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Abstract

We computationally modeled the electronic and oxygen vacancy properties of the
perovskite oxides LaMno sNio.sO3 (L2MN), Gdo.sLao.sMno.sNio.sO3 (GLMN) and GdMno.sNio.s0O3
(G2MN), which were identified as candidate redox mediators for solar thermochemical hydrogen
(STCH) production following a high-throughput computational screening of AA’BB’Og
compositions that are likely to form as perovskites and split water. Density functional theory

predicts similar electronic properties and oxygen vacancy thermodynamics for the previously-



synthesized perovskites L2ZMN and G2MN, and the previously unknown perovskite GLMN, but
slower oxygen vacancy diffusion kinetics as Gd is substituted for La. At a thermal reduction
temperature of 1350 °C and a water splitting temperature of 850 °C, the L2ZMN and GLMN
perovskites produced ~65 pmol g! of hydrogen per cycle with limited phase degradation over
three redox cycles at 40 mol% steam, while the G2ZMN perovskite was inactive for STCH. When
re-oxidized by exposure to a gas flow with a H2O:H2 molar ratio of 1333:1, which represents the
operating conditions of industrial reactors where the thermodynamic driving force of water
splitting is lowered by orders of magnitude relative to 40 mol% steam, the LZMN and GLMN

perovskites each produced ~35 umol g! of hydrogen per cycle.

Introduction
Solar thermochemical hydrogen production is a promising approach for generating

renewable hydrogen using only steam and the thermal energy of sunlight as inputs.'? Solar
thermochemical hydrogen (STCH) is typically produced using a two-step reduction/oxidation
cycle,®* during which a metal oxide redox mediator first undergoes significant thermal reduction
whereby the mediator spontaneously evolves Oz from its crystal lattice or through decomposition
under inert conditions at high reduction temperatures of 1100 °C < Ttr < 2000 °C. The reduced
material is subsequently cycled to lower water splitting temperatures of 850 °C < Tws < 1100 °C
and exposed to steam, generating hydrogen gas and re-oxidizing the redox mediator. Industrial
scale two-step STCH processes are highly desirable, as they utilize the entire solar spectrum and
therefore have the potential to achieve higher theoretical efficiencies than other solar hydrogen
production alternatives.” However, the efficiencies achieved by STCH systems depend on

operating conditions, which are dictated by the water-splitting activities of their redox mediators.



A primary goal of the STCH community is to identify novel redox materials that mediate STCH
production processes with grid-scale economics.®

Currently, the STCH community is focused on nonstoichiometric oxides because their
redox cycles are free from the problematic solid-vapor or solid-solid phase transitions that have
hindered the development of fully stoichiometric metal oxide cycles. As such, many
nonstoichiometric oxides have been explored for their STCH behavior as redox mediators.” '
These include doped!!-'? and undoped hercynite spinels (FexM1.xAl204, M = Co, Mg, etc.),'>!* as
well as complex perovskite oxides (AxA’1xByB’1-yO3 compositions) such as BaCeo.2sMno.7503
(BCM)® and SrosLaosMno4AlosOs (SLMA).!%1617 Perovskite oxides are a particularly
compelling materials space for STCH applications due to their highly-tunable properties'® and the
vast number of compositions that can be stabilized in the perovskite structure.'® The sheer size of
the perovskite oxide composition space presents a considerable challenge, however, as
experimental synthesis and characterization alone cannot feasibly evaluate the STCH activity of
even a moderate fraction of all possible perovskite combinations. For this reason, several previous
investigations have first modeled perovskite oxides to predict their STCH activity using high-
throughput computational frameworks prior to experimental examination.??! Such computational
investigations provide insight into STCH-relevant properties in an attempt to reduce the number
of experiments necessary to identify candidate materials, and have identified several STCH-active
perovskite redox mediators.?>24

In the present work, we investigate the perovskite oxides LaMno.sNio.sO3 (L2MN),
Gdo.sLao.sMno.sNio.s03 (GLMN) and GdMno sNios03 (G2MN) for STCH. These perovskites were
identified from high-throughput computational investigations of theoretical Gd-containing and

Mn-containing perovskite compositions for their perovskite synthesizability and STCH



activities.?> The L2MN and G2MN perovskites have been previously synthesized,?® but to our
knowledge, not investigated for STCH activity. The GLMN perovskite has not been previously
synthesized or reported for STCH. We characterized the electronic properties and oxygen vacancy
thermodynamics of LZMN, GLMN and G2MN using the strongly constrained and appropriately
normed?’ (SCAN) density functional theory (DFT) meta-GGA functional and show that these
properties are very similar for all three perovskites. We next characterized the oxygen vacancy
kinetics of these materials and show that the barriers to bulk oxygen diffusion are highest in
G2MN. The similarities in DFT-predicted thermodynamic properties justify the similar measured
hydrogen capacities of LZMN and GLMN under pure steam conversion conditions, i.e., where the
redox mediators are mostly re-oxidized, while G2ZMN’s high diffusion barrier justifies its STCH
inactivity at these conditions. We also evaluated L2ZMN and GLMN at a steam-to-hydrogen molar
ratio of 1333:1 (0.1% steam conversion conditions), which represents realistic reactor conditions
at which generated STCH hydrogen is present in steam. Hydrogen in steam substantially reduces
the chemical potential of oxygen, which shifts water-splitting thermodynamics to be much less
favorable. As a result, few known redox mediators have demonstrated STCH activities at these
conditions. However, we observed similar high conversion STCH activity in the L2ZMN and
GLMN perovskites, which encourages further optimization of mixed Mn/Ni perovskite oxides for

STCH applications.

Results
I. Computational Modeling of L2ZMN. GLMN and G2MN

A. Identification of STCH Candidate Perovskite Oxides L2MN, GLMN and G2MN
Bare et al.?® reported L2MN, GLMN and G2MN as candidate STCH redox mediators

following their high-throughput compositional screening investigations of Gd-containing and Mn-



containing multinary compositions (GdA’BB’Os, GdA’B20s, and Gd2BB’O¢, and AA’MnB’Oe,
AA’Mn206, and A2MnB’Ogs) that were predicted to be synthesizable as perovskites. The high-
throughput computational framework used is described in Ref. 24, and its results for L2MN,
GLMN and G2MN are restated in Section I of the SI, but is briefly discussed here. In that work
we showed that the machine-learned tolerance factor r derived by Bartel et al.?® predicts that
L2MN, GLMN and G2MN are synthesizable as perovskites. Furthermore, DFT-predicted L2MN,
GLMN and G2MN perovskite stabilities were reported as decomposition enthalpies® (AHy)
computed relative to competing phases tabulated in the Materials Project (MP) database. Bare et
al.?’ calculated all DFT energies and electronic properties using the PBE GGA+U functional to
ensure compatibility with the MP. The AHs predict that all three perovskites are on or within 60
meV atom! of the convex hull, reinforcing that the LZMN, GLMN and G2MN compositions can
be stabilized as perovskites. Bare et al.?> also showed that all three perovskites exhibit non-zero
band gaps (E,), suggesting favorable electronic properties for STCH that are discussed in more
detail in the following section. Finally, L2ZMN, GLMN and G2MN possess mean oxygen vacancy
formation enthalpies, AH,,,., within the STCH active range defined by Bare et al.,> which
identified these compositions as STCH candidate perovskite oxide redox mediators. In the present
work, we computationally characterized the LZMN, GLMN and G2MN perovskite oxides using
the SCAN meta-GGA functional to accurately capture the STCH relevant properties of these
candidate redox mediators.

B. DFT Structures and Electronic Properties of Bulk LZMN, GLMN and G2MN

The initial L2ZMN, GLMN and G2MN perovskite structures used as inputs for DFT
optimization were generated in the Pnma space group with the a-b+a- perovskite Glazer tilt*° using

the Structure Prediction and Diagnostic Software (SPuDS) program,3! consistent with the



procedure reported by Bare et al.?> LZMN, GLMN and G2MN structures were generated with rock
salt B-site ordering, whereas the Ewald sum over the two Gd and two La sites was minimized for
GLMN, resulting in rock salt A-site ordering. Because the SPuDS program enforces symmetry
constraints on the perovskite structure A-site positions and BOs octahedra during structure
generation --- and these unrealistically constrained symmetries can persist as artifacts during DFT
optimization --- all sites were rattled to break site symmetries prior to DFT optimization. The
positions, cell shapes and cell volumes of bulk L2ZMN, GLMN and G2MN were optimized such
that the forces on all ions converged to less than 0.02 eV/atom, consistent with the Materials
Project SCAN relaxation set. As discussed in Section II of the SI, the oxidation states of Gd, La,
Mn and Ni are confirmed by DFT to be +3, +3, +4 and +2, respectively, in all three materials. The
DFT optimized bulk structures of LZMN, GLMN and G2MN are displayed in Figure 1.

Figure 1 shows that, as the fraction of Gd increases relative to La, the unit cell volume
generally decreases, and the length of the b lattice vector increases relative to that of the ¢ lattice
vector. This is accompanied by an increase in corner-sharing BOs octahedral tilting magnitude(s)
as characterized by the Robocrystallographer python package,[REF] with tilt angles that range
from 19-22° for LZMN, 24-29° for GLMN, and 31-32° for G2MN. Additionally, the equatorial B-
O-B bond distances lengthen with increasing Gd content relative to axial B-O-B bond distances,
which are attributed to Jahn-Teller type distortions frequently observed for NiOs and MnOs
octahedra.’> Averaged over the unique NiOs and MnOs octahedra in each 20-atom perovskite
representation (two BOg per Ni and Mn in each structure), the equatorial-to-axial B-O-B bond
length ratios of NiO¢ and MnOs octahedra are 1.001:1 and 1.001:1 in L2MN, and 1.020:1 and
1.010:1 in G2MN. This results in G2MN octahedra that are axially compressed. In GLMN, the

equatorial-to-axial B-O-B bond length ratios of NiOs and MnOg octahedra are 1.006:1 and 1.003:1,



and its BO¢ octahedra are therefore partially compressed relative to L2ZMN. As characterized by
differences in B-O-B bond distances between NiOs and MnOg octahedra in the same structure,
GLMN octahedra are generally more distorted than L2ZMN and G2MN octahedra. Whereas B-O-
B distances typically vary by < 0.001 A in G2MN and L2MN compositions --- for example, the
axial B-O-B are 4.044 A and 4.044 A for the two unique NiOs octahedra of L2MN --- these
distances can vary by > 0.03 A in GLMN, as shown by the NiOs octahedra of GLMN with axial
B-O-B of 4.030 A and 4.070 A. These variations between B-O-B distances in GLMN arise to
accommodate the different A-site elements, i.e., La and Gd, present in the GLMN perovskite

lattice.

Space Group: P1 (triclinic) Space Group: P1 (triclinic) Space Group: P1 (triclinic)

a= 549126 A  a=190.0062° a= 5.38447A  =89.7589° a= 526355A a=90.0160°
b= 545004 A B =90.1098° b= 547712A PB=89.9712° b= 552671A B=90.3193°
c=7.69885A y=90.0082° c= 7.64226 A y=90.3262° c= 752621 A y=90.0280°
V =230.4078 A3 V =225.3749 A3 V =218.9349 A3

Figure 1. DFT-optimized perovskite structures of LZMN, GLMN and G2MN (from left to right)
using the SCAN functional (see SI for PBE optimized structures). a, b and c lattice directions are
shown for reference. All structures optimized to the triclinic crystal system with space group P1.
As the proportion of Gd increases relative to La, the DFT predicted unit cell volumes decrease and
the b/c lattice vector ratio increases, corresponding with an increase in equatorial B-O-B bond

lengths relative to axial B-O-B lengths for the BO¢ octahedra.



Furthermore, we evaluated the band gaps, E,, and density of states (DOS) effective masses,
m;, of the DFT optimized bulk perovskite phases. As described by Lany,** the multiplicity of
electronic states at the conduction band minimum (CBM) is characterized by the DOS effective
mass, m,. Large m; can contribute positive, solid-state electronic entropy of thermal reduction,
ASTRetec,> Which decreases the free energy of reduction, AGrg, especially at high reduction
temperatures. Decreased AGry at thermal reduction temperatures increases the concentration of
oxygen vacancies formed, thereby increasing STCH production capacity and benefitting overall
STCH performance.?* To preferentially screen for perovskite compositions where m; might
contribute significantly to ASyg o0, Bare et al.?> did not consider any metallic perovskites, i.e.,
those with E; = 0 and therefore mg = 0. We characterized the Egs and mgs of L2ZMN, GLMN and
G2MN --- which were predicted by Bare et al.?> to be semiconductors --- and report their element-
projected DOS (pDOS) plots in Figure 2 below, where the pDOSs are colored based upon the

elements contributing electronic states.
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Figure 2. Element-projected density of states (pDOS) plots for L2ZMN, GLMN and G2MN.
Electronic states with spin-up magnetism are indicated by the solid lines, whereas electronic states
with spin-down magnetism are indicated by the dashed lines. LZMN, GLMN and G2MN exhibit
Egs of 1.88 eV, 1.92 ¢V, and 1.93 eV, respectively, and mgs of 4.44, 4.43 and 5.21, respectively.

La, Gd, Mn, Ni and O electronic states are designated by the colors green, purple, orange, blue and

red, respectively.

Our results show that all three compositions are semiconductors, in agreement with the
results reported by Bare et al.?> For all three compositions, the valence band maximum (VBM) is
dominated by O and Ni electronic states and the CBM is dominated by Mn electronic states with
some Ni character, consistent with previous computational investigations of complex perovskite
oxides that showed that the electronic states of perovskite B and X-sites typically dictate E;.*> The
band gaps and m¢s of LZMN, GLMN and G2MN are markedly similar, with computed Ejs of 1.88
eV, 1.92 eV, and 1.93 eV, and computed m;s of 4.44, 4.43 and 5.21, respectively. As shown in

Section IIT of the SI, all compositions possess a large number of similar-energy lanthanide



electronic states between 4-6 eV above the Fermi level. These states are energetically inaccessible
at practical STCH reduction temperatures, Trr < 1500°C, and therefore do not contribute to the
my. Despite this, G2ZMN has a larger m; than L2MN and GLMN, consistent with the results
reported by Bare et al. that showed that the substitution of Gd** for La** in ABOs perovskite oxides
generally increases m;. However, for the La-Gd-Mn-Ni-O systems investigated herein this
increase in m;, is caused by the slight increase in Mn electronic state density near the CBM when
Gd is fully substituted for La, rather than a large density of unoccupied Gd electronic states near
the CBM. Although DFT predicts small changes in m;s between both L2ZMN and GLMN, and
G2MN, the similarities between their electronic properties suggest similar solid-state ASyg gec
contributions to the Gibbs free energies of reduction, AGrgs, in these materials.

C. DFT Oxygen Vacancy Defect Properties of LZMN, GLMN and G2MN

Known STCH perovskite redox mediators --- including Sro.cLao.4Mno.sAlo.4O3 (SLMA)'¢ and
BaCeo.2sMno.7503 (BCM)"> --- are reduced by off-stoichiometric mechanisms,3® whereby oxygen
vacancies form at STCH thermal reduction temperatures while the perovskite structure is
preserved. This mechanism enables these perovskite redox mediators to maintain the perovskite
phase for many redox cycles, resulting in their near-constant STCH production and their overall
durability. For the present investigation, we evaluated the DFT oxygen vacancy formation
enthalpies, AHp,qc, of L2MN, GLMN and G2MN using Equation (1), which assumes these

materials also operate through the off-stoichiometric reduction mechanism:

d t
AHppae = ELTCC — EL9SE + o, (1)

where E[%5t is the DFT total energy of the bulk perovskite oxide, Efoetf °t is the DFT total energy

of the reduced perovskite oxide, and p, is the DFT-computed chemical potential of oxygen. We

defect

calculated E, ;

for all unique oxygen vacancy sites present in the 20-atom bulk perovskite
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oxides, as determined using pymatgen’s SpacegroupAnalyzer module, and computed p, as the
energy per atom of a single O2 molecule isolated in a 10 A x 10 A x 10 A unit cell. As shown in
Section IV of the SI, the choice of reference y, changes the absolute predictions of AH,,., but
does not change the relative predictions of AH,),,,. between redox mediator candidates.

The 0 K AHpyq.s computed using DFT are often used to estimate the thermal reduction
enthalpies of STCH materials, AHpgs, which along with AS;; define AGrg. Viable STCH redox
mediators should have AHpy greater than the standard state formation enthalpy of steam, AHy_ o (4)
~ 2.5 eV atom’!, as redox mediators with AHy, o) < 2.5 eV atom’! may still split water but
typically incur unfavorable energetic penalties during STCH cycling. Rather than compare the
DFT-computed AHg,q, of LZMN, GLMN and G2ZMN to the experimental AHy, (4, in the present
work we compared AH,q.S to the DFT-computed AHy,,,. of the gold-standard STCH perovskite
redox mediator, CeO2 (ceria). At reduction temperatures between 1500°C < Trx < 2000°C, CeO2
exhibits exceptional STCH hydrogen production®’ and functions by an off-stoichiometric
reduction mechanism?® similar to that reported in STCH active perovskite oxides. However, the
large AHri of CeO2 leads to insufficient hydrogen production at Trg = 1350°C, and even at Ty <
1500°C."> To avoid the complexities of engineering ultra-high temperature industrial STCH
reactors, a thermal reduction temperature Typ < 1500°C is desired. Commercially viable STCH
perovskite oxide candidates should therefore have computationally predicted AH,,,, less than that
of ceria. The AH,,. calculation results for LZMN, GLMN and G2MN, as well as the AHy,,. of

CeOz, are shown in Figure 3.
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Figure 3. Distributions of AH,,,,.s computed with the SCAN functional for LZMN, GLMN and
G2MN perovskite oxides, where AH,,,.s were calculated for all twelve unique oxygen sites in
each 20-atom DFT structure. AH,,4s that differed by less than 10 meV atom™' were deemed
equivalent within DFT error, as indicated by the side-by-side circles colored to indicate the host
material. Average AHp,qcS, AHpyqc, are indicated by black stars. AH,,,. = 4.60 eV atom™! for
L2MN, AH,,4. = 4.60 eV atom™ for GLMN, and AH,,,,. =4.59 eV atom’! for G2MN, suggesting
that these three perovskite compositions will possess similar AHyy. For comparison, the AH .S
of 4.74 and 3.97 eV atom™' for the known STCH redox mediators CeO2 and GdLaCoFeOs (GLCF)

are also shown, respectively.

The AHpyq.s of all unique oxygen sites for LZMN, GLMN and G2MN are displayed in
Figure 3. The average AH 4.5, AHppge, of LZMN, GLMN and G2MN are 4.60, 4.60, and 4.59
eV atom’!, respectively, and are therefore less than the DFT-computed AH,,,. of CeO:

(AHpyac,ceo,= 4.74 €V atom™). Also shown is the DFT-computed AH g of the perovskite oxide
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redox mediator GdLaCoFeOs (GLCF), which was recently demonstrated by Park et al. to be STCH
active.* The AH,qcs of LZMN, GLMN and G2MN are much higher than the AH,,,. of GLCF,
which suggests that GLMN and L2MN will form lower concentrations of oxygen vacancies than
GLCF at Ty = 1350°C. However, the oxygen vacancies formed by L2ZMN, GLMN and G2MN
should provide greater thermodynamic driving force for splitting H2O than those of GLCF, as
indicated by the larger AH,,,.s of these materials. In the following section(s), we justify the
experimental STCH behaviors of the mixed Mn/Ni perovskites, CeO2 and GLCF using the relative

potencies of computationally predicted AH,q.S.

When oxygen atoms are removed from a metal oxide upon oxygen vacancy formation, the
electrons withdrawn from the surrounding metal atoms by the more electronegative oxygens are
transferred back to the lattice to occupy electronic states at the Fermi level. All previously reported
STCH-active perovskite compositions that reduce via oxygen vacancy formation include at least
one redox flexible cation that accepts this electron density.!>1022-24 Figures S6a-c of Section V of
the SI show the average change in electronic charge, Aq, of nearest-neighbor cations following the
removal of a single, charge-neutral oxygen atom from the (a) L2MN, (b) GLMN and (c) G2ZMN
perovskites computed using Bader charge analysis.>**? In all compositions, nearest-neighbor Mn**
and Ni** cations are reduced when oxygen vacancies form. To investigate the extent of these
reductions, we compared the magnetic moments pup of the nearest-neighbor Mn and Ni cations in
the bulk and oxygen-defect structures. For reference, the Gd and La f-orbital magnetic moments
are the same in the host and defect structures, indicating that these cations remain in the +3
oxidation state following reduction. Figure 4a shows the average change in the magnetic moments
of the Mn and Ni nearest-neighbors to the O vacancy of the host and defect structures, Aus. Aus

of nearest-neighbor Ni cations decreases upon oxygen vacancy formation, consistent with the Ni?*
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to Ni' transition represented by Ni’s octahedral field splitting diagram shown in Figure 4b.
Furthermore, Aus of nearest-neighbor Mn cations increases upon oxygen vacancy formation,
consistent with the octahedral field splitting of the Mn*" to Mn3" transition shown in Figure 4c.
These results confirm that both Mn*" and Ni?* are partially reduced following vacancy formation,

and suggest that these cations are redox active in LZMN, GLMN and G2MN.
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Figure 4. a) Differences in d-orbital magnetic moments for Mn and Ni cation nearest-neighbors
to the oxygen vacancies of LZMN, GLMN, and G2MN. On average, the magnetic moments 1B
increase for Mn and decrease for Ni. b) Octahedral field splitting diagrams for high-spin Ni** and
Ni* exhibit a decrease in us upon reduction, in agreement with the DFT predicted magnetism. ¢)
Octahedral field splitting diagrams for high-spin Mn*" and high-spin Mn3" exhibit an increase in

uB upon reduction, in agreement with the DFT computed magnetism.

D. DFT Computed Oxygen Vacancy Bulk Diffusion Barriers
At STCH thermal reduction conditions, O vacancies form at the redox mediator surface
and diffuse into the bulk material. When steam is introduced into the STCH reactor at oxidizing
conditions, these vacancies migrate back to the surface, split water and re-oxidize the material.
While the vacancies’ thermodynamic driving force to reduce water dictates whether water splitting
occurs spontaneously, the ease with which O vacancies diffuse through the bulk dictates the rate

at which O vacancies migrate to the surface and thus the rate of hydrogen production. Smaller
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diffusion barriers correspond with faster redox kinetics, which enables more vacancies to
participate in water splitting during a redox cycle and increases total STCH production. DFT has
been shown to accurately predict these bulk diffusion barriers. For example, DFT studies of ceria
have reported bulk diffusion barriers of between 0.45 eV and 0.60 €V,** which generally agree
with the experimentally determined range of barriers of 0.53 eV to 0.76 eV .4446-48

We computed oxygen vacancy diffusion barriers of 0.78 eV for LZMN, 0.87 eV for GLMN
and 0.94 eV for G2MN using the climbing image Nudged Elastic Band (NEB) method* >3 as
implemented in the Vienna Ab-initio Simulation Program, VASP3+% (see Computational Details).
These DFT computed diffusion barriers are higher than those previously reported for ceria, and
trend inversely with the DFT optimized unit cell volumes, where L2ZMN has the largest volume
(230.41 A®) and the smallest transition state barrier. The STCH bulk diffusion kinetics of L2ZMN,
GLMN and G2MN are therefore predicted to be less facile than those of CeO2, with G2ZMN being
the most kinetically limited of the three materials. These results suggest that substituting Gd3* for
the larger radius La’" cation, which causes greater tilting and more asymmetrical distortion of the
octahedra as described in Section IB, can inhibit the bulk diffusion of oxygen through the

perovskite lattice to the detriment of STCH performance.

II. Syntheses of L2ZMN. GLMN and G2MN, and Measured STCH Activities

A. Synthesis and Confirmation of L2ZMN, GLMN and G2MN Perovskites

L2MN, GLMN, and G2MN were synthesized using a modified Pechini (citrate gel)
method.’” The metal nitrate salts Gd(NO3)3-6H20, La(NOs3)3-6H20, Mn(NOs3)2-6H20, and
Ni(NO3)3-:6H20 (all Sigma Aldrich, > 99% pure) were each dissolved in deionized water, and citric
acid was added to each solution in a 2:1 molar ratio of citric acid to total metal cations. The solution

was then stirred and heated in a glass beaker at 100°C for 30 minutes, before being heated to 200°C

15



and held without stirring until a viscous gel formed. The solution was dried overnight at 100°C,
and the resulting sample was subsequently ground into a powder and calcined using a two-step
process. In the first step, the sample was heated to 850°C for 18 hours in air to form the binary
metal oxides. In the second step, the sample was heated to 1500°C for six hours in air to form the
perovskite phase. Powder x-ray diffraction (PXRD) was performed on the as-synthesized and post-
cycled materials with a Bruker D8 Advance diffractometer, using Cu-Ka radiation over the 26
range between 15° and 100° and a step size of 0.03°. PXRD confirmed the formation of the
perovskite phase, as shown in Figure 5, and limited phase degradation between the as-synthesized
and post-cycled materials, as discussed in Section VI of the SI. As shown in Table 1, lattice
parameters and unit cell volumes were characterized by Rietveld refinement using the FullProf
crystallographic program.®® Peak profiles were modelled using a pseudo-Voigt function, and the
reported refined parameters include the scale factor, atomic positions, and lattice parameters.
Rietveld refinement confirms that the unit cell volumes and lengths of the @ and c lattice vectors
increase as Gd*" is substituted for La’", whereas the length of the b lattice vector decreases, in
agreement with or DFT results. PXRD confirms that L2ZMN, GLMN and G2MN adopt the

monoclinic crystal system, which is consistent with previous experimental characterization.>®
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Figure 5. Rietveld analysis results for PXRD diffractograms of the a) LZMN, b) GLMN, and c)
G2MN perovskite oxides.

Table 1. Rietveld refined structural parameters of LZMN, GLMN, and G2MN.

L2MN GLMN G2MN
a(A) 5.51393 5.42108 5.29488
b (A) 5.46382 5.48116 5.56239
c(A) 7.74594 7.67933 7.55880
o (°) 90.11171 90.04750 89.95772
B (°) 90.07932 89.94762 90.01279
¥ (°) 90.02953 89.88694 89.91296
V (A3) 233.362 228.181 222.623
Rp (%) 15.3 16.3 18.9
Rup (%) 21.6 20.9 24.1
RBragg (%) 8.85 17.1 17.3

2 1.29 1.20 1.30

B. The STCH Activities of L2ZMN, GLMN, and G2MN

STCH activity was tested at Sandia National Laboratories in a stagnation flow reactor
(SFR) coupled with a laser-based sample heater and a downstream mass spectrometer.®® All
experiments were conducted at sub ambient pressure (75 torr). Sample aliquots of the ~100 mg
powdered materials were placed at the SFR stagnation plane in a shallow, loosely packed bed. A
furnace was used to maintain the water-splitting temperature (7ws) at 850°C. Samples were heated
from Tws to a reduction temperature 7tr = 1350°C by near-infrared laser irradiation at a rate of
10°C s'!. Samples were held at Trr for 330 s under a continuous flow of UHP argon (Ar).
Following thermal reduction, the laser was turned off and the sample was allowed to cool naturally

to Tws (elapsed time ~190 s), after which 40 mol% steam in UHP Ar was flowed over the sample
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for a period of 1200 s. The flow rates of oxygen evolved during reduction, and hydrogen produced

during oxidation, were measured using a mass spectrometer at a collection rate of ~4 Hz.

Representative water splitting cycle data for LZMN and GLMN are shown in Figure 6, where both

samples were subjected to an initial reduction step from their fully oxidized states, followed by

three complete water splitting redox cycles.
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Figure 6. Oxygen and hydrogen production rates normalized by sample mass of a) L2ZMN and b)
GLMN. Trr = 1350°C for 330 s in UHP Ar and 7Tws = 850°C for 1200 s in 40 mol% steam in Ar.
The legend lists the integrated total for the first oxygen peaks of GLMN and L2MN and the
averages of the subsequent oxygen and hydrogen peaks.

L2MN and GLMN exhibited similar hydrogen yields under the conditions tested. L2ZMN
produced 52, 67, and 71 umol g! hydrogen for each consecutive cycle, whereas GLMN produced
64, 65, and 66 umol g'! hydrogen for each consecutive cycle. These yields are higher than those
observed for CeO2 (50 umol g*!') and lower than those observed for GLCF (67, 90, and 101 umol
g’! over subsequent cycles)’** under the same reaction conditions, in qualitative agreement with
their computed AH 4. In contrast, G2MN produced ~4 umol g™! per cycle over two consecutive
redox cycles (see SI Section VII), and is therefore considered inactive for STCH. Both L2MN and
GLMN exhibited similar peak hydrogen production rates of approximately 0.5 umol g'! s'!. For
both samples, more oxygen evolved during the initial reduction step (85 and 78 pmol Oz g! for

L2MN and GLMN, respectively) than in subsequent reduction steps (57, 52, and 49 and 53, 47,
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and 44 pmol Oz g'! for LZMN and GLMN, respectively), suggesting that these materials do not
return to their fully oxidized state in the 1200 s allotted for water splitting. This behavior has been
observed in other water splitting perovskite oxides and is attributed to kinetically-limited
reoxidation of these materials'> as well as to thermodynamic limitations under the milder oxidation
conditions of steam relative to oxygen.

C. STCH Activities under the High Conversion Condition

Additional STCH characterizations of L2ZMN and GLMN were performed at the “low”
steam-to-hydrogen molar ratio of 1333:1 using controlled mixing of hydrogen and steam (a dilute
mixture of hydrogen in 40 mol% steam with the H2O:H2 = 1333:1 and Ar balance). These
conditions are typically used to evaluate a material’s oxidation performance in the presence of the
Ha reaction product, which better represents the operating conditions of industrial reactors. Adding
0.0003 mol% H2 to 40 mol% steam reduces the equilibrium oxygen fugacity from 1.24-107 atm
to 9.28-10°12 atm under test conditions, which has a profound effect on a material’s ability to re-
oxidize. The system’s thermodynamic driving force to split the water molecule and re-populate
the redox mediator’s lattice oxygen vacancies drops by orders of magnitude under this high
conversion condition. However, any material deemed commercially viable will have to maintain
water-splitting favorability at H>O:Hz ratios < 10. A water splitting cycle for LZMN, GLMN, and
GLCF at the steam-to-hydrogen ratio of 1333:1, and comparison to other known STCH redox

mediators, is shown in Figure 7.
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Figure 7. a) Mass-normalized H2 production rate measured under high conversion water splitting

conditions of GLCF, L2MN, and GLMN at a 1333:1 steam-to-hydrogen ratio. 7rr = 1350°C for
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330 s in UHP Ar and Tws = 850°C for 1200 s in a mixture of H2, H20, and Ar as described in the
text. b) Comparison of water splitting activity of GLCF, L2ZMN, and GLMN to SLMA4664, BCM,
and CeO2 under the same conditions for both 40 mol% steam and high conversion conditions. The
legend indicates the percent reduction in water splitting activity from 40 mol% steam to a 1333:1
steam-to-hydrogen ratio.

As discussed above in Section IIB, the water splitting behaviors of LZMN and GLMN are
similar under oxidizing conditions where all product Hz is removed and 40 mol% steam drives re-
oxidation to the kinetic limit. This suggests that LZMN and GLMN possess similar water splitting
thermodynamics (as justified by their similar DFT-computed 4Hovac and mjvalues) and kinetics
at these conditions. Whereas GLMN and L2MN exhibit decreased water-splitting behavior at these
conditions relative to GLCF, they exhibit enhanced-water splitting behavior relative to GLCF
under high conversion conditions, with production capacities of 36 and 34 pumol g!' hydrogen
compared to 14 pmol g!. Most known water splitting materials do not produce hydrogen under
high conversion conditions due to the low equivalent oxygen partial pressure present during
reoxidation (9.28-107!2 atm for a steam-to-hydrogen ratio of 1333:1). To date, only a few water-
splitting materials (including BCM, SLMA and CeO:) have been shown to produce hydrogen
under these conditions; our results show that GLMN and L2MN successfully maintain ~56% of
their hydrogen yields relative to 40 mol% steam conditions. However, GLMN and L2MN exhibit
decreasing hydrogen yields with decreasing steam-to-hydrogen ratios, which is similar behavior
to that of BCM. This is dissimilar to the behavior of CeO2, which exhibits no reduction in hydrogen
yield at a steam-to-hydrogen ratio of 285:1.!> We attribute variations in STCH capacities at high-
conversion conditions to the AH7r distributions of oxygen vacancies in GLCF, GLMN and L2MN
relative to CeOz. The 4H,,,. of GLMN and L2MN are slightly lower than that of CeO: (i.e., <
0.2 eV atom™), and the 4H,,,. of GLCF is significantly lower than that of CeO: (i.e., > 0.7 eV

atom™'). While the oxygen vacancies in redox mediators under STCH conditions are not static, i.e.,
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vacancies can diffuse through these materials and therefore the 4Hovac distribution(s) can vary, the
AH 4. of GLMN and L2MN suggests that the oxidation thermodynamics in these materials are
less than that of CeO2 and greater than that of GLCF. Under increasingly higher concentrations of
hydrogen present in steam, this should decrease STCH production relative to CeO2 and increase
STCH production relative to GLCF, at least until an oxygen chemical potential is reached where

STCH production ceases for GLCF, L2ZMN and GLMN.!3

Conclusions

The DFT-computed electronic properties and distribution(s) of oxygen vacancy enthalpies
computed for LZMN, GLMN, and G2MN suggests that these materials will exhibit similar STCH
thermodynamics at thermal reduction temperatures 7tr < 1350°C. However, DFT computed
oxygen vacancy diffusion barriers suggest that the substitution of Gd for La can inhibit redox
kinetics. Characterization of water splitting performance over three redox cycles confirmed that
GLMN exhibits similar hydrogen production to LZMN (64 umol g, 65 umol g*! and 67 umol g!
compared to 52 umol g!, 67 umol g'! and 71 umol g!) at T'tr = 1350°C and Tws = 850°C, but that
G2MN is STCH inactive. L2MN and GLMN improve upon the production capacity of CeO: at
these redox conditions, which is measured to be 50 pmol g!, consistent with the oxygen vacancy
enthalpies computed for these materials. At low steam-to-hydrogen ratios (1333:1), GLMN and
L2MN exhibit hydrogen production capacities of 36 umol g*! and 34 pmol g*' compared to the 50
umol g™ production capacity observed in CeO: and the 14 pmol g' AH,,,4.. The high-conversion
capacities of GLMN and L2MN lie between those of GLCF and CeO2, which is consistent with
the computed AH,4.5. The low steam-to-hydrogen ratio conversion observed in GLMN and
L2MN is particularly significant, as only certain redox mediators exhibit this behavior, and it

substantiates mixed Mn/Ni perovskite oxides as a compelling materials space for STCH
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applications. We recommend that the stoichiometric fractions of Mn/Ni in GLMN and L2MN, as
well as the identities and stoichiometries of the A-site cations, be further optimized in these
materials to maximize STCH production at 7tr < 1350°C, while attempting to preserve STCH

production at low steam-to-hydrogen ratios.

Computational Details
The L2MN, GLMN and G2MN perovskite structures were generated using Structure

Prediction and Diagnostic Software (SPuDS),3! which predicts the magnitude of BOs octahedral
tilting by minimizing the bond-valence method (BVM)®' global instability index, GII. As
demonstrated by Morelock et al., BVM GII strongly correlates with the DFT energetics of BOg¢
octahedral tilting in experimentally observed ABO3 perovskite oxide compositions when its Ry
parameters are optimized to reproduce DFT relative stabilities.®> Bare et al. showed that for ternary
perovskites the a-b+a- Glazer tilt phase generated by the SPuDS program in the orthorhombic
crystal system is the predicted ground state for 95% of experimental and theoretical ABO3
perovskite oxides.®® Therefore, in the present work only the a-b+a- Glazer tilt phases of L2MN,
GLMN, G2MN and GLCF were generated using SPuDS and optimized using DFT with the SCAN
functional, eliminating the computational expense associated with DFT optimization of the six
other mixed B-site element Glazer tilts (A2BB’Og) that can be generated by SPuDS.

SCAN calculations were performed using VASP version 5.4.13%3¢ and periodic boundary
conditions utilizing projector augmented wave (PAW) pseudopotentials. The electronic wave
functions were expanded in a plane wave basis set with an energy cutoff of 600 eV. The Brillouin
zones were sampled during geometry optimizations using the Monkhorst-Pack algorithm to
automatically generate a I'-point centered k-point mesh with a grid density of at least

2000/(atoms/unit cell). The specific PAW pseudopotentials used are consistent with pymatgen’s
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MPScanRelaxSet. Single point magnetic samplings of the L2MN, GLMN and G2MN bulk
structures were performed using pymatgen’s MagneticStructureEnumerator module. Subsequent
AHovac calculations for defective structures were performed using the same spin-initialization as
the magnetically-sampled LZMN, GLMN and G2MN ground states, and calculated in the defect
concentration limit Cq = 0.0833 to avoid spurious interactions with periodic images. AHovac values
were computed for all unique oxygen sites in the DFT-optimized L2MN, GLMN and G2MN host
structures as determined by pymatgen’s SpaceGroupAnalyzer, resulting in a distribution of 4AHovac
for each perovskite.

The climbing image NEB method* >3 used herein identifies the transition state by
optimizing a set of images interpolated between an initial and final state,** with the constraint that
images are connected to their neighbors via a spring force. The images therefore cannot shift too
far along or outside the initial pathway during optimization, ensuring uniform sampling of the
pathway and a realistic transition state upon convergence. Climbing image NEB pushes the highest
energy image towards the transition state, which in the present investigation are the transition states
corresponding to the oxygen vacancy bulk diffusion barriers of L2ZMN, GLMN and G2MN. The
initial and final images for LZMN, GLMN and G2MN were taken from AHovac calculations, and
are defect structures with two different oxygen vacancy sites that are octahedrally-coordinated by
the same B-site cation. All images along the transition state pathways, including transition states,

were converged with forces on all atoms of less than 0.05 eV/atom.
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