
the ternaries. Oxidation states in the pristine material are deduced from SCAN+U on-site magnetic moments. Band gaps in the pristine material are
estimated from SCAN+U DOS. Redox-active species in the pristine material are identified by changes in local electronic structure upon removal of

a neutral oxygen atom.

calculated by VASP. In the case of defective structures, we
identify the redox-active cation from on-site magnetic
moment(s) and/or DOS calculations. Figure S1 of the
Supporting Information (SI) displays the lowest energy Ca—
Ce configurations of all quaternary perovskites.

To begin the workflow, we search for and obtain ICSD
structures for ternary CaMO; and CeMOj perovskites. If only
one ICSD structure exists for CaMO; or CeMO;, we perform
all subsequent calculations using that structure. For example,
among CaScO; and CeScO; an ICSD structure is only
available for CeScO;. Hence, we use the CeScO; as the base
for obtaining quaternary Ca,;CeysScO; configurations. This
follows experimental synthetic intuition, whereby one first
produces a known structure (with a known synthesis
procedure) followed by substitution of some of the Ce ions
with Ca. If new experimental procedures (and/or precursors)
are proposed and used to obtain the Ca,CeScO; perovskite,
it is typically easier to use variants from those used to produce
CeScOs. In the cases where there is an ICSD structure for each
CaMO,; and CeMO; (such as for CaCrO; and CeCrO;), we
consider both structures in all subsequent calculations. If
multiple ICSD structures exist for a given composition (e.g.,
CeVOs,), we perform all subsequent calculations only with the
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lowest energy polymorph. In the absence of any ICSD entry, as
is the case for CaCo0Q;, CeCo0O;, CaNiO;, and CeNiO;, we
use “template” structures (see Figure 3 and text below) to
obtain a set of theoretical structures exhibiting different
perovskite space groups. Subsequently, we use SCAN+U
calculations to evaluate the lowest energy polymorph for each
composition, and we use that polymorph for all subsequent
calculations. We consider both possible ternary perovskites for
Co (i.e, CaCoO; and CeCoO;) and for Ni (CaNiO; and
CeNiO,;) since we do not know a priori which ternary
perovskite will be feasible to synthesize.

Once we obtain a set of lowest-energy, ICSD/theoretical
CaMO; and CeMO; structures, we calculate the Ep[Vag]
within the ternary perovskite(s). Next, we use pymatgen’" to
obtain all possible symmetrically distinct configurations of
Cay5CersMO; (ie., distinct Ca+Ce configurations) within
each ternary perovskite unit cell considered (except CeCrOs).
Subsequently, we use SCAN+U calculations to identify the
lowest energy quaternary configuration. For CeCrOj3, we use a
2 X 2 X 2 supercell since the unit cell has a single A site. We do
not consider possible Ca—Ce configurations in larger super-
cells to keep the computational expenses tractable. In the cases
where multiple ternary perovskites are considered (e.g,, CaVO,
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Figure 3. Scheme to obtain theoretical structures for ternary Co and
Ni perovskites, namely, CaCoO;, CeC00;, CaNiO;, and CeNiOs.

and CeVOs;), we obtain the lowest-energy Ca;;Ce; MO,
configuration from both ternaries. Throughout the rest of
the paper, we indicate Ca,sCeysMOj; obtained from a CaMO;
(CeMO;) perovskite as “CaMOj-based” (“CeMO;-based”).
Finally, we calculate the Ep[Vap] in the lowest-energy
quaternary Ca,sCeosMO; configuration, as obtained from all
relevant ternary perovskites, and identify candidates for STCH
or STCC applications. For both ternary and quaternary
perovskites, we calculate the formation energy for all
symmetrically distinct configurations of Vag within the
corresponding supercell structures. Furthermore, for each
ternary and quaternary perovskite considered, we evaluate
the 0 K thermodynamic stability. Wherever possible, we also
calculate the DOS of ternary and quaternary perovskites with a
Vag. With respect to quinary CaysCesTiysMgysO;, we used
the CaTiO; Pnma ICSD structure as the base, substituted half
the Ca and Ti sites with Ce and Mg, respectively, and used the
lowest-energy quinary configuration to calculate Eg[Vag].
Figure 3 displays the templating scheme that we used for
generating theoretical structures, specifically CaCoOs;,
CeCo00;, CaNiO;, and CeNiO;. For each composition, we
considered a set of six possible perovskite space groups,
namely, cubic (Pm3m), tetragonal (P4mm), hexagonal (P63/
mmc), rhombohedral (R3c), orthorhombic (Pnma), and
monoclinic (P2/b or P2/c). In parallel, we acquired all
ABO; perovskite structures from the ICSD. Given a
combination of a composition (e.g, CaCoO;) and a space
group (e.g,, Pm3m), we first check the ICSD for CaBO, (B #
Co) perovskites in the Pm3m space group, i.e., perovskite
structures with a matching A site, to be used as a template. We
search for matching A-site structures since the A cation is
typically the largest ion within the perovskite framework. If
there are no matching CaBOj structures, we search for ACoOj
(A # Ca) structures in the Pm3m space group, i.e., matching
the B site. In the absence of either CaBO; or ACoQyj structures
in the desired space group, we use a set of “ideal” perovskite
structures from the ICSD to act as the template, as highlighted
by the structures included in the dashed black box in Figure 3.
Specifically, we use SrTiO; (Pm3m), BaTiO; (P4mm),
StMnO; (P63/mmc), LaCrO, (R3c), CaTiO; (Pnma), and
CeVOj; (P2/b) as our ideal perovskites. We chose all the ideal
structures to maximize the diversity of A and B cations with the
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constraint that there are experimental structures available
within the desired space group.

Having identified the matching template structure, we obtain
the desired theoretical structure by substituting the existing
species (e.g, B in CaBO;) with the desired species (e.g, Co).
Additionally, we scale the lattice vectors of the desired
composition (say A'B'O;) from the template composition
(say A”B”0;) according to the ratio of atomic radii’” of the
species involved, as indicated by eq 5,”* where V indicates the
lattice volume and r; is the atomic radius of species j.

3
] (8

The specific lattice vectors are calculated after obtaining the
scaled volume by preserving the ratios of the lattice vectors
(a:b and a:c) of the template structure. The prefactor of /3
before rq reflects three oxygen atoms in both the desired and
template structures. Our templating scheme (Figure 3) is quite
general and easily extended to any desired perovskite + space
group combinations for applications other than STCH. Finally,
we perform SCAN+U calculations on the theoretical structures
obtained, according to the workflow presented in Figure 2.

Ty + 1g + i/gro

Vde51red — Vtemplate
Tar + g” + i/gro

5. RESULTS

First, we present results relevant for ternary CaMO; and
CeMO; systems followed by quaternary Ca,;Cey MO,
systems, following the workflow of Figure 2 to show evidence
that simultaneous redox is possible. Specifically, we discuss
predicted ground-state polymorphs for Co and Ni perovskites,
followed by the Ep[Vap] and thermodynamic stabilities of all
ternary perovskites and analyze important trends in section S.1.
Subsequently, we present the Ep[Vagy] and thermodynamic
stabilities of quaternary perovskites in section 5.2 and focus on
potential candidates based on simultaneous redox and suitable
reduction enthalpies in section 5.3.

5.1. Ternary CaMO3 and CeMO3 Perovskites.
5.1.1. Ground-State Polymorphs for Co and Ni Perovskites.
Figure 4 presents total energies of the theoretical Co and Ni

O P2/b B Pnma B P4mm

02 B Pm-3m @ P63/mmc O R-3c |
S 0.15} .
§ CaCoO3 (P2/b) CaNiOg (P63/mmc)
©
o 01 - CeCoOj3 (Pnma) CeNiOg (P2/b)
uo
w1 0.05} l 4

0

CaCoO, CeCoO, CaNiO, CeNiO,

Figure 4. Energies of various theoretical polymorphs plotted with
respect to their corresponding ground-state configuration (indicated
by black arrows) for CaCoO;, CeCoO5, CaNiO;, and CeNiO;. The
structures displayed (along with the space group) reflect the ground-

state polymorph at each composition.

perovskite polymorphs relative to the corresponding lowest-
energy (or ground state, GS) polymorph at each composition,
which are indicated by the black arrows. Note that the energy
scale in Figure 4 truncates at 0.2 eV/fu, with several
polymorphs exhibiting energy differences higher than 0.2 eV/
fu. above the corresponding Egs. Figure 4 also depicts the
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lowest-energy polymorph at each composition, namely,
CaCoOj; (P2/b, monoclinic), CaNiO; (P63/mmc, hexagonal),
CeCoO; (Pnma, orthorhombic), and CeNiO; (P2/b), where
blue, yellow, and brown polyhedra indicate Ca, Ce, and Co/Ni
atoms, respectively. Among the GSs generated, CaCoO; (P2/
b), CeCoO; (Pnma), and CeNiO; (P2/b) originate from A-
site matching (see Figure 3), while CaNiO; (P63/mmc) results
from B-site matching.

Among the metastable configurations, CaCoOj; (Pm3m,
Pnma), CeCoO; (P2/b, Pm3m), CaNiO; (Pm3m, P2/b,
Pnma), and CeNiO; (Pm3m, Pnma) are the A-site matched
configurations, while CaCoO; (P63/mmc, R3c), CeCoO;
(P63/mmc, R3c), CaNiO; (R3c), and CeNiO; (P63/mmc,
R3¢) are B-site matched polymorphs. Interestingly, all P4mm
polymorphs are ideal-structure-matched configurations exhibit-
ing high energies above the GS (>0.2 eV/fu.), signifying
inaccessibility in experiments and unsuitability. From this point
onward, all references to CaCoQO; CaNiO; CeCoO;, and
CeNiOj reflect their corresponding GS configurations. In the
case of CeNiOj;, the Pnma polymorph is quite close in energy
compared to the P2/b, at 0.07 meV/fu. The Pnma and P2/b
polymorphs are similar in terms of cation configuration, with
the primary difference being that the lattice vectors in P2/b are
nonorthogonal, while those of Pnma are orthogonal. Although
the Pnma and P2/b polymorphs are nearly degenerate in
energy, we perform all subsequent calculations on CeNiO;
only with the P2/b polymorph to reduce computational costs.
Among Co perovskites, CeCoO; Pnma and P2/b structures
differ in energy by only ~6 meV/fu., while the analogous
energy difference in CaCoO; is quite drastic (~337 meV/fu.),
highlighting the role of the A cation in the stability of a given
ABO; perovskite framework.

5.1.2. Oxygen Vacancy Formation Energy. Figure 5
displays oxygen vacancy formation energies of all ternary

@ CaMO,| ]
m CeMO,

Sc Ti V Cr Mn Fe Co Ni

Figure 5. Oxygen vacancy formation energy in all CaMO; (orange
bars) and CeMO; (blue bars) considered in this work. Dashed red
lines indicate the target range for solar thermochemical hydrogen
generation (3.2—4.1 eV). Hashed region on each bar is the variability
of vacancy formation energy due to symmetrically distinct oxygen
vacancy configurations.

perovskites considered here. Orange (blue) bars indicate
CaMO; (CeMO;) structures, with the rationale for which
CaMO; and/or CeMO; ternaries are studied already explained
in section 4. The hashed region on a given bar signifies the
variation in Ep[Vag] due to symmetrically distinct Vag
configurations within that structure. Dashed red lines indicate
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the window of Eg[Vag], i.e,, 3.2—4.1 eV, that we consider the
target for STCH applications (see Section 1). The Eg[Vag] in
Figure 5 display a monotonically decreasing trend, in both
CaMOj; and CeMOj perovskites, as M progresses from Sc to
Co, with Ni perovskites a notable exception. Thus, CaCoO,
and CeCoOj; exhibit the lowest Ex[Vag] within the CaMO,
and CeMO; series, respectively. The negative value of Eg[Vag]
in CaCoOj indicates that the bulk perovskite structure is likely
unstable. Since a high-pressure cubic phase of CaCoOj; has
been reported experimentally,”* we calculated the Ex[Vag] in
the cubic structure as well and found it to be qualitatively
similar (~ —1.05 eV in cubic) to the P2/b structure (~ —1.36
eV), further reinforcing the instability of a bulk CaCoOj; phase.
Importantly, CeCoO; (3.68 €V) is the only ternary perovskite
whose Ep[Vag] falls within the target window for STCH, with
CaVO; (4.18—4.27 eV) and CeNiO; (4.25—4.28 eV) being
marginally beyond the target window. However, the technical
viability of CeCoOj; will depend on its thermodynamic stability
(see section S5.1.3) and its eventual synthesizability. Addition-
ally, there are other considerations, which might eliminate Co
as a candidate, such as availability and security of supply.

Although structural, electrostatic (repulsion between cati-
ons), thermodynamic (stability), electronic (band gap), and
chemical bonding (covalency versus ionicity) properties play a
role in determining Eg[Vag], the monotonically decreasing
Ep[Vag] trend in CaMO; perovskites bears a strong (anti)-
correlation with the standard reduction potentials”> of the
redox-active element, namely, the M atom. For example, the
standard reduction potentials vary (versus standard hydrogen
electrode, SHE) as 0.19 V (Ti*" — Ti*) < 0.34 V (V¥ = V3%)
<095V (Mn* — Mn*) < 1.42 V (Co* — Co?"), indicating
higher ease of reduction as the atomic number increases along
the 3d period, which coincides with the decreasing Eg[Vag]
trend, namely, 6.48—6.52 eV (CaTiO,, Ti** — Ti**) > 4.19—
427 eV (CaVO,, V¥ — V**) > 225-2.27 eV (CaMnO,,
Mn* — Mn*) > —1.37 eV (CaCoQO,; Co* — Co*).
Physically, introducing an oxygen vacancy reduces the material
with two electrons. As a result, the ease of reducing the redox-
active species becomes the predominant factor in determining
Eg[Vag], consistent with our results.

Standard reduction potentials are not available for Cr*" —
Cr*, Fe* — Fe*, and Ni** — Ni**. However, our predicted
Ep[Vap] trends agree with predicted average intercalation
voltages in layered LiMO, oxides,”® where higher standard
reduction potentials for the M* — M?®" results in higher
average intercalation voltages. The anomalous increase in
Eg[Vagy] observed for CaNiO; is likely due to the occupation
of antibonding ¢, Ni states as Ni gets reduced from Ni** to
Ni**. This is similar to the anomalous decrease in average
intercalation voltage observed in LiNiO, when compared to
other LiMO, oxides.” Indeed, CaNiO; exhibits a large band
gap (~1.43 eV, Table 1), with the conduction (valence) band
edge states predominantly Ni 3d (O 2p, Figure S2a).

In the case of CeMO;, there is a choice in redox activity
between Ce** — Ce* and M* — M?**, depending on which
oxidation states Ce and M atoms adopt in the bulk (Table 1).
While Ce exhibits a +3 oxidation state in CeScO;, CeVO;, and
CeCrO;, it exhibits a +4 oxidation in CeCoO; and CeNiO;.
The oxidation state adopted by Ce depends on the relative
standard reduction potential of Ce** — Ce*" (1.61 V vs SHE)
versus M*>* — M?*. In other words, the existence of Ce* in
bulk CeMO; depends on the ease of reduction of Ce** versus
M?*. For example, the standard reduction potentials for Cr**
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— Cr** (=042 V vs SHE) and V** — V* (-0.26 V) are
significantly more negative than Ce** — Ce®" redox, while
Co®" — Co" is more positive (1.82 V). Thus, because Co’* is
easier to reduce than Ce*, it adopts the Co** oxidation state,
whereas Ce exhibits the +3 state when coexisting with V or Cr.
In the case of Ni, the Ni** — Ni?* reduction potential (1.59 V)
is quite similar to Ce** — Ce*, suggesting that Ce*" and Ni**
can coexist in CeNiOj;. With respect to CeScOj;, Ce is forced
to adopt the +3 oxidation state since the highest stable
oxidation state of Sc is +3. In addition, the conduction band
edge in CeScOj; is predominantly composed of Ce 4f states
(Figure S2b), suggesting a Ce®>* — Ce®" reduction upon Vag
formation. Thus, the transition metal redox (M** — M?**) is
largely responsible for determining Ep[Vap] in CeVO; and
CeCrOs, while the Ce* — Ce’* sets Eg[Vag] in CeCoOj; and
CeNiO;, with structural, stability, and electronic features also
contributing to Ep[Vag]. For example, although Ce is the
redox-active species in both CeCoO; and CeNiOy;, the higher
Ep[Vag] in CeNiOj correlates with the larger band gap in
CeNiO; (0.22 eV, Table 1) versus CeCoO; (0.15 eV), since a
higher band gap signifies a higher energy requirement for
placing electrons in the conduction band.”” On the other hand,
the higher Eg[Vay] in metallic CeVOj; versus metallic CeCrO;
correlates better with thermodynamic stability trends (see
section 5.1.3).

Under scenarios where both CaMO; and CeMO; exist,
namely, V and Cr perovskites, the CeMOj; perovskites exhibit a
higher Eg[Vagy] than the corresponding CaMOj; structures
(Figure S). Eg[Vag]s in CeVO; and CeCrO; are 4.19—4.27
and 5.22 eV, respectively, much higher than in CaVO; (2.67—
2.77 €V) and CaCrO; (2.25—2.40 eV). The trend of higher
Ep[Vag] in CeMO; vs CaMO; correlates with the standard
reduction potentials of the redox-active cations. For example, it
is easier to reduce V** — V** (0.34 V vs SHE) compared to
V3* — V¥ (=0.26 V). Hence, CaVO; more readily reduces
upon Vag, formation than CeVOj. Thus, M** - M** (M* —
M*) reductions should correlate with a higher (lower)
Ep[Vag] in oxide perovskites.

5.1.3. Thermodynamic Stability. Figure 6 displays the
thermodynamic stability, as quantified by energy above or
below the convex hull (E™, vide infra) for all ternary CaMO;
(orange bars) and CeMOj; (blue bars) perovskites considered
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Figure 6. Energy above or below the ground-state convex hull (E™!)
for all ternary perovskites considered in this work. Solid (hashed) bars
indicate positive (negative) values of E™. A dashed green line
signifies potential vibrational entropy stabilization of metastable
structures at 298 K.
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here. The 0 K phase diagram of a given system (e.g,, Ce—Sc—
0), also referred to as the ground-state convex hull, is a convex
envelope of the lowest (Gibbs) energy states of the system.
Thus, the convex hull is composed of all thermodynamically
stable states of the system (e.g, Ce,O; CeO,, Sc,0;, etc.).
Note that the thermodynamic (in)stability plotted in Figure 6
is mainly relevant for the stability and synthesizability of the
perovskites considered at or near 298 K. Since STCH cycles
occur at high temperatures (873—1773 K), it remains to be
seen if our stability predictions hold at such high temperatures.

If a structure is metastable (or unstable), it has an E™! > 0
with the magnitude of ™! quantifying the energy release, or
the extent of instability, upon decomposition to the stable
states at that composition, where the stable states can be other
binary or ternary compounds (see schematic in Figure S3a).
For example, CeNiO; in Figure 6 has a positive E™! signifying
its instability, with the absolute value of E™™! (~89 meV/atom)
indicating the energy release upon decomposition to the stable
states CeO, + NiO. CeO, and NiO are the stable states that
are “adjacent” to (or competing with) CeNiO; on the convex
hull. Additionally, the energy gained by decomposing CeNiO;
to its adjacent states (CeO, + NiO) represents the largest
energy gain (or the highest thermodynamic driving force)
among other possible decomposition reactions (e.g, to Ce +
Ni + O, formation instead of CeO, + NiO). Note that a
structure exhibiting E™™ > 0 does not necessarily mean that
the structure cannot exist in nature. Indeed, several examples
exist of metastable structures at 0 K that either become stable
at higher temperatures (via entropic stabilization) or exist as a
kinetically trapped state.”*~’ The dashed green line in Figure
6 represents the extent of vibrational entropy (~26 meV/
atom) that could stabilize a metastable (at 0 K) structure at
298 K, i.e., a structure with E™' > 0 meV/atom at 0 K being
stabilized by entropy at 298 K. This has been used as a rule-of-
thumb criterion for the existence of metastable structures in
nature.*®!

Conventionally, all stable states at 0 K exhibit E™! = 0. To
quantify the extent of stability of a given stable phase, we
define an energy below the hull,** which is equivalent to the
energy release when the stable phase is formed from its
adjacent phases on the convex hull (Figure S3b). For example,
Ce,0; and Sc,0; are the adjacent phases to CeScOj; on the
Ce—Sc—O ternary convex hull, i.e, if CeScO; were unstable,
the Ce—Sc—O system would form a mixture of Ce,O; and
Sc,0; at the composition of CeScOj;. Therefore, formation of
CeScO; competes with the formation of Ce,O; and Sc,O;.
Thus, the E™ ~ —45 meV/atom for CeScO; indicates the
energy release if CeScOj; is formed from Ce,O; and Sc,0;.
This E™! is also the smallest gain in energy (or the lowest
thermodynamic driving force) to form CeScO5 among possible
formation reactions within the Ce—Sc—O ternary system (e.g.,
CeScO; formation from Ce + Sc + O, instead of Ce,O; +
Sc,0; would release more energy). Table S1 of the SI tabulates
the adjacent phases of all stable and unstable ternary and
quaternary perovskites considered in this work.

Importantly, most ternary perovskite structures obtained
from the ICSD are either thermodynamically stable (E™! < 0)
or are marginally metastable (E™™ ~ 11 meV/atom for
CaMnOs, see Figure 6) at 0 K. Notably, CaCrOj; exhibits a
high degree of instability (E™! ~ 31 meV/atom), with
adjacent phases on the Ca—Cr—O phase diagram being CaO +
CaCrO, + CaCr,O, (Table S1). Given that solid-state
reactions are slow at temperatures below 298 K, the
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decomposition of CaCrO; into three distinct solid phases
could be prohibitively slow, allowing CaCrO; to exist as a
kinetically trapped solid at low temperatures. Thus, as Figure 6
makes clear, CaMO; and CeMOj perovskites with an early-to-
mid-row transition metal (i.e., M = Sc, Ti, V, Cr, Mn, and Fe)
tend to be either stable or metastable. Early transition metals
therefore should be viable additives to improve the
thermodynamic stability of Ca- and/or Ce-based oxide
perovskites.

Among the stable perovskites (hashed bars in Figure 6),
CeVOj; exhibits the highest degree of stability with E™! ~
—100 meV/atom. Thus, the strong thermodynamic driving
force to form CeVOj; from its competing phases (Ce,O; +
V,0;, Table S1) highlights potentially facile synthesis. By
contrast, all theoretical structures considered, namely, Co and
Ni perovskites, are unstable, with EMl 5 43 meV/atom for all
structures, which is well beyond the range of vibrational
entropy stabilization (~26 meV/atom, dashed red line) at 298
K. Among the unstable structures, CaCoO; exhibits the highest
E™! ~ 109 meV/atom, with such a high degree of instability
perhaps explaining the negative Ep[Vay] exhibited by the
structure (Figure S). Unfortunately, the high EMl (<86 meV/
atom) for CeCoO; may preclude the technically viable use of
CeCoO0; within STCH cycles, despite its Eg[Vag] (3.67—3.72
eV, Figure S) lying within the target window, due to potential
difficulties in synthesis, high temperature stability, and eventual
life of the material. Nevertheless, a recent study reported a
successful synthesis of CeCoO; and CeNiO;,” suggesting that
CeCoOj; may yet represent a feasible candidate for applications
other than STCH.

5.2. Quaternary Ca—Ce—M-O Perovskites. 5.2.1. Oxy-
gen Vacancy Formation Energy. Figure 7 shows the oxygen

@ CaMO,-based
W CeMO,-based

i

Sc Ti V Cr Mn Fe Co Ni

Figure 7. Oxygen vacancy formation energy of quaternary
Cay5CeosMO; perovskites derived from ternary CaMO; (orange
bars) and CeMOj; (blue bars) structures. The dashed red lines and
hashed regions on each bar follow the notation used in Figure S.

vacancy formation energies in all the quaternary
Cay5CeysMO; perovskites considered here. Orange (blue)
bars indicate perovskite structures obtained from ternary
CaMO; (CeMO;) structures. The hashed region on each bar is
the variation caused by symmetrically distinct Vay config-
urations in each quaternary structure, while the dashed red
lines represent the target range for STCH (3.2—4.1 eV).
Analogous to the trend observed in ternary CaMO; perovskites
(Figure S), both CaMO;- and CeMOj-based quaternary
perovskites display a monotonically decreasing Ex[Vag] as M

9973

varies from Ti to Co. Both CaMO;- and CeMO;-based
Ca,sCe(sNiO; also exhibit an anomalously high Eg[Vag],
similar to ternary CaMO; and CeMO; systems (Figure 5). The
quaternary perovskites obtained from theoretical ternary
structures (i.e., Co- and Ni-perovskites) exhibit higher
variability in Ep[Vao] (extent of hashed regions, ~0.23—1.61
eV) compared to quaternaries derived from ICSD ternaries
(~0.28—0.62 eV). Ca, ;Ce; sMnO; and Ca,;Ce,FeOs; are the
only candidate quaternaries that exhibit Ep[Vag)] within the
target range for STCH processes, namely, 3.65—3.96 and
3.77—4.06 eV, respectively. Additionally, both Ca,sCe; sMnO;
and Ca, ;Ce, ;FeO; exhibit Ex[Vag] lower than CeO, (~4—4.3
eV**?) highlighting their potential viability for STCH. As
discussed in section 5.3.3, we also expect Ca,Ce,VOj; to be a
potential candidate, as small energy differences between Ca—
Ce configurations enable a large decrease in Egp[Vag] for an
alternative Ca—Ce configuration, with the resulting Egx[Vag]
near the target range for STCH. In the case of quinary
CaysCeqsTipsMg, 5O, we predict Ex[Vag] (3.83—4.36 eV) to
be partially within the target range for STCH and comparable
to Ep[Vag] in CeO,.*””* Unfortunately, on-site magnetic
moments suggest only a Ce* — Ce’* reduction within
CaysCe(sTiy Mgy sO;, thus excluding it as a potential
candidate for simultaneous cation reduction.

With the exception of CaysCeysTiO; CaysCesVO;, and
CaNiOj-based CajCe(sNiO;, we find Ce to exhibit the +4
oxidation state in the bulk quaternary perovskites (Table 1),
which is suitable for potential simultaneous redox activity. We
find that Ce is the redox-active species in CaysCeysScO5 and
CayCe;FeO;, whereas Co and Ni are redox-active in
CayCeysCo0; and CajCe,NiO;, respectively. The higher
reduction potential of Ce** — Ce** (1.61 V vs SHE) explains
the preferential reduction of Ce** in Ca,;Ce,sFeO; (Fe’* —
Fe** is 0.77 V vs SHE), while the higher Co** — Co*'
reduction potential (1.82 V vs SHE) enables Co®" reduction
instead of Ce*" in CaysCeysC00;. In the case of
CaysCe(sMnO;, we predict both Ce and Mn to be redox-
active, whereas there is marginal evidence of simultaneous
redox activity in Ca,CeysFeO; (see section 5.3.2). For
quaternaries where Ce is in its +3 oxidation state, the
transition-metal cation, namely, Ti** in Ca,;Ce,sTiO; and
V* in CagsCesVO,, undergoes reduction upon Vaq
formation.

In ternary perovskites, a more positive M>* — M?*" standard
reduction potential than Ce** — Ce*" dictates the presence of
Ce*" on the A site and M** on the B site. On the other hand,
the presence of Ca®* on the A site provides quaternary
structures a choice of whether Ce** or M** oxidizes to the +4
state. Conventionally, if the M>* — M*" standard oxidation
potential is less negative (or more favorable) than Ce** —
Ce*, the M*" would be expected to attain +4 oxidation and Ce
to adopt the +3 state. Indeed, the Ce in Caj;CesTiO; and
Cay5Ce(sVO; is in the +3 oxidation state, where Ce** — Ce**
(—=1.61 V vs SHE) is less favorable than Ti** — Ti** (=0.19 V)
and V¥* — V* (-0.34 V). However, in Ca,;Ce,MnO; and
CaysCe(sCo00;, Ce adopts the +4 oxidation state despite the
Ce* — Ce™ reaction being less favorable than Mn** — Mn**
(—0.95 V vs SHE) and Co®* — Co*" (—1.42 V), respectively,
with Cag;Ce,sFeO; also exhibiting Ce in the +4 state. Thus,
chemical bonding and structural factors, specifically the
presence of both Ca and Ce on the A site and the
configuration that the Ca and Ce atoms adopt, seem to play
a more significant role in determining the oxidation state and
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(potential) redox activity of Ce in quaternary perovskites than
in ternary CeMOs;.

Comparing Ep[Vag] in ternary (Figure S) and quaternary
(Figure 7) perovskites, the addition of Ca (Ce) to CeMO;
(CaMO;) perovskites decreases (increases) the magnitude of
Ep[Vag]. For example, Ca addition to CeScO; CeVOj,,
CeCr0,, CeCo05, and CeNiOj; causes a reduction in Ep[Vag]
of ~2.34, 1.34, 0.38, 2.99, and 2.56 eV, respectively, when
comparing the lowest Eg[Vay] in each ternary and quaternary
perovskite. On the other hand, Ce addition to CaVO;,
CaCrO;, CaMnO;, CaFeO;, and CaCoO; causes an increase
in Ep[Vag] of ~1.15, 2.71, 1.40, 2.91, and 1.28 eV, respectively.
Reduction of Ex[Vag] upon addition of an alkaline-earth cation
into a LnBO; framework (where Ln = Lanthanide) has been
observed before.'”**”*"% For example, the reduction in
Eg[Vag] due to Sr addition in LaFeO, has been attributed to
higher ionic character in the Sr—O bonds compared to La—O
bonds and a better delocalization of the electrons introduced
by Vag over the oxygen sublattice.*® Analogously, Ce addition
into CaMOj structures should exhibit the opposite effect to Sr
addition in LaFeO3*® causing an increased covalency of the
A—O bonds and a reduced electron delocalization over the
oxygen sublattice, which largely explains the increase in
Eg[Vag] in CaysCey sMO; structures compared to their ternary
CaMO; counterparts. Note that in the case of Caj;;CeysMnO;
and Ca,sCe,sFeO,, the replacement of the M*" — M>" redox-
activity in CaMO; by Ce** — Ce** and/or M** — M** in the
quaternary structure also contributes to the increase in
Eg[Vag]. Thus, Ca/Ce addition could provide a useful handle
to decrease/increase the Eg[Vagy] toward a target value in
candidate perovskites for STCH applications. Quantifying such
effects will be the focus of future work.

5.2.2. Thermodynamic Stability. Figure 8 displays the
thermodynamic stability at 0 K, as quantified by E™ for all
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Figure 8. Energy above or below the hull for all quaternary
CajsCeysMO; perovskites considered in this work. Dashed purple
line indicates potential configurational entropy stabilization (at 1273
K), in addition to vibrational entropy stabilization (at 298 K, dashed
green line). Orange and blue bars are CaMO;- and CeMO;-based
quaternaries.

CaysCeysMO; perovskites considered here, with orange and
blue bars indicating quaternaries derived from CaMOj; and
CeMO;, respectively. The notation of EM! is identical to that
in Figure 6, where the dashed green line indicates the extent of
potential vibrational entropy stabilization at 298 K. In contrast
to ternary CaMO; and CeMO;, quaternary Ca,;CeysMO;
perovskites have an additional configurational degree of
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freedom, namely, the sites occupied by Ca and Ce atoms in
the A sublattice, which can also contribute potential entropic
stabilization, especially at higher temperatures. Hence, the
dashed purple line indicates the configurational entropy at
1273 K (~15 meV/atom, assuming ideal solution behavior)
that can contribute in addition to the vibrational entropy
stabilization (~26 meV/atom) at 298 K. We chose the
temperature of 1273 K for the configurational entropy
contribution since it is within the operating range of STCH
cycles,”'* while other possible entropy threshold values can
also be used.

Among the quaternaries considered, we find only the
CaCe(TiO; and CaVOj-based Caj;;Cey,VO; to be
thermodynamically stable at 0 K, exhibiting E™! ~ —52 and
—12 meV/atom, respectively. Ca,Ce( sCrO5, CaysCeysMnOs;,
CajCeysFeO;, and Cay;Ce;;CoO; exhibit instability within
the range of vibrational + configurational stabilization, i.e., EHul
< 41 meV/atom, whereas Caj;Ce,ScO; and CaNiO;-based
Cay5CeqsNiO; have large E™!' (>41 meV/atom), which does
not bode well for their synthesis or potential use for STCH.
Since Ca;_,Ce MnOj; perovskites (0 < x < 0.2) have been
synthesized,””**”" the Cay;CeosMO; (M = Cr, Mn, Fe, and
Co) structures may be synthesizable. Importantly, the level of
instability among quaternary perovskites is higher than the
corresponding ternaries, as quantified by the number of
structures that are thermodynamically stable and possess
higher E™! values. For example, there are six ternary
perovskites (CeScOs, CaTiO5, CaVO;, CeVO;, CeCrO;, and
CaFeO,, see Figure 6) that we predict to be thermodynami-
cally stable at 0 K, while only two quaternary perovskites
display E™' < 0 (hashed bars in Figure 8). Additionally,
CayCeysMnO; and CaysCe;sNiOj; structures exhibit higher
EMll values, namely, 39 and 152 meV/atom, respectively, than
the corresponding ternary CaMnO; (11 meV/atom) and
CaNiO; (45 meV/atom) perovskites. In general, higher
component systems tend to be entropy stabilized (particularly
at higher temperatures), since the formation enthalpy “gain” in
moving from N — 1 to N components is ~0 for N > 3.”" In
other words, it is easier to find structures that are stabilized by
enthalpic contributions (and hence have E™! < 0) for lower
component systems (N < 3), while it is easier to find entropy-
stabilized structures for N > 3.”' However, notable exceptions
to the trend of increased instability in quaternaries include
CaysCeysCrO; (20 meV/atom), and CayCeysNiO; (2 meV/
atom), which exhibit a reduced E™! compared to their
corresponding ternary CaCrO; (31 meV/atom), and CeNiO;
(89 meV/atom), respectively. Thus, Ce (Ca) addition to
CaCrO; (CeNiO;) can lead to stabilization of the bulk
perovskite structure.

5.3. Candidate Ca—-Ce—-M-0O Perovskites.
5.3.1. CaysCeysMnOs;. Panels a and b in Figure 9 display the
projected density of states (pDOS) for pristine and defective
CaysCeysMnO;, respectively, with orange, green, red, violet,
and brown lines indicating O 2p, Mn 3d, Ce 4f, Ce 5d, and Ca
4s states, respectively. Figure 9b shows an inset of the pDOS of
defective CayCe(sMnOj;, focusing on the region around the
Fermi level, with the full plot included as part of Figure S4a.
Although SCAN+U calculations predict bulk Ca,CeysMnO;
to be metallic, the number of electron states near the Fermi
level is quite low (~0.001 eV™'). Given that SCAN+U
calculations are known to underestimate band gaps in Mn
oxides,* bulk CayCe,sMnO; is more likely to be a small-gap
semiconductor. Qualitatively, the main difference between the
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Figure 9. Projected DOS (pDOS) of pristine (panel a) and defective (panel b) Ca,sCe,sMnO;, with the zero on the energy scale set to the Fermi
level (dashed black lines) in each panel. Positive (negative) pDOS indicates majority (minority) spin states. Panel c displays the electron density
difference between the bulk and defective CaysCeosMnOs, with the green isosurfaces (set to 0.009 e/bohr®) representing regions of electron

accumulation. Ca®*, Ce**, Mn**, and O~ ions are indicated by blue, yellow-green, purple, and red spheres, respectively. The gray sphere signifies
the Vag, that is coordinated to one reduced Mn (brown), one other Mn (purple), two reduced Ce (olive green), and one Ca (blue).

pristine and defective Ca,;CeysMnO; pDOS (Figure 9 and unoccupied in the pristine structure acquire occupancy within
Figure S4a) is the shift in the Fermi level, upon reduction, the defective CaysCeysMnO;, as highlighted by the presence
toward the unoccupied Ce 4f states, which form a peak close to of green and orange lines marginally below the Fermi level in
the Fermi level (red lines in Figure 9a and b). Thus, these Figure 9b. We also observe a change in the on-site magnetic
pDOS indicate that Ce*' ions in CaysCeysMnO; undergo moment of a Mn atom that neighbors the Vag formed, toward
reduction with the introduction of a Vay. However, a non- Mn?** (~4.4 ug), whereas the on-site moments of other Mn
negligible number of Mn 3d (and O 2p) states that were atoms indicate a +3 oxidation state (~3.8 y3), suggesting that a

9975 https://dx.doi.org/10.1021/acs.chemmater.0c02912

Chem. Mater. 2020, 32, 9964—9982


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02912/suppl_file/cm0c02912_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02912?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02912?ref=pdf

Chemistry of Materials pubs.acs.org/cm

(b)

—
Q
~

Density of states (states/eV)

501
401
301
201

N W
o O

-t
o

| |
N —
o o

|
N
o

|
W
o

1 i 1 1 1

6 5 4 3 2 910 1 2 3
Energy (eV) Energy (eV)

-0.5 0.0 0.5 1.0

Density of states (states/eV)

N
1

-

o

Figure 10. pDOS for (panel a) bulk and (panel b) defective Ca,sCe,sFeOs. Dashed blue lines in panel a indicate the valence and conduction band
edges. Notations used in the figure are similar to those used in Figure 9.

Mn*" reduces in addition to Ce*, resulting in simultaneous bulk stability is highly system-dependent. Hence, our
reduction across both the A and B sublattices. This calculation of Ep[Vagp] in a higher energy configuration can
simultaneous reduction is what we are seeking to find and be considered to be a proxy for Vagy formation in
the evidence is encouraging. Cay5CeysMnO; with disorder in the Ca—Ce sites. Importantly,
To verify further that both Ce* and Mn*" reduce in the estimated Eg[Vap] in a higher energy bulk structure
CaysCeysMnO;, we show the electron density difference overlaps with our target range for STCH (3.2—4.1 eV),
between the pristine bulk and defective Cay;Ce;sMnO; in highlighting the viability of Cay;CeysMnOj.
Figure 9c. Green isosurfaces highlight regions of electron 5.3.2. CaysCeysFe0s. Figure 10 displays the pDOS of bulk
accumulation (upon Vag formation), which are set to 0.009 e/ (panel a) and defective (panel b) Cay;CeysFeOs. Similar to
bohr’. Va, formation reduces two Ce*' ions (olive-green Figure 9b, Figure 10b shows an inset of the pDOS with a focus
spheres) and one Mn*" ion (brown sphere) adjacent to the around the Fermi level (dashed black line), with the full pDOS
Vag. In particular, the isosurface around the brown Mn atom included in Figure S4b. Dotted blue lines in Figure 10a are the
resembles a d,>_, orbital, a strong indication that the generated band edges within bulk Ca,;Ce,sFeOs, which exhibits a gap of
electron localizes on one Mn, reducing it to a Mn?* ion. In the 0.29 eV. While the zero on the energy scale is set to the Fermi
case of Ce, the electron delocalizes over two neighboring Ce level in Figure 10b, it is set to the valence band edge in Figure
ions, partially reducing both ions, similar to behavior observed 10a. Colored lines in both panels of Figure 10 have a notation
in oxygen-deficient CeO,.*”**"> The electron delocalization similar to that of Figure 9 with the difference being that the
over the Ce sites is also highlighted by the larger number of Ce green lines indicate Fe 3d states instead of Mn 3d.
4f states below the Fermi level, compared to Mn 3d or O 2p Importantly, Cay;Ce,sFeO; exhibits a semiconductor-to-
states, in the pDOS of the defective perovskite (Figure 9b). A metal transition upon Vagy formation, similar to behavior
minor amount of electron accumulation appears on a few of observed in defective CeO, and TiO,.””~”°> The Fermi level
the oxygen atoms that coordinate with the reduced Mn and Ce moves from within the band gap in the nondefective structure
atoms, in agreement with the small number of O 2p states that toward the unoccupied Ce 4f states (red peaks in Figure 10)
exist in the defective pDOS below the Fermi level (Figure 9b). once the electrons from the Vagy are introduced. The large
Therefore, based on the calculated pDOS, on-site magnetic number of Ce 4f states at or below the Fermi level within
moments, and electron density difference plots, we conclude defective Ca,sCe,sFeO; (Figure 10b) is an indication of Ce*"
that CaCe,sMnOj; exhibits simultaneous reduction on both undergoing reduction within the structure. We also observe a
the Ce and Mn sublattices and therefore is a promising small number of Fe 3d (green) and O 2p (orange) at or
candidate for STCH and STCC. slightly below the Fermi level in Figure 10b, analogous to
Cation disorder on the A site—likely to be present at high Figure 9b, possibly suggesting a simultaneous reduction of Fe**
temperatures—could affect our conclusions. We therefore also along with Ce**. However, we do not observe any changes in
considered Vag formation in a bulk Ca, ;Cey s MnO;, where the the on-site magnetic moments of Fe atoms that would indicate
Ca—Ce configuration exhibits a higher energy (~60 meV/ Fe’* formation. Moreover, the electron density difference
atom) compared to the ground state and found Ep[Vag] to be between bulk and defective CaysCe,sFeO; (plotted in Figure
3.05—3.36 eV (Figure S5a), with the range in Ex[Vay] being S6) does not indicate electron accumulation on any of the Fe
due to symmetrically distinct Vag configurations. As configura- atoms that could suggest Fe’* — Fe" reduction. Hence, there
tional disorder occurs on the Ca—Ce site, the energy of the is marginal evidence, at best, for simultaneous Fe** and Ce**
bulk structure is expected to increase with respect to the reduction in CayCeyFeO;. Nevertheless, the value of
ground state, coinciding with a drop in Eg[Vap] due to the Ep[Vag] (3.77—4.06 eV) exhibited by Ca, ;Ce, sFeOj is within
breaking of “weaker” bonds in a high-energy bulk structure. the target region, which makes it a potentially interesting

However, the extent of the drop in Eg[Vap] with decreasing candidate for STCH and STCC. Further, the Ex[Vag] range
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Figure 11. (a—c) Symmetrically distinct Ca—Ce configurations of CeVOs-based CaysCe(sVO;, denoted Order 0, Order 1, and Order 2 and
corresponding energies with respect to the ground-state configuration (Order 2). Blue, green, and red polyhedra signify Ca, Ce, and V atoms,
respectively, while red spheres correspond to O atoms. The dashed black lines within the structures indicate the unit cell. (d,e) pDOS of
nondefective Order 0 (d) and Order 2 (e) configurations, with the zero of the energy scale set to the Fermi level. Notations used in panels d and e
are similar to those used in Figure 9.

changes only marginally (3.55—4.11 eV) when a higher energy respectively, well below the threshold E™™ (~41 meV/atom)

Ca—Ce configuration within the bulk CayCe,sFeO; is where configurational + vibrational entropy stabilization can

considered (Figure SSb), indicating the relative insensitivity occur (Figure 8). Thus, all configurations of CaysCeysVO;

of Eg[Vap] with cation disorder in this system. displayed in Figure 11 may be experimentally accessible.
5.3.3. CeVOs-based Ca, sCey5V0s. Beyond CayCey s MnO; Figures 11d and e display the pDOS of bulk Order 0 and

and Cay;Ce,;FeO;, we also found Cay;Ce;VO; to be a Order 2 configurations, respectively, of Ca,sCeysVO;. Orange,
potential candidate, depending on the Ca—Ce configuration green, red, purple, and brown lines indicate O 2p, V 3d, Ce 4f,
that the system adopts within the A site. Figure 11a—c displays Ce 5d, and Ca 4s states, similar to Figures 9 and 10. Although

the three symmetrically distinct Ca—Ce configurations, both configurations are metallic, there are qualitative differ-
denoted Order 0, Order 1, and Order 2, within the unit cell ences. For example, the distribution of unoccupied Ce 4f states
of the CeVO;-based CaysCeysVO;. The text annotation below (red peaks in Figure 11d) in Order O is pushed to higher
each configuration name indicates the energy of that energies in Order 2 (Figure 1le). Additionally, Order 2
configuration with respect to the ground state. Thus, Order exhibits a higher number of both unoccupied V 3d states
2 is the ground state configuration while Order 0 and Order 1 (green peaks) and occupied Ce 4f states near the Fermi level
have higher energies of 14.6 and 0.5 meV/atom, respectively, than Order 0. As a result, upon Vag formation, the electrons in
with respect to Order 2. Note that Order 2 has a E™! of 18.6 Order 2 will occupy the V 3d states above the Fermi level,
meV/atom (Figure 8), with the adjacent phases on the convex highlighting a V** — V** reduction. On the other hand, the
hull being CaVO; + CeVO; (Table S1). As a result, Order 0 electrons due to the Vag in Order 0 can get delocalized over
and Order 1 exhibit an E™" of 33.2 and 19.1 meV/atom, both Ce 4f and V 3d states that are present above the Fermi
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level, suggesting the reduction of both ions, and a consequent
change in the Eg[Vag] compared to Order 2. Indeed, Eg[Vag]
in Order 0 exhibits a range of 3.05—3.10 eV (slightly below the
target window), which is significantly lower than Order 2
(5.34—5.54 eV, Figure 7), indicating that the contribution of
both Ce and V to the reduction process can decrease the
Eg[Vag]. Thus, variations in the Ca—Ce configurations within
CaysCeysMO; perovskites can cause significant changes in
Ep[Vag], and subsequent studies are required to quantify this
effect better. Importantly, given that Order 0 exhibits EM!
within the 41 meV/atom threshold (Figures 1la and 8), if
Order 0 can be accessed experimentally, it could be a
promising candidate for STCH. Note that the synthesis and
performance of V- (and Cr-)based perovskites may be affected
by the volatility and high vapor pressure of the corresponding
oxide and hydroxide compounds.”*”’

6. DISCUSSION

We explored the Ca—Ce—M—O perovskite chemical space for
potential candidates that exhibit both simultaneous redox
activity and have Ep[Vay] within a specified target window
suitable for STCH or STCC. Motivated by the potential
impact of simultaneous cation redox (section 2), we developed
a workflow to generate theoretical structures and evaluate
Eg[Vag] in a systematic manner (section 4) across ternary
CaMO;, ternary CeMOj;, and quaternary Cay;Ce;sMO;
systems using SCAN+U calculations (section 3). Among
ternary perovskites, only CeCoO; exhibited Ep[Vag] within
the target range for STCH (Figure S5). However, the high
thermodynamic instability of CeCoOj (Figure 6) reduces the
likelihood of its practical use. In the case of higher-component
perovskites, we found quaternary CaysCeysMnO; and
CaysCeysFeO; to be promising candidates based on Eg[Vag]
(Figure 7). The quinary CagsCeqsTiysMgysO; also exhibits an
Ep[Vag] that overlaps with the target window. We presented
substantial evidence for simultaneous reduction of both Ce*"
and Mn** in Cay5CesMnQ;, thus making it a prime candidate
to exhibit high AS,4 (section 5.3.1). By contrast,
Ca;CeysFeO; does not exhibit simultaneous reduction and
therefore is less attractive as a target for STCH. The difference
between the Mn and Fe quaternary cases here are readily
understood in terms of exchange driving forces (Mn®" reducing
to Mn*" maximizes exchange stabilization in the half-filled d-
shell of the latter) or lack thereof (reducing Fe** with its half-
filled shell gains no exchange stabilization only Coulomb
repulsion upon reduction to Fe?*)."? Although both
CayCe(sMnO; and CayCe,FeO; are not thermodynami-
cally stable at 0 K, their E™! is below the 41 meV/atom
threshold (Figure 8), indicating that they could be
experimentally accessible at higher temperatures due to
entropic stabilization. Additionally, we also found a higher
energy Ca—Ce configuration in CeVO;-based Cay;CeysVO;,
which exhibits Eg[Vag] within the target window, which also
could be a viable candidate if experimentally accessible
(section 5.3.3).

In our analysis of the impact of simultaneous cation redox
(section 2), we made two important assumptions: there is ideal
solution configurational entropy on both reduced cation
sublattices, and the electrons introduced due to Vag distribute
themselves equally across the A and B sites. These assumptions
yield an upper bound on the oxygen off-stoichiometry obtained
and hence the maximum influence of simultaneous cation
redox on the oxygen evolution capacity. Indeed, maximizing
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the extent of (potential) configurational entropy arising from
simultaneous cation redox was one of the major factors
underpinning our considerations of the Cay;Cey MO,
compositions (section 2.1). However, the actual impact of
simultaneous redox activity in a practical system will require
further experimental investigation. Most materials typically
exhibit ideal solution entropy only at high (~melting point)
temperatures. Moreover, the distribution of electrons over the
reduced cations may not be equal, especially with the
introduction of multiple oxygen vacancies. Instead, the
distribution will depend upon the number of A or B states
available in the DOS of the defective structure, where the DOS
can change significantly as the Vagy concentration increases.
Currently, there is little to no experimental information about
this class of materials. Hence, it is possible that compositions
involving proportions of Ca and Ce on the A site other than
the 1:1 considered here could prove easier to synthesize, could
exhibit lower kinetic limitations during TR and/or WS, and/or
could have better cycle life in a STCH process. Thus,
experimental investigations, especially of Caj;CeysMnO;, will
determine (i) if a 1:1 proportion of Ca:Ce on the A site is
experimentally viable (i.e., synthetically accessible); (ii) the
actual gain in oxygen off-stoichiometry and configurational
entropy is a result of simultaneous redox activity; and (iii)
whether simultaneous cation redox exists and, if so, what the
distribution of electrons is across the different redox-active
cations.

While evaluating all the candidates considered in this work,
we approximated Eg[Vao] ~ AH,., consistent with previous
studies.*”*"”® However, it remains to be seen if this
approximation is good enough for the quaternary perovskites
considered here. For example, CeO,_ ; shows a highly
nonlinear dependence of AH,4 on §, which has been well
characterized both experimentally and theoretically.*”**** The
Vag concentration in our supercells is ~0.03 per ABO; formula
unit, which is lower than what is ideally desired in a STCH
cycle but is likely sufficient to compare the defect
thermodynamics of a perovskite against CeO, (see Figure
1c) to identify candidate materials. Typically, quantifying the
dependence of AH,4 on the oxygen concentration requires
more complex calculations, eventually resulting in building
either a cluster expansion model”” or a theoretical sublattice
model.”* Experimentally, careful calorimetry and/or thermal
gravimetric analysis measurements provide information about
the dependence of AH,4 on the oxygen concentration. Such
detailed follow-up theoretical/experimental studies will be
useful to quantify off-stoichiometry at different temperatures
and po, and calibrate whether these material candidates can

provide better performance attributes for STCH than ceria.
Apart from Eg[Vag] ® AH,.4 other major approximations in
our calculations include the lack of inclusion of effects from
vibrational entropy, lattice expansion (from 0 K to thermal
reduction temperatures), and chemical expansion (due to
oxygen off-stoichiometry) in the perovskite frameworks
considered. Although these approximations may appear quite
drastic, we point out that several previous theoretical studies
have used similar approximations to our work and yet made
highly useful theoretical predictions, often in agreement with
experimental data,'”?%*%°>771007192 Additionally, there are
examples of studies that have screened for thermochemical
water/CO, splitting candidates entirely using 0 K DFT-based
calculations and identified promising candidates.”**** Hence,
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we believe that our approximations are justified, especially
considering that the objective of this work is to identify
perovskites that split water/CO, thermochemically while
exhibiting simultaneous cation redox. As part of follow-up
work, we intend to include these effects in studying the phase
behavior of the proposed candidates (Mn-, Fe-, and V-based
perovskites) under thermochemical conditions.

As noted in section 5.1.2, several factors, including
structural, stability, electronic, electrostatic, and chemical
bonding affect the absolute magnitude of Ex[Vap] in a given
perovskite. For example, thermodynamically unstable struc-
tures typically exhibit lower Eg[Vag] than stable frameworks,
as indicated by the lower Ep[Vay] in theoretical, ternary Co
and Ni perovskites compared to ICSD structures (Figure S).
Moreover, at a given composition (e.g, CaysCeysVO;), a
higher energy configuration can yield a lower Eg[Vagy] (see
section 5.3.3). Similarly, structures with larger band gaps
nominally exhibit higher Eg[Vag] than metallic structures,
since there is a larger energy requirement to place electrons
within the conduction band in nonmetallic structures than
metallic phases. In the case of quaternary perovskites, the
addition of Ca (Ce) to CeMO; (CaMO;) structures tends to
decrease (increase) the Ep[Vap] (Figure 7), which can be
attributed to more ionic (covalent) bonding between Ca (Ce)
and O and better (poorer) electron delocalization across the O
sublattice.®® In our work, we identified the standard reduction
potential as a dominant criterion in dictating the monotoni-
cally decreasing Eg[Vap] trend in both CaMO; and CeMO;
systems (Figure 5) and in determining the oxidation state of
Ce in ternary CeMOj structures. However, notable exceptions
to trends in standard reduction potentials arise while
considering quaternary Ca,sCeysMO; systems (section
5.2.1). Hence, explaining local variations in Ep[Vay] may
require model building that considers all factors that may
contribute to Eg[Vap] and uses regression and/or advanced
machine learning techniques to identify the dependence on
each factor.”” Previous attempts at building machine learning
models have been restricted primarily to predicting bulk
stabilities””'*>'%* and/or have been used to rationalize
Eg[Vag] trends within a select system.’”'?’ The computational
workflow developed in this work (section 4) will be useful in
generating data for developing better predictive models for
Ep[Vag]. Eventually, such advanced models may be able to
predict, with quantitative accuracy, Eg[Vay] in other classes of
perovskites and across compositions that may be difficult to
model theoretically.

7. CONCLUSIONS

Researchers are actively considering oxide perovskites as
candidate materials to improve the redox capacity of solar
thermochemical water/CO, splitting materials, a promising
technological pathway to produce renewable fuels and/or fuel
precursors. However, most oxide perovskites only exhibit redox
activity on the B site (within an ABO; framework), causing a
decrease in the entropy of reduction per atom compared to the
state-of-the-art CeO,. Here, we explored the Ca—Ce—M—-0O
chemical space (where M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni)
to identify perovskite compounds that might exhibit
simultaneous redox activity on both the A (Ca + Ce) and B
(3d metal) sites to increase the entropy of reduction over
single-cation redox. Specifically, we developed a computational
workflow using SCAN+U calculations to systematically
evaluate the oxygen vacancy formation energy, the thermody-
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namic stability at 0 K, and the electronic properties of pristine
and defective structures in ternary CaMQO;, ternary CeMO;,
and quaternary Cay;Cey,sMO; perovskites, as well as
calculating Eg[Vap] in quinary CaysCeysTipsMgysO;. On
the basis of our calculations, we found ternary CeCoO;,
quaternary Ca,CeysMnO;, and quaternary Ca,;Ce,FeO; to
exhibit Ez[Vao] in our target range (3.2—4.1 eV) and quinary
CaysCeysTiy Mg, sO; to display near-target Eg[Vag] for the
STCH application. Importantly, we found Ca,;Ce,sMnOj; to
display simultaneous reduction of both Ce* and Mn®* cations,
based on calculated densities of states, on-site Mn magnetic
moments, and electron density differences between pristine
and defective structures. Accounting for thermodynamic
stability at 0 K, we expect both Cay;Cey;sMnO; and
CaysCeysFeO; to be promising candidates apart from
CapsCeysVO,;, which can achieve an Eg[Vay] within our
target if its metastable configuration(s) can be stabilized and
accessed. Additionally, we found the trends in standard
reduction potentials of cations to be a predominant descriptor
in explaining the monotonically decreasing Ex[Vap] as M is
varied from Ti to Co in ternary CaMO; and CeMO,
perovskites. However, other factors (structural, electronic,
etc.) play a larger role in determining the absolute values and
qualitative trends of Ex[Vag] in quaternary CayCey sMO5. We
urge experimental evaluation and validation of the candidates
that emerged from this work, particularly Cay;CeysMnOj;, to
examine the practical redox capacity gains in a STCH process
and further theoretical studies to predict quantitatively the
oxygen vacancy formation energies in perovskites and other
oxides.
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