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ABSTRACT: Two-step, solar thermochemical splitting of water
using nonstoichiometric redox-active metal oxides has emerged as
an intriguing approach for large-scale hydrogen production.
Perovskites have been proposed as alternatives to state-of-the-art
fluorite CeO,_; because of their potential for lowering reduction
temperature while maintaining high fuel productivity. Guided by
computational insights, we explore the thermodynamic properties
and water splitting efficacy of the cubic perovskite SrTiysMnyO3_5
(STMSS). Thermogravimetric analysis is performed under
controlled oxygen partial pressures (pO,) and temperatures up
to 1500 °C, from which both the enthalpy and entropy of
reduction as a function of oxygen nonstoichiometry are
determined. STMSS provides an attractive combination of
moderate enthalpy, 200—250 kJ (mol-O)~’, and high entropy,
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with unusual 6 dependence. Using a water splitting cycle in which the material is thermally reduced at 1350 °C (pO,, ~107° atm)
and subsequently exposed to steam at 1100 °C (steam partial pressure of pH,O = 0.4 atm), we demonstrate a hydrogen yield of 7.4
mL g~'. Through both half-cycles, the material remains largely in quasi-equilibrium with the gas phase, as reflected in the agreement
of the measured data with predicted profiles based on the thermodynamic data. This behavior indicates rapid surface and bulk
diffusion kinetics. Cyclic operation showed the material to be free of degradation and always resulted in a 2:1 yield of H,/O,.
Opverall, STMSS provides outstanding performance characteristics for thermochemical hydrogen production.

1. INTRODUCTION

Solar thermochemical generation of hydrogen via thermochem-
ical redox cycling has emerged in recent years as a candidate route
for storing the earth’s vast supply of solar energy in an easily
dispatched and environmentally benign form."” In its simplest
embodiment, solar thermochemical hydrogen (STCH) produc-
tion is a two-step process encompassing high-temperature
reduction of a variable valence oxide, followed by reaction of
the reduced oxide with steam. In the second, water-splitting step,
typically carried out at lower temperature than the first one, the
oxide preferentially removes oxygen (O,) from steam to attain a
more oxidized state, consequently releasing hydrogen (H,). The
STCH process, which includes more complex reaction schemes
than that offered by variable valence oxides, is one among a broad
range of approaches currently under development in pursuit of
solar fuels, where chemical energy carriers are produced using
sunlight as the energy source.”® In comparison to these other
approaches, STCH offers several advantages including utilization
of the entire solar spectrum, no need for precious metal catalysts,
and temporal isolation of the oxygen and hydrogen production
steps (easing gas separation requirements). Implementation
using variable valence oxides offers the additional advantage of
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reliance on robust materials that can operate for many hundreds of
cycles.

The first demonstration of technological viability of the variable
valence oxide approach was achieved with ceria,” a material that
enables not only hydrogen production but also reduction of CO,
for CO and even methane production.” In the intervening years,
the need to develop alternative STCH materials that function at
reduced temperature relative to ceria has been recognized.”
Ideally, thermal reduction can be carried out at a temperature of
no more than ~1400 °C so as to minimize solar re-radiation losses
and ensurelonglifetimes of auxiliary reactor components, without
penalizing the fuel productivity (fuel generated per cycle).
Perovskite-structured oxides, of generic stoichiometry ABO;,
have garnered significant attention in this regard.”~'* For high-
temperature thermochemical applications, the B cation is a
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variable valence species, typically a transition metal, whereasthe A
cationisanalkaline orrare earth element. The redox propertiesare
exquisitely tunable by partial substitution and doping on the Aand
B sites, and investigations of this family of compounds have given
rise to materials with attractive fuel productivity. Examples
include La Sr;_ Mn 1_y03_513’14 (0<x<1,0<y<1),
La,_,Sr,MnO;_;'>'® (x = 0.1-0.4), Lag Cag4MngAlg40;_5 '~
LaGay,Coo¢O0;5_5'° and the perovskite-related material Ba-
CegrsMng,505_5"" These advances demonstrate the viability
of perovskites for STCH applications and open the door toward
the development of materials with even higher fuel productivity
than attained to date, a key step toward high efficiency in the
sunlight-to-fuel conversion process.

Given the vast composition space available for exploration
within the perovskite system, one can anticipate continued
progress beyond the achievements demonstrated to date,
particularly if guided by insights into materials chemistry.
Defining the optimal set of thermodynamic properties of a
STCH material, however, remains a vexing problem. A material
that readily releases oxygen in the thermal reduction step typically
has a small driving force for reoxidation by steam in the water
splitting step,” resulting in a poor steam to hydrogen conversion
ratio.'”'®*’ In a temperature swing thermochemical cycle (as
opposed to an isothermal cycle), this contradiction can in
principle be overcome by developing a material with a large
entropy of reduction.”! To date, however, materials development
efforts have largely focused on manipulating the enthalpy of
reduction as a parameter that can rationally tuned by selecting
elements with known oxygen binding energies22 or by following
atomistic computational predictions.”””>> Few strategies for
manipulating the entropy of reduction have emerged. The
challenge, asiswellknown, lies in the fact that the entropyislargely
dominated by the configurational entropy that results from
creating oxygen vacancies.”® Furthermore, in many cases,
demonstrations of fuel productivity by direct thermochemical
cycling are presented without the corresponding thermodynamic
data,'” and thus, it is difficult to assess the origins of attractive fuel
yields.

In a recent study aimed at evaluating oxygen storage materials,
Bulfin et al.”’ reported the thermodynamic properties of
CaMnO;_sand Cay ¢Sty ,MnO;_sand revealed (experimentally)
that these materials display relatively large entropies of reduction.
The properties of CaMnO;_; are in general agreement with the
results obtained by the present authors in a study of candidate
thermochemical heat storage materials.”” Perovskites of the form
AMnO;, in which A is an alkaline earth metal, have historically
received less attention than those in which A includes partial or
complete substitution with a lanthanide,”® ' and thus, their
thermodynamic properties are relatively poorly characterized.
The potential of such materials for thermochemical applications
has been suggested in recent computational studies of a large
chemical space of A(B'B”)O;*” and (A’A”) (B'B”) 05" materials
in which A-site cations are alkaline earth elements and B’ and B”
include transition metal elements, and promising experimental
results have been reported from BaCe,,sMny ;505,"” a hexagonal
perovskite-related material. Among the end member AMnO;
compounds (A = Mg, Ca, Sr, or Ba), only CaMnOj; adopts a
perovskite-type structure under ambient conditions, in this case
with an orthorhombic distortion.” No compound of stoichiom-
etry MgMnOj appears in the literature, whereas SrMnOj; and
BaMnO; adopt hexagonal structures related to hexagonal
BaTiO;.”? Although the high entropy of reduction of
CaMnO;_; renders it attractive as a STCH material, it suffers
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from a relatively low enthalpy of reduction, particularly in the
cubic phase (the structure adopted upon slight reduction),
implying a thermodynamic constraint on the water splitting step.
Moreover, the thermal stability of this material is relatively poor.~*

In this work, we examine SrTiy,MngsO;_5 (STMSS) as a
candidate STCH material that may retain the high entropy
benefits of CaMnO;_s-based compositions, as well as their rapid
kinetics,>” while overcoming the disadvantages of too low
enthalpy and poor thermal stability. First, STMSS (unlike
CaMnO;) is known to adopt the cubic perovskite structure at
room temperature,”* and consequently, potential mechanostruc-
tural challenges associated with crystallographic phase changes
from lower symmetric phases upon heating are avoided. Second,
based on the understanding of enthalpy trends now evident in the
perovskite literature,'***~>* we anticipate that partial substitu-
tion of Mn with less reducible Ti will increase the enthalpy to a
more desirable value and that this will also outweigh the lower
enthalpy anticipated by replacing Ca with Sr. The potential
influence of Sris expected from the experimental observation that
cubic StMnOj; has a lower enthalpy than cubic CaMnO;_s.>
Third, because the entropy values reported by Bulfin et al. for
CaMnO; and Ca(4¢Sr,,MnO; are equal to one another within
experimental uncertainty,” we anticipate that the large entropy of
reduction observed in CaMnO; will be retained in an Sranalogue.
A relatively high entropy in alkaline earth-rich manganite
perovskites is further suggested by the trends in the
experimentally measured properties of La,_.Sr,MnQ;.*° In
brief, STMSS is pursued because of its potentially ideal
characteristics, specifically, high entropy of reduction, moderate
enthalpy of reduction, good thermal stability, and cubic phase
across the operating regime, for STCH applications.

The work presented here encompasses a comprehensive
thermochemical evaluation of STMSS. From a combination of
insituand exsitu X-ray powder diffraction studies, we establish the
thermal stability of the cubic perovskite phase. We perform ab
initio computation to evaluate the hypothesis that cubic STMSS
will have a greater enthalpy of reduction than cubic CaMnO;_s.
Using thermogravimetricanalysis (TGA), we measure the oxygen
nonstoichiometry (§) over a range of temperatures and oxygen
partial pressures (pO,) and analyze these data to extract the
model-independent enthalpy and entropy of reduction as a
function of nonstoichiometry. We further carry out reactor-based
hydrogen production experiments over a range of cycling
conditions. By comparison to gas evolution quantities predicted
from the thermodynamic data, we find that the macroscopic fuel
production rate over STMSS5 islargely limited by thermodynamic
parameters rather than material kinetic parameters, with the latter
becoming important when the temperature of the water splitting
step is reduced. Although the fuel productivity naturally depends
on the details of the cycle employed, as one example, we achieve a
hydrogen productivity of 8.3 mL g™ in a cycle involving thermal
reduction at 1400 °C, water splitting at 1100 °C, and a total cycle
time of 90 min. These results render STMS55 a competitive
material for thermochemical hydrogen production and under-
score the importance of quantitative thermodynamic measure-
ments to both predict fuel production profiles under realistic
cycling conditions and guide insights for future materials
engineering.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Phase Stability. The material STM55
was synthesized by a solid-state reaction at 1400 °C under air
(Section A: Methods, Supporting Information). As evident from
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Figure 1. High-temperature in situ XRD of SrTi, sMn, O under air: (a) diffraction patterns obtained at the temperature indicated, upon heating, with
peaks indexed, and (b) refined lattice parameter, reflecting influences of both thermal and chemical expansion. Chemical expansion becomes important

above ~900 °C.

the XRD data (Figure S1, Supporting Information), the material
adopts the archetypical cubic perovskite crystal structure, with Ti
and Mn randomly distributed on the B site, and no evidence of
ordering. Porous monoliths (~51% porosity) for thermal analysis
and thermochemical cycling were prepared by lightly pressing the
STMSS powder and sintering at 1400 °C (2 h, under air).
Elemental analysis by energy-dispersive X-ray spectroscopy
(EDS) broadly confirmed that the targeted stoichiometry had
been attained (Figure S2b, Supporting Information). Quantita-
tive chemical analysis by inductively coupled plasma optical
emission spectrometry (ICP-OES) revealed a Sr/Ti/Mn ratio of
1:0.539:0.490, slightly deficient in Sr and rich in Ti relative to the
target composition, a factor accounted for in subsequent
interpretation of the TGA data. The overall stoichiometry at a
reference state selected for TGA (1000 °C and pO, = 0.075 atm)
was further evaluated via a complete reduction experiment in
which the material was exposed to 3% H, (balance Ar) at 1000 °C
(Figure S3a, Supporting Information). X-ray diffraction (XRD)
analysis of the product revealed a mixture of MnO, Sr,TiO,, and a
small amount of Sr3Ti,0,, with phase fractions in quantitative
agreement with the ICP chemical analysis (Figure S3b,
Supporting Information). Recognizing that A-site vacancies are
the most common cation defect type in perovskites,”” the
stoichiometry of the fully oxidized material is deduced to be
Sto97Tips3Mng 47059, (with an uncertainty of ~3% in each
elemental stoichiometry). Hereafter, the oxygen nonstoichiom-
etry is reported relative to this deduced stoichiometry, which
differs slightly from the target composition of SrTiy sMn, ;O; for
the fully oxidized state. For notational convenience, we retain the
acronym STMSS to refer to the material characterized in this
work.

The phase stability of STMSS on heating under air was
evaluated by in situ X-ray powder diffraction. The lattice constant
increases smoothly from 3.8548(1) A at ambient temperature to
3.9383(1) A at 1400 °C, Figure 1, with no indication of phase
change or decomposition. Exsitu diffraction measurements of the
material after exposure to temperatures as high as 1600 °C under
air and as high as 1500 °C under an oxygen partial pressure as low
as 4.00 X 107> atm (Table S1, Supporting Information) showed
the presence of only the cubic phase (Figure S4, Supporting
Information). The behavior is generally consistent with the high
thermal stability of the end member compounds StMnO; (stable
to 1740 °C under air’®) and SrTiO; (stable to 2050 °C under
air’”). The morphological stability of the porous structure used
for fuel production in thermochemical cycling was evaluated by
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scanning electron microscopy (SEM) imaging before and after
completion of the cycling experiments.

2.2. Thermodynamics of Reduction. Our speculation that
the enthalpy of reduction of STMSS will be higher than that of
(cubic) CaMnO; is supported by density functional theory
(DFT) studies performed as part of a broader computational
effort to screen perovskite oxides for suitable vacancy formation
energetics.”” This approach was first validated by evaluating the
computed enthalpy of AMnO; compounds and comparing them
to experimental results. In the case of CaMnQj, the computed
vacancy formation energy in the ground-state orthorhombic
structure is 222 kJ (mol-O) ™!, identical to the experimental value
[also ~222 kJ (mol-0)~'].** To simplify the calculations of
STMSS, we use asmall (10—20 atoms) perovskite supercell, cubic
St, TiMnOg4 (Fm3m), with a rock-salt-ordered arrangement of Ti
and Mn cations. This choice is motivated by the observation that
nearly all the ordered B-site perovskites are rock-salt-ordered.*’
Recognizing that the experimental structure shows a disordering
of B-site cations, we computed the oxygen vacancy formation
energy for each of the symmetry-distinct oxygen atomsin different
Wyckoff positions. We find only a modest difference in oxygen
vacancy formation energy [less than 10 kJ (mol-O)™'] across
these sites, suggesting that the impact of ordering on the
computed energies is small. We take the lowest value result from
this analysis, ~310 kJ (mol-O)7!, to be representative of the
material behavior. As anticipated, this value is distinctly higher
than the experimentally observed enthalpy of reduction of ~173
kJ (mol-0)~! in cubic CaMnO, .**

Turning to the experimental studies, mass loss profiles were
recorded up to a temperature of 1500 °C under 10 different
oxygen partial pressure conditions between 0.208 and 3.00 X 10~°
atm, Table 1. Because TGA yields the relative change of mass of a
sample, a measurement under the reference state conditions
(1000 °C and pO, = 0.075 atm) was included as part of each suite
of TGA experiments. A relatively large sample (1.388 g) was
employed so as to maximize the absolute mass change and hence
achieve high sensitivity. In the low oxygen partial pressure
conditions, it was observed that because of the large size, the
volume of oxygen released from the sample released caused the
sample environment to deviate from that of the inlet gas. Rather
than employing excessively low heating rates to alleviate this
problem, a stepped heating protocol involving 100 °C steps with
1—4 h of hold times and numerical extrapolation to equilibrium
behavior was implemented. For measurements under an oxygen
partial pressure of 0.0087 atm and higher, a ramp rate of 2 °C
min~! was found to be sufficiently slow that the sample
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Table 1. Experimental Protocol for Thermogravimetric

Measurements of STMS5“

oxygen partial pressure, atm temperature range, °C method and
flow rate: 250 mL min~" ramp rate: 2 °C min™" hold time, h
0.208(2) 300—1500 continuous
0.150(2) 300—1500 continuous
0.075(3) 300—1500 continuous
0.028(1) 300—1500 continuous
0.0087(1) 300—1500 continuous
0.0046(1) 300—1500 stepped, 1 or2
8.19(3) x 107 900—1500 stepped, 2
2.14(4) x 107* 900—1500 stepped, 3
9.79(9) x 10~° 1000—1500 stepped, 4
3.00(8) X 1075 1000—1500 stepped, 4

“The mass change of the ~1.388 g sample was sufficiently rapid in the
higher pO, range to enable accurate data collection under continuous
heating. At low pO,, measurements were recorded in 100 °C steps
using long hold times, as indicated. The number in parenthesis is the
uncertainty in the final digit of the oxygen partial pressure value.

environment was not perturbed by the oxygen release. Shown in
Figure 2 are example profiles for the two regimes. At pO, = 0.0087
atm (Figure 2a), the overlap of the data in heating and cooling
steps provides the evidence that the equilibrium values of mass
have been recorded. Furthermore, the experimentally measured
oxygen partial pressure remains at the inlet value. In the case of
measurement under pO, = 0.0046 atm (Figure 2b), increases in
oxygen partial pressure that relax back toward the inlet value are
evident for each heating step. The complete set of thermogravi-
metric measurements and oxygen nonstoichiometry analyses,
including extrapolation protocols for low pO, conditions, are
presented in Figures SS—S8 (Supporting Information).

The oxygen nonstoichiometry profiles implied by TGA are
summarized in Figure 3a. The thermodynamic functions, the
enthalpyand entropy of reduction, were obtained from analysis of
nonstoichiometry behavior according to the van't Hoffmethod.*'
Specifically, the reduction ofan ABO; perovskite can be written as

! ABO ! ABO L (@)
AS A T gt T (1)
where Ad = 6; — 0; is the change in oxygen nonstoichiometry
between the initial and final values. In the limit A — 0,
A,.4G®(T,8), the standard Gibbs energy of reduction at specified
0 is given by

A,4G®(T, §) = —=RT In(K:}) = —RT In($0,)"*

= A HO(8) — TA,5°(5) @)

in which R is the universal gas constant, T is the temperature, and
K:diisthe equilibrium reaction constant. The quantity pO, is pO,/
Prep €qual to the oxygen partial pressure, pO,, referenced to the
standard pressure, p,o¢= 1 atm. A 4H®(5) and A 45°(5) are the
standard enthalpy and entropy of reduction, respectively, defined
on a per mole (or atom) of oxygen basis. Rearranging eq 2 yields

RIn(p0O,)"* = -

A HOS
redT ( ) + Aredsg(é)

)

IfA,.qH®(5) and A .4S°(5) are independent of temperature, as
is often observed, an Arrhenius plot of a set of T—pO, pairs at a
given 0 yields a linear curve, with the enthalpy and entropy of
reduction given by the slope and intercept, respectively.

Examples of isostoichiometric sets of data along with the linear
fits (R*>0.99 in all cases) are displayed in Figure 3b. The enthalpy
and entropy of reduction for STMSS extracted from the analysis
are shown in Figure 4, along with the analogous data for ceria, ™!
Lag ¢Sty 4MnO,_; (LSM64),’ and CaMn, oFey,0, 055
(CMF91).*® The noiseinthe A . ;H®(8) and A, ;S°(6) functions
of STMSS at high d results from the required transition to discrete
TGA data at low pO,. In addition, slight jumps in the
thermodynamic functions occur at § values at which the number
of 5(T) profiles contributing to the analysis decreases from, for
example, 5 to 4.

Consistent with the targeted behavior, the enthalpy of
reduction of STMSS is higher than that of undoped or lightly B-
site-doped alkaline manganites such as CMF91*® (shown in
Figure 4a), CaMnO, [178,%* 175,%° 161 kJ (mol-0)7%,*” and
SrMnO; [147 kJ (mol-O)~!].>” Furthermore, it is smaller than
that of LSM64 (Figure 4a), consistent with computational and
experimental results which show that the reduction enthalpies in
La,_,Sr,BO; decrease with increasing Sr content.””**~* The
enthalpy of STMSS is approximately linear with J, as is commonly
observed in perovskites,** and is described by

A, H®(5) = 196.1 + 0.6 + (276 + 5) X & kJ (mol-O)™*
(4)
Because the complete reduction experiment yielded product

phases with Ti retained in the 4+ oxidation state (Figure S3,
Supporting Information), this enthalpy reflects the redox activity
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Figure 2. Representative thermogravimetric results for the quantification of STMSS nonstoichiometry as a function of T and pO,: (a) mass and pO,
profiles during heating and cooling under an experimental inlet pO, = 0.0087 atm using a continuous heating protocol, 1, = 1388.02 mg, and (b) mass,
temperature, and pO, profiles under an experimental inlet pO, = 0.0046 atm using a stepped heating protocol, m, = 1387.94 mg.
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reported in Figure S9 (Supporting Information).
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of Mn. As the inherent affinity between Mn and O is fixed, the
influence of Ti on STMSS, shifting the enthalpy of reduction to a
higher value than in StMnO3, may derive from its influence on the
electronic structure and energetics of electronic defect formation.
The DFT calculation, as discussed above, predicts aslightly higher
enthalpy [~308 kJ (mol-O)™'] than that measured experimen-
tally. The discrepancy may be due to the challenges of assigning
the value of the Hubbard correction factor U for the Mn**
species,”” the appropriate value of which may vary depending
on the influence of other B site atoms.

Turning to the entropy, here also, the behavior follows the
targeted outcome. The entropy of reduction of STMSS is
generally comparable to that of CMF91, albeit with a distinct
functional form. Itis substantially larger than in LSM64, a material
with competitive thermodynamic properties for STCH applica-
tions. The entropy ofreduction in variable valence oxides depends
onnonstoichiometry as a consequence of the changing number of
configurations available to the system as the number of vacancies
changes. The functional form of A,4S®(8) is highly sensitive to
the nature of the defects, the extent of their interactions, and in the
case of electronic defects, the extent of localization. Here, the
entropy of reduction of STMSS is surprisingly well described by

)
Aredse((S) = —2R ln( 5) + Asce)xcess
ASS™ =72 % 2] (mol-0) ' K™ )
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afunction that obeys the expected divergence in entropy at 6 — 0.
Although development of a complete model that rationalizes this
result is beyond the scope of this work, we note that a reduction
reaction that predominantly produces localized Mn?* species
according to

Mnjy, + OF = Mnly, + Vo + %02 ©
(expressed in Kroger—Vink notation) would yield a configura-
tional entropy described by the first term in eq 5. For the purposes
of assessment of the thermochemical fuel productivity, the data
are expressed according to a function with polynomial terms in
addition to those in eq S (shown in Figure S9, Supporting
Information).

2.3.Thermochemical Hydrogen Production. 2.3.1. Equi-
librium Fuel Productivity. On the basis of the thermodynamic
data, it is possible to compute the nonstoichiometry of STMSS at
almostanyarbitrary condition. Thus, itis also possible to compute
the equilibrium fuel productivity for any given cycle, where
equilibrium productivity is that which results from allowing the
oxide to react with the supplied gas for a sufficiently long time that
equilibrium is achieved. Shown in Figure S10 (Supporting
Information) are the expected equilibrium fuel production values
for thermalreduction (eq 1) under a sweep gas of 10 ppm O, in Ar
at temperatures, T'rg, between 1200 and 1400 °C, and the water
splitting step
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1 1

EABO3_5£ + HZO d EABO3_5i + H2 (7)
performed at a variable temperature, Ty, between 800 and 1200
°C, using a steam partial pressure of either pH,0 = 0.2 or 0.4 atm.
For consistency with eq 1, the nonstoichiometry at the
completion of the reduction step (initiation of the water splitting
step) is denoted as 5 The calculation requires slight extrapolation
to more reducing conditions than experimentally accessed in the
TGA measurements. This is implemented by extrapolating the
A,.4H®(8)and A, ;S®(5) functionstoa slightlylarger d than those
shown in Figure 4 (see Figure S9, Supporting Information) and
correspondingly slightly lower pO, than those examined
experimentally, as shown in Figure 3a.

The prediction summarized in Figure S10 (Supporting
Information) represents the upper bound for fuel productivity
because allowing the system to reach equilibrium is rarely optimal
for realistic reactor operation. Nevertheless, the values are very
high and merit comment. For example, for a cycle in which
reduction is carried out at 1400 °C under inert gas (10 ppm O, in
Ar) and oxidation is carried out at 1000 °C with pH,O = 0.4 atm, §
ispredicted to swing between 0.256 and 0.113, respectively, witha
corresponding hydrogen production of 17.4 mL g~'. Motivated
by this analysis, several experiments in which hydrogen
production was directly measured were performed.

2.3.2. Half-Cycles for Predictable Hydrogen Production. Ina
first set of experiments, two half-cycles were carried out by
initiating reduction of STMSS from its fully oxidized state,
attained by first oxidizing the material at ambient temperature
according to the experimental protocol shown in Figure S11
(Supporting Information). In this way, it was possible to directly
compare gas evolution behavior against thermodynamic expect-
ations and assess the extent to which material kinetics influence
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the fuel productionrate. The gas evolution profiles were predicted
within the framework of a quasi-equilibrium or thermokinetic
model we have presented previously.*”*” In brief, when surface
reaction and bulk diffusion rates are fast relative to the mass-
normalized gas flow rate, the material can remain in quasi-
equilibrium with the gas phase. In such case, the rate of reaction
becomes limited by the rate of gas-phase mass transport. If, in
addition, the temperature across the oxide and the composition of
the gas phase in the oxide vicinity are spatially invariant during the
half-cycle of interest, a situation encountered when the sample is
small relative to the heating zone and when high porosity in the
solid enables easy gas access, the oxygen nonstoichiometry in the
oxide will also be spatially invariant. The rate of change of the
oxygen nonstoichiometry upon thermal reduction, dd,.4/dt,
under these conditions and at a given thermal reduction
temperature, T'ry, is described according to™*

6,4 _ 2Fry (pO,(8, Trg) — POgR)
dt Noxide (Pmt = p0,(8, Trr))

(8)

in which 1,4, is the number of moles of the oxide (STMSS in this
study), Frg is the molar flow rate of the gas supplied in the thermal
reduction step, pO; " is the oxygen partial pressure of the supplied
reduction gas, p, is the total pressure (set at 1 atm), and
pO,(8,Trg) describes the relationship between the instantaneous
pO, and 9§ at the reduction temperature as given in eq 3. The
temperature ramp during reduction is readily treated by applying
an appropriate increment in temperature with each time step of
the calculation.

The analogous expression for the rate of change of the oxygen
nonstoichiometry in the water splitting half-cycle, dé,,/dt, at a
given temperature, Ty, is given as
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Table 2. Results of Thermochemical Cycling Studies Performed under the Multicycle Conditions Indicated”

figure & cycle Trr ViR Tws pH,0O tws peak H, cumulative H, peak O, cumulative O,  H,/0,
ID mass (g) (°C)  (mLmin!) (°C) (atm)  (min) (mL min™ g_l) (mL g_l) (mL min™ g_l) (mL g_l) ratio
S13 M1l 0.5225 1400 500 800 0.2 60 0.22(1) 3.7(1) 1.17(4) 1.9(1) 2.0(1)
S14 M2 05225 1400 500 1000 02 60 0.30(2) 5.3(1) 1.31(6) 2.6(1) 2.0(1)
S1S M3 0.5225 1400 500 1000 0.4 60 0.50(4) 6.9(1) 2.48(8) 3.4(2) 2.0(1)
6 M4 05225 1400 500 1100 0.4 60 0.39(1) 8.3(1) 1.16(3) 4.1(1) 2.0(1)
S16 MS 0.5225 1400 500 1200 0.4 60 0.28(1) 6.0(1) 0.57(2) 3.0(1) 2.0(1)
S17 Mé 0.5225 1350 1000 1100 0.4 60 0.24(2) 6.3(1) 0.62(2) 3.2(2) 2.0(1)
S18 M7 02529° 1350 1000 1100 0.4 60 0.46(2) 7.4(1) 4.09(14) 3.7(2) 2.0(1)
S19 M8 0.5225 1350 500 1100 0.4 15 0.20(1) 2.3(2) 0.13(2) 1.2(1) 2.0(1)
$20 M9 0.5225 1350 1000 1100 0.4 15 0.26(2) 3.0(2) 0.21(4) 1.5(2) 2.0(1)
S21 M10 0.2529" 1350 1000 1100 0.4 15 0.48(3) 3.8(1) 1.82(9) 1.9(1) 2.0(1)

“Reduction is carried out under 10 ppm O, (pO, = 107° atm) for 30 min and oxidation (water splitting) is carried out under a flow rate of 300 mL
min~' of Ar using a porous monolith sample of STMSS with mass as indicated. Number in parentheses is the uncertainty in the final digit obtained
from the spread in values over the 8—10 cycles. bVarying the mass has the effect of varying the mass normalized flow rate during both thermal
reduction and water splitting; hence despite a fixed Fyyg, the thermodynamic driving force for hydrogen production is increased by the mass
reduction.

2p0. (511—- )3/2
do R/\]s 2}771/\;\18 + 21702(5; TWS)KHZO:Tws - ){HZOKHZO’Tws(ptot — p02(5; TWS))
— ref

00X

] fe) (5,T \)1/2
dt Moxide (Psz/v;m + I<H20,Tw5)(ptot - pOZ((S) TWS)) (9)

in which Fyyg is the molar flow rate of the gas in the water splitting

step, pO,(5,Tyys) again describes the relationship between reduction times. Direct comparison of the full profiles reveals that
the experimental oxygen release begins to lag the predicted value

once the sample reaches a temperature of ~800 °C (Figure S12c,
Supporting Information). At this temperature, the driving force
for reduction becomes large (Figure 4), and the disagreement

instantaneouspO, and 8, now at Ty, Ky o 1,,, is the equilibrium

thermolysis reaction constant (again at Tyy), p is the total
pressure (typically 1 atm), and yy, is the mole fraction of waterin

the reactant gas stream. Gas evolution profiles for both thermal indicates an inability of the material to remain in quasi-
reduction and water splitting were computed here in a stepwise equilibrium with the gas phase. The implication is that the overall
fashion using a time increment of 0.01 min. rate becomes limited (or colimited) by material kinetic factors,
Shown in Figure 5 are comparisons of the experimental gas likely the surface reaction step rather than solid-state diffusion.
evolution profiles that are predicted by the thermokinetic model Within ~4 min of reduction at 1404 °C, the cumulative oxygen
for (a) reduction of 0.5225 g of STMSS on heating from ambient release approximately reaches that of the model, reflective of rapid
temperature to 1404 °C under a heating rate of 500 °C min~" and material kinetics at this high temperature. Turning to the water
holding at the reduction temperature for 30 min using a reduction splitting step, the cumulative hydrogen production over the 60
sweep gas of 33.5 ppm O, in Ar, supplied at a volumetric flow rate min of reactionis 7.7 mL g ™', as compared to the predicted value of
(Vg = Frg X reduction gas molar volume) of 500 mL min~", 7.9 mL g~', where it is again emphasized that the prediction is
followed by (b) oxidation of this reduced material (for 60 min) at made without any fitting parameters and only accounts for gas-
1000 °C using an oxidation stream of pH,O = 0.4 atm, balance Ar, phase mass transport limitations. The disagreement at the initial
supplied at a volumetric rate, Vyys, of 300 mL min~". The stages of the hydrogen production half-cycle, at which the
experimentwas performedin a tubular flow reactor heated with an thermodynamic driving force for the reaction is large, suggests
infrared heating source, integrated with an in-line mass again a process that is initially limited (or colimited) by material
spectrometer for off-gas analysis and an oxygen partial pressure kinetics. Such behavior has been observed in both LSM>° and
sensor. Procedures used for determining the true experimental ceria.*® The long tail in the hydrogen production profile, in
reduction conditions represented in the calculation, which contrast, can be understood to result from the decrease in AG for
differed slightly from the nominal conditions (1400 °C and 10 reaction 7 as 0 approaches its final equilibrium value
ppm O,), are described in detail in Figure S12a,b (Supporting corresponding to the temperature and gas atmosphere conditions
Information). at which water splitting is performed. This moderate driving force
The agreement between the experiment and model is rather for the water splitting half-reaction also results in a low steam-to-
good forboth oxygen release and hydrogen production, where itis hydrogen conversion (Figure S12d, Supporting Information), a
to be emphasized that there are no fit parameters associated with common challenge for perovskite-based STCH materials
the model. The cumulative oxygen evolution amounts are both operated on the basis of nonstoichiometric oxygen release and

14.1 mL g~ " and as such are in particularly good agreement. The uptake.'®
equivalent oxygen nonstoichiometry values after the 30 min 2.3.3. Steady-State Cycling. In a second set of experiments,
reduction period is 0.230 (experimental value) and 0.231 (model steady-state cycling was performed with the objective of assessing
value). Extrapolation to 4 h of reduction time is predicted to material behavior under reactor-relevant conditions. Ten differ-
increase the nonstoichiometry value to 0.239, effectively ent sets of conditions were evaluated, Table 2, with 8—10 cycles
matching the eventual equilibrium value. Thus, only marginal performed for each set of conditions. Here, the thermal reduction
increases in fuel production per cycle are expected with increased gaswas fixed atanominal value of pO, = 10"° atm (balance Ar), the
9341 https://dx.doi.org/10.1021/acs.chemmater.0c03278
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Figure 6. Representative thermochemical cycling results from STMSS using protocol M4 of Table 2 with reduction at 1400 °C and water splitting at 1100
°C with pH,0 = 0.4 atm: (a) typical reduction (30 min) and water splitting (60 min) as evolution profiles; (b) profiles for steady-state cycling over eight
cycles; and (c) total amount of H, and O, produced in each cycle and the corresponding H,/ O, ratio.

reduction time was fixed at 30 min, and the flow rate of the steam-
saturated Ar in the water splitting half-cycle was fixed at 300 mL
min~'. Parameters varied were Trg (1350 or 1400 °C), Ty
(800—1200 °C), the water splitting time (tyg, 15 or 60 min), Vg
(500 or 1000 mL min™"), pH,0 (0.2 or 0.4 atm), and oxide mass
(0.5225 or 0.2529 g). Because the deviation between set and
actual reduction temperatures was found to be averaged out as a
consequence of the multiple cycles, results are reported with
respect to the set (nominal) temperature, without the need to
correct for the true temperature.

Representative results of cyclic O, and H, production for one of
these conditions are shown in Figure 6, with the remainder
documented in Figures S13—S23 (Supporting Information).
Three features are immediately evident from Figure 6: (1) oxygen
release is much faster than hydrogen production, consistent with
quasi-equilibrium behavior and the measured thermodynamic
properties; (2) fuel production is highly reproducible between
cycles, with no evidence of decay; and (3) the cumulative
volumetric H,/O, ratio is almost precisely 2:1 for all cycles, as
expected for complete utilization of all oxygen vacancies
generated in the thermal reduction step for hydrogen production
in the water splitting step. Consistent with the stable fuel
productivity over the many hours of cumulative operation, X-ray
powder diffraction analysis of the material after the conclusion of
the cycling experiments (Figure S24, Supporting Information),
showed that the perovskite phase was retained. Furthermore, the
open porosity, designed to provide easy access for gases to react
with the solid phase and limit solid-state diffusion distances to no
more than a few microns, was largely retained, although there is a
noticeable growth in the average feature size compared to the as-
prepared material, Figure 7. This coarsening is likely to have
preceded the data collection. The experimental protocol of
instrument validation involved exposure of the sample to high
temperature (1400 °C), reducing conditions (pO,= 10> atm) for
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\..‘

Figure 7. SEM top view of the microstructures of SrTiysMngysO;_s
porous monolith sample (a) before and (b) after thermochemical water
splitting measurements.

an integrated period of several days prior to performing the
thermochemical cycling experiments reported here. The stability
of the fuel production behavior over the 8—10 cycles of each of the
10 cycling conditions shown in Figures 6 and S13—S21 is
indicative of a stable morphology, particularly when the water
splitting step is as low as 800 °C (Figure S13).

The results from the steady-state cycling experiments are
summarized in Figure 8. Several important trends are apparent.
First, with all other parameters fixed, a decrease in Ty does not
produce a monotonic increase in fuel production, Figure 8a, as
might be naively expected based on thermodynamic consid-
erations (see, e.g., Figure S10, Supporting Information). The
behavior suggests that the reaction is limited (or colimited) by
material kinetic parameters at ~1000 °C and lower, consistent
with the conclusion drawn from the analysis of the thermal
reduction profile in Figure Sab. Second, in agreement with
thermodynamic expectations, the fuel production increases with
anincrease in pH, O in the oxidation gas stream, as evidenced from
a comparison of cycling conditions M2 and M3. Third, a decrease
in the thermal reduction temperature results in a decrease in
cumulative hydrogen production, as also thermodynamically
expected. This third effect can be discerned from a comparison of
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Figure 8. Experimentally measured hydrogen productivity over STMSS porous monolith for multiple-cycle thermochemical water splitting experiments
for the conditions described in Table 2. (a) Impact of changing water splitting temperature and steam partial pressure; (b) impact of varying the oxide mass,
reduction time, and reduction gas flow rate; and (c) summary of the cumulative hydrogen production values and peak production rates for all multicycle
experiments, with the impact of changing oxide mass with all other parameters fixed highlighted.

the results from conditions M4 and M6, for which is it seen that,
despite the larger gas flow rate in the thermal reduction half-cycle
in M6, the fuel production is diminished by almost 25%. Fourth, as
predicted from the thermokinetic model for capturing gas-phase
mass transport limitations, decreasing the oxide mass increases
the fuel production, Figure 8b. Here, a decrease in mass by a factor
of ~2 results in an increase in gravimetric fuel production by 21%
for a 15 min water splitting half-cycle (M9 vs M10) and by 15%
when the half-cycle is 60 min (M6 vs M7). Finally, decreasing the
cycle time, specifically ty, with all other factors held constant,
predictably decreases the fuel production per cycle. However, the
decrease in per cycle hydrogen production is accompanied by a
desirable increase in the time-averaged hydrogen productivity
because of the high rate ofhydrogen production at the initiation of
the water splitting half-cycle.

The behavior of the peak hydrogen production, which occurs
close to the initiation of the water splitting half-cycle, merits some
discussion. This parameterappears surprisingly uncorrelated with
the cumulative hydrogen production, Figure 8c. The behavior
suggests that, similar to the single-cycle experiment, Figure 5S¢, the
initial and later stages of the process may be limited by distinct
factors. In particular, the initial rate, during which the
thermodynamic driving force is large, is likely to be influenced
by surface reaction kinetics (i.e., a colimited process), whereas the
later stages in the process are likely to be limited by a diminishing
thermodynamic driving force. The significantimpact on the mass-
normalized peak production rate by decreasing oxide mass
suggests a role of thermodynamics even in the initial stages, as
opposed to a process that is entirely limited by material kinetics.
With material kinetic factors impacting only the very initial stages
of fuel production, approximate optimization of the cycling
strategy may be possible analytically under the assumption of
quasi-equilibrium behavior throughout the process, without
resort to extensive cycling experiments. Development of the
formalism required to treat this steady-state problem is beyond
the scope of the present work.

Because fuel production per cycle can be manipulated by
varying seemingly unimportant cycling parameters, it is a flawed
metric for evaluating material efficacy for the STCH process.
Nevertheless, it is perhaps the most quoted metric, and as such,
thereisvalue in comparing the presentresults with state-of-the-art
materials reported in the literature with respect to this parameter.
As a first step toward expanding the definition of desirable
characteristics within the framework of data derived from cycling
experiments, we consider fuel productivity (fuel produced per
unit time) as a second important metric. Shown in Figure 9 is a
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Figure 9. Selected results of thermochemical cycling studies performed
on STMSS (stars, this work) under the conditions indicated, shown in
comparison to literature results for other promising materials. The
representation reveals the trade-off between high cumulative hydrogen
production forasingle cycle and high productionrate as averaged overthe
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summary of data reported in the literature for cycles with thermal
reduction temperatures of 1400 °C or lower, against the axes of
fuel production and fuel productivity, where values from the
literature for the latter term are computed from the reported cycle
times. Even acknowledging the uncertainty associated with
unknown parameters such as gas flowrates and sample massin the
literature results, the summary reveals that STMSS is among the
most competitive materials reported to date for STCH
production. Presentation of the performance criteria in this
manner emphasizes the need to develop rigorous standards for
comparing materials, while accentuating the improbability that
any single material will outperform all others for all cycling
strategies. Instead, it is likely that material- and architecture-
specific cycling strategies that balance the trade-off between fuel
per cycle and fuel per unit time will be developed for each
candidate STCH material.
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3. CONCLUSIONS

In sum, we demonstrate that the cubic perovskite STMS55 has high
capacity and stable performance for hydrogen production by the
solar thermochemical approach. This material has an ideal
combination of high thermal stability, large entropy of reduction,
and moderate enthalpy of reduction. From the enthalpy and
entropy functions, we compute the gas evolution profiles
predicted by quasi-equilibrium behavior (i.e., gas-phase mass
transport limitations) and find reasonable agreement with the
measured profiles. Thus, under the conditions studied, the global
rate of hydrogen production s largelyindependent of the material
kinetic parameters, specifically surface reaction rate and bulk
oxygen diffusivity, although the surface reaction step may colimit
the process when the thermodynamic driving force is large (at the
initiation of the reaction) or the water splitting temperature is low
(1000 °C orlower). The potential for predicting kinetic behavior
from the thermodynamic functions underscores the importance
of careful measurements of the T and pO, dependence of the
oxygen nonstoichiometry. Methods for attaining reliable and
comprehensive nonstoichiometry data from TGA are presented.
Inparticular, itis emphasized thatunderreducing conditions,long
equilibration times may be required to complete the oxygen
evolution from the sample, which typically has large mass to
ensure sensitivity to small changes in relative mass. The redox
chemistry of STMSS displays intriguing behavior. The enthalpy of
reduction is larger than in cubic StMnOj; and cubic CaMnOj3, and
complete reduction experiments suggest that Mn rather than Ti
changes oxidation state during cycling. Thus, the presence of Ti
must impact the overall strength of the Mn—O bond within the
perovskite structure. The entropy of reduction of STMSS is
unusually large. The limited experimental measurements of
AMnOj; perovskites, in which A represents alkaline earth
elements, hint at the possibility that high reduction entropy
may be a general feature of such materials, potentially because ofa
Mn*/Mn?* redox couple. Finally, we propose a comparison of
thermochemical materials on a basis that includes the cycle-time-
averaged hydrogen production rate in addition to the hydrogen
produced by any given cycle. We further note that both of these
metrics can be manipulated by control of the cycling process
parameters and thus complete experimental details are required in
orderto faithfully rank materials forhydrogen production efficacy.
In this regard, reporting thermodynamic properties, which are
process independent, may have a higher value than reporting fuel
production rates.

4. METHODS

Complete details of the computational and experimental methods
employed in this work are detailed in the Supporting Information. A brief
description is provided here. The material STMSS was synthesized by a
solid-state reaction of StCO; (>99.9% trace metal basis, Sigma-Aldrich),
TiO, (>99.8% trace metal basis, Sigma-Aldrich), and MnO, (Reagent
Plus, > 99%, Sigma-Aldrich). The materials were hand-milled, then
formed into a disc, and held at 1250 °C for 36 h. After collecting
diffraction data, these steps were repeated three times using a reaction
temperature 1400 °C and reaction time of 12 h, at which point no further
changes were observed in the diffraction pattern. The chemical
composition of the bulk material was ascertained by ICP-OES
(iCAP7000 Thermo Fisher Scientific in axial configuration) for
simultaneous detection of Sr, Ti, and Mn. SEM studies were performed
with a Hitachi SU8030 field emission scanning electron microscope
equipped with an Oxford Aztec X-max 80 silicon drift detector for
chemical analysis by EDS. X-ray powder diffraction (XRD) studies, both
ex and in situ, were performed using a Rigaku Ultima IV diffractometer,
with additional high-resolution, ex situ experiments performed using a
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Rigaku SmartLab diffractometer offering high flux. In situ (high
temperature) diffraction data were collected under air using an Ultima
HTK 1200 heating chamber, with total dwell times of 22 min at each
measurement temperature. Thermogravimetric data were collected
usinga Netzsch simultaneousthermal analyzer (STA449C) coupled with
aMicroPoas Sentag oxygen sensor. Uncertainties reported in Table 1 and
Figure 3 reflect the (small) uncertainties in oxygen partial pressure and
mass after following manufacturer specified calibration procedures.
Thermochemical hydrogen production was carried out using an in-house
constructed test station” composed of an infrared gold imaging furnace
(ULVAC RHL-E44VHT), a quadrupole mass spectrometer (Pfeiffer
Thermostar GSD301T2) for off-gas detection, and a MicroPoas Sentag
oxygen sensor for in situ measurement of pO,. The uncertainty reported
in Figure 5 for measured cumulative gas production reflects the
uncertainties in the mass spectrometer calibration after following
stringent calibration procedures using standard premixed gases.
Computational prediction of vacancy formation energies was performed
by DFT calculations using the projector-augmented wave method as
implemented in the Vienna Ab Initio Simulation Package (VASP).**°
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Section A: Methods

1. Computational Methods

All density functional theory (DFT) calculations are performed using the projector augmented
wave (PAW) method,! % as implemented in the Vienna Ab initio Simulation Package (VASP).>*
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional,’ a plane wave basis set with
a cutoff energy of 520 eV, and I'-centered k-mesh with more than 8000 KPPRA (k-point per
reciprocal atom) for sampling the Brillouin zone were used for bulk and supercell calculations.
The oxygen vacancy formation energy is calculated by removing one oxygen atom from a supercell
of the bulk crystal, shown on the left side of below figure is the crystal structure of the bulk cubic
(Fm-3m) Sr2TiMnOg (rock-salt ordered SrTio.sMno.sO3) and shown on the right side is the 2x2x2
supercell with one oxygen vacancy. The Hubbard U correction within the Dudarev framework® is
applied to the 3d electrons of Mn with U =2 eV. The reference energy of oxygen is corrected using

the method in literature.”- 8

bulk Sr,TiMNOg (FmM-3m) 2x2x2 supercell

left: crystal structure of the bulk cubic (Fm-3m) Sr2TiMnOs (rock-salt ordered SrTio.sMno.sO3)

right: the 2x2x2 supercell (8x the primitive rhombohedral cell) with one oxygen vacancy

2. Sample Preparation

The perovskite SrTi0.5sMno.503-5 (STMS5) was synthesized by solid state reaction. All solvents and

chemicals were of reagent quality and used without further purification. Stoichiometric quantities



of SrCO3 (= 99.9% trace metal basis, Sigma-Aldrich), TiO2 (> 99.8% trace metal basis, Sigma-
Aldrich) and MnO2 (Reagent Plus, > 99%, Sigma-Aldrich) were mixed with isopropanol (ACS
reagent, > 99.5%, Sigma-Aldrich) and ground with an agate mortar and pestle for a total of 60 min.
The resulting paste-like mixture was dried to yield a powder, which was then formed into a disc
and pressed under 20 MPa of uniaxial pressure (1 min). The green body was placed on an alumina
sintering boat covered with a layer of Pt foil (99.99%, Strem Chemicals, Inc.) and was sintered at
1250 °C for 36 h under still air. The Pt foil was used to prevent reaction between STMS55 and
alumina sintering boat. After cooling to room temperature, the sintered disc was crushed, ground,
and re-formed into a disc for additional sintering at 1400 °C in 12 h increments, with these steps
repeated until no further changes in the diffraction pattern were observed (for a total of 36 h at
1400 °C under still air). The result was a single-phase perovskite as determined by X-ray powder
diffraction, hereafter STMS55. The STMSS5 powder resulting from this sequence of steps was used

for all subsequent experiments.

For thermogravimetric analyses, ~1.388 g of powder was ground and mixed with isopropanol, then
lightly pressed into porous monolith and sintered at 1400 °C for 2 h under still air. The resulting
cylindrical porous monolith with a dimension of 8 mm (diameter) x 10 mm (height) was used for
oxygen non-stoichiometry measurements under a set of temperature and oxygen partial pressure
conditions. Similarly, a small sample (8 mm (diameter) X 3 mm (height)) with ~0.4 g mass was
prepared for measurement of reference state oxygen non-stoichiometry via a complete reduction
experiment. For thermochemical cycling experiments, two sintered cylindrical porous monoliths
with ~0.52 g and ~0.25 g in mass were prepared in the same way, and the dimensions are 6 mm
(diameter) x 7 mm (height) and 6 mm (diameter) x 3 mm (height), respectively. The porosity was

~51 % in all porous monoliths, as determined by measurement of sample mass and dimensions.

3. Sample Characterizations

The crystal structure of STMS55 bulk powder (including (i) as-synthesized, (ii) after exposure to



extreme conditions for evaluation of thermal stability, and (iii) after all thermochemical water
splitting measurements) was characterized by ex situ X-ray diffraction (XRD, Ultima IV, Rigaku)
using Cu Ka (A = 0.1541 nm) radiation (40 kV, 44 mA) in the scanning range (20) of either 10 —
120° or 20 — 80° with a step size of 0.05° and a scanning speed of 5° min!. XRD was also
performed on the as-synthesized STMSS5 bulk powder using a high flux diffractometer (SmartLab,
Rigaku) under Cu Ka (A= 0.1541 nm) radiation in the scanning range (20) of 16 — 28° at a scanning
speed of 5° min™!, for detection of the existence of any superstructure peaks in order to distinguish
ordered versus disordered structure. In addition, high-temperature in situ XRD (Ultima HTK 1200
Heating Chamber, Rigaku, mounted on the Ultima IV, Rigaku diffractometer using Cu Ka (A =
0.1541 nm) radiation (40 kV, 44 mA)) was carried out upon heating at temperatures between 600
°C and 1400 °C in increments of 100 °C and heating rate of 10 °C min’! between measurement
temperatures. Diffraction data were collected in the scanning range (20) of 20 — 80° (step size =
0.05° and scan rate = 5° min''). Once heated to the set temperature the sample was held at this
temperature for equilibration of 10 min, then diffraction data were collected over a 12 min period,

for a total hold time of 22 min at each temperature.

For phase composition analysis of the residual products after reduction of STMS55 bulk powder
under 3% H> for measurement of reference state oxygen content, diffraction data were collected
in the scanning range (20) of 10 — 90° and all the other diffraction parameters were the same as
described in ex situ measurement. The phase formation and evolution were analyzed by the whole
pattern fitting (WPF) function implemented in the commercial software JADE by Materials Data,
Inc (MDI). Crystallographic parameters were analyzed by Rietveld refinement using the GSAS-II

Crystallography Data Analysis Software.’

The surface morphologies of the sintered porous monolith sample before and after thermochemical
hydrogen production measurements were characterized with a Field Emission Scanning Electron

Microscopy (FESEM, Hitachi SU8030). The elements of the synthesized material were confirmed



by the Energy Dispersive X-ray Spectroscopy (EDS, Oxford AZtec X-max 80 SDD) with an
acceleration voltage of 20 kV. Chemical composition of bulk material was analyzed by Inductively
Coupled Plasma — Optical Emission Spectrometry (ICP-OES, iCAP7000 ThermoFisher Scientific
in axial configuration) for simultaneous detection of Sr, Ti and Mn. The bulk powder with mass
in ~5 mg was dissolved by digestion in a solution of 5% aqua regia. The solution was held for 48

h at room temperature and then heated in a water bath at 65 °C for 30 min.

4. Thermogravimetric Analysis

4.1 Thermal Stability Evaluation of Bulk Material

In addition to high-temperature in situ XRD under air, thermal stability of STMSS5 bulk material
was characterized by ex situ XRD collected on samples after exposure to extreme temperature (T)
and low oxygen partial pressure (pO2) conditions (Table S1). Under air, STMSS5 bulk powder was
put in a Pt crucible and was exposed to 1500 °C or 1600 °C for 1 h in a tube furnace, then was
crushed and ground for XRD measurements. For all other low pO2 conditions (up to T = 1500 °C,
and pO2 as low as 3.00 x 10 atm), heat treatment of STM55 bulk powder was performed in a
thermogravimetric analyzer (TGA, STA449C, Netzsch) and a low pO2 atmosphere was created by
mixing Ar with oxygen-poor gas, e.g., 10% Oz or 10 ppm O2 in Ar (certified by Air Liquide). The
gas flow rate was controlled by four digital mass flow controllers (MFCs). The reported pO2 values
are those detected using an in situ pOz sensor (MicroPoas, Setnag) connected to the TGA exhaust,
and held in a sealed quartz tube, in turn placed in a furnace held at a temperature of 700 °C. The
thermal treatment protocols are specified in Table S1, along with the results of X-ray powder

diffraction analysis of the product retrieved from the heat treatment.

4.2 Reference State Oxygen Non-stoichiometry and Cation Chemical Composition
A reference state (T = 1000 °C, pO2 = 0.075 atm) was established for the measurement of absolute
oxygen non-stoichiometry (8) under desired T, pO2 conditions. The absolutely oxygen content in

the reference state was determined using a complete reduction procedure. Specifically, a sintered



porous monolith sample with 399.47 mg in mass was heated to reference temperature at a ramp
rate of 5 °C min™' and equilibrated for 1 h in the reference condition, the system was purged with
Ar for 5 min, and then the sample was exposed to 3% Hz (balance Ar) for additional 5 h followed
by cooling under the same gas atmosphere. The residual material after reduction reaction under 3%

H:> (balance Ar) was crushed and ground for XRD measurement.

4.3 Continuous vs. Stepped Measurements

Based on the evidence of thermal stability of STMS5S5, thermogravimetric analysis of the material
was carried out over the temperature range of 300 — 1500 °C on a porous, self-supporting monolith
sample with an as-prepared mass of 1.388 g. Significantly, STMS55 was found to react with alumina
above about 1200 °C, and hence all TGA studies were performed using an alumina plate covered
by Pt foil. Thermodynamic profiles were collected under a constant ramp rate of 5 °C min™! under
reference gas (pO2 = 0.075 atm) and 2 °C min! under ten desired experimental pO: conditions
(Table 1), the total gas flow rate through the TGA chamber was controlled at 250 mL min’!. The
pO2 profile along the entire thermogravimetric measurement was recorded by an in-situ oxygen
sensor. Depending on pO2, two different methods, either continuous heating or stepped heating,

were employed in the measurement of mass loss under desired experimental pOx.

Continuous Heating — Under relatively oxidizing pO2 (0.208, 0.150, 0.075, 0.028, 0.0087 atm), a
continuous heating protocol was utilized. Specifically, the sample was first ramped to the reference
condition (7 = 1000 °C, pO2=0.075 atm) at a ramp rate of 5 °C min! and was held for an additional
1 h period. The measurement gas of interest was then introduced and the sample raised to a new
equilibration temperature of 1500 °C at a ramp rate of 2 °C min™!. The mass-temperature profile
was measured upon cooling from 1500 °C to 300 °C at a rate of 2 °C min™!. Following a 1 h hold
at 300 °C, the sample was again heated to 1500 °C at the same rate of 2 °C min! and was held for
1 h, yielding a second mass-temperature profile. At the end of the measurement, the reference gas

was introduced and the sample was returned to the reference condition to establish the reversibility



of the mass loss at a ramp rate of 5 °C min™'. By tracking the oxygen partial pressure and by
comparing the mass-temperature profiles under heating and cooling, it is possible to assess whether
the mass has equilibrated under each experimental pO: condition, hence, continuous 6(T) profiles
under five oxidizing pO2 conditions can be obtained. It is also straightforward to check whether
any material degradations (e.g., phase change, volatilization) have occurred after high temperature

measurement by comparing the mass in the two reference states.

Stepped Heating — Thermogravimetric measurements under more reducing pO2 (0.0046, 8.19 x
10, 2.14 x 10*,9.79 x 107, 3.00 x 10~ atm) were carried out using a stepped heating protocol
instead, for the purpose to extract thermodynamic properties to a higher 6. Specifically, the sample
was first held at the reference condition (7" = 1000 °C, pO2 = 0.075 atm) for a 1 h period. The
measurement gas of interest was then introduced and a step-wise heating profile was employed,
using temperature increments of 100 °C, a heating rate of 2 °C min™! between steps, and long hold
times (1 — 4 h) at each measurement temperature for equilibration of mass. At the end of the
measurement, the sample was returned to the reference condition to establish the reversibility of
the mass loss. The pO: profiles in the course of the TGA measurement were measured in situ using
an integrated oxygen sensor. By tracking the pO:-time and the mass-time profiles under each
isothermal hold step, it is possible to extrapolate the equilibrium oxygen non-stoichiometry at each
condition. The resulting discrete 6(T, pO2) points under more reducing conditions can be obtained,
together with continuous d(T) profiles under oxidizing conditions, it is possible to extract the redox

thermodynamic properties to a pretty large d.

4.4 Uncertainty Analysis

By always returning to the initial condition it is established that there is no drift in the system or
volatilization of any of the cations. The recovered mass is within the uncertainty of the instrument.
Error bars in Figure 3(a) to indicate these mass uncertainties. In the case of the extrapolated values,

the uncertainties are computed from the extrapolation functions (Figure S8). The uncertainty



cannot be fully quantified because no independent method of determining whether an extrapolation
is legitimate was applied. The uncertainty is more realistically estimated at 0.004 in & based on the
disagreement between the non-stoichiometry determined directly from the TGA measurement and
from the thermodynamic fitting functions (Figure 3(a)). The temperature in the TGA is calibrated
using standard procedures. The uncertainty is less than 0.5 °C. For example, the melting point of
Au is measured to be 1063.8 °C, compared to the reference value of 1064 °C. The uncertainty in
temperature is far smaller than the size of the data points in Figure 3(a). The calibration of the
oxygen sensors, used for both TGA and thermochemical cycling is performed using standard
premixed gases. For a typical measurement when the input is synthetic air, the measured oxygen
partial pressure is 0.2094 atm. Similarly, when the input is 0.1% Oz (as designated by the supplier),
the measured oxygen partial pressure is 0.0010 atm. The uncertainties in pO2 for each TGA
measurement condition are provided in Table 1. The uncertainties in mass and oxygen partial
pressure of the TGA measurements translate into the uncertainties in the van’t Hoff plot, as shown
in Figure 3(b). These generally correspond to the size of the data points. Due to the inability to
accurately measure o at large non-stoichiometry and the increase in noise in the thermodynamic
functions at high 6 (Figure S9) the uncertainty in the thermodynamic prediction of & under the

experimental reduction conditions is estimated at 0.004 (Figure 5(a,c)).

5. Thermochemical Water splitting

The gas production from water splitting was measured in an in-house constructed thermochemical
cycling station comprising an infrared gold imaging furnace (ULVAC RHL-E44VHT) capable of
rapid heating and cooling of materials, a manifold of MFCs for control the flow rate of inlet gases,
a quadrupole mass spectrometer (Pfeiffer Thermostar GSD301T?2) for off-gas detection and a high-
temperature oxygen sensor for in situ measurement of pO2. The reactor for the cycling experiment
was composed of one outer quartz tube with a diameter of 1/2” and one inner alumina tube with a
diameter of 1/4”. A sintered porous monolith sample of specified mass was placed within the hot

zone of the furnace. The sample diameter was fixed to match that of the inner diameter of alumina



tube to ensure that most gases were passing through the sample. The furnace temperature was
controlled by an alumina-sheathed S-type thermocouple whose tip was in contact with the
upstream end of the sample. An additional thermocouple alumina shield was placed in contact with
the downstream end of the sample in order to prevent sample from moving under high flow rate
of reduction and oxidation gases. To ensure blackbody heating of the sample and thermocouples,
the inside of the alumina tube was lined with Pt foil (99.9% purity, 0.025 mm thick, Alfa Aesar)
along 3 cm of the tube centered on the sample. Calibration of the gases supplied through these
MEFCs was carried out on a primary standard air flow calibrator (Gilian Gilibrator-2, Sensidyne),
and was referenced to 25 °C and 1 atm before execution of cycling experiments to ensure desired

gas flow rate.

Prior to gas production measurements, the reduction gas was flowed for 30 min for establishment
of the steady-state baseline of oxygen (O2) and hydrogen (H2) ion current in the mass spectrometer,
followed by repeated cycling experiments. Upon cooling down, the gas lines were purged by Ar
gas for 5 min, the calibration of O2 and H2 were performed consecutively with an additional purge
by Ar in between the two calibrations. For example, during the reduction half-cycle, 10 ppm Oz in
Ar gas was supplied at a flow rate of 500 mL min™'. The oxygen partial pressure recorded by the
pO2 sensor was used for the prediction of Oz release in Figure 5. Oxidation was carried out using
an atmosphere of either 20% H20 or 40% H>0 in Ar, achieved by passing 300 mL min™' Ar through
a bubbler inside a temperature-controlled oven at either 60 °C or 76 °C prior to its delivery to the
furnace. All the gas lines in which steam flowed through were wrapped with heating ropes and
covered with alumina foil, the temperature of heated lines was controlled at ~150 °C to prevent
steam from condensation. In the oxidation half-cycle, excessive O2 and H2 were generated by
steam thermolysis within the furnace (distinct from hydrogen production by reaction with the oxide
material), and they were eliminated by flowing the exhaust gas through a hollow, porous cylinder
of Rh-decorated ceria passing through the alumina shield placed at the downstream end of the

furnace at which the temperature was around 800 °C. The exhaust gas after the reactor was passed



through a glass condenser held at 4 °C achieved by a ThermoCube 300 Thermoelectric Chiller
(Hyland Scientific) and the steam in the gas was condensed. The remaining gases were partially
delivered to mass spectrometer and were sampled every 1.8 s. The produced Oz or H2 concentration
in the gas stream was determined from the recorded ion current using an eight-point calibration
curve with known compositions of Oz or H2, achieved by mixing ‘pure’ Ar gas with either 10%
Oz in Ar or 3% H2 in Ar. The majority of the downstream gas was passed to the oxygen sensor
held in a sealed quartz tube at 700 °C, its calibration under air was completed before each set of
cycling experiments in order to obtain accurate real-time oxygen partial pressure. An uncertainty
of ~ 2% in the evolved gas mass flow measurements is estimated based on the accuracy of the
calibration procedures and the tendency of the calibration to drift over a relatively short period of

time.

In this study, two categories of thermochemical water splitting experiments were performed. The
first set of experiments aimed for establishing the level of agreement of the gas evolution profiles
with the thermo-kinetic model (results shown in Figure 5) were carried out using the temperature
and gas profile displayed in Figure S11. Specifically, the material was annealed under flowing
synthetic air at 1000 °C and cooled down to ambient condition to establish a fully oxidized state
of the oxide in the initiation of thermal reduction, the oxide was then ramped to 1400 °C (nominal)
at a ramp rate of 500 °C min™' under 500 mL min™ 10 ppm O (balance Ar) and was reduced for a
total of 30 min, followed by quenching (500 °C min™') to the water splitting temperature of 1000
°C and was re-oxidized by humidified Ar (300 mL min™! flow rate) with pH>0 = 0.4 atm for 60
min. The oxygen and hydrogen production profiles were compared with the predicted profiles
using a thermo-kinetic model for assessment of the gas evolution behavior. The second set of
experiments comprised a set of selected cycling conditions that were repeated for 8 — 15 cycles to
identify the optimal water splitting conditions and to evaluate the hydrogen production stability

(details shown in Table 2).
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Section B: Supplemental Figures and Tables
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Figure S1. The measured X-ray powder diffraction patterns of synthesized STMS55 powder, data
are collected using: (a) Ultima IV; (b) high flux SmartLab diffractometer. Theoretical diffraction
patterns of the endmembers 4H-hexagonal StMnO3 (P63/mmc)'? and cubic SrTiO3 (Pm-3m)'!, as
well as the cubic B-site disordered perovskite SrTio.sMno.sO3 (Pm-3m)'2, and the B-site ordered
double perovskites Sr2TiMnQOs (cubic, Fm-3m'3 and tetragonal, 14/m'%) are simulated in the
VESTAT" software by using Crystallographic Information Files (CIF) from Inorganic Crystal
Structure Database (ICSD) and Springer Materials online databases; (c) The GSAS refinement
against the XRD pattern collected on the synthesized STMS55 bulk material on the Ultima IV, for

the B-site disordered perovskite with refined lattice parameter a = 3.8548(1) A.
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Figure S2. (a) Scanning electron microscopy top-view of the surface morphologies of lightly
pressed porous monolith using synthesized STMS55 powder and annealed at 1400 °C for 2 h under
air; (b) EDS spectrum collected on the porous monolith, from which the elements of Sr, Ti and Mn

are confirmed.

The surface morphologies of the sintered porous monoliths and the EDS spectrum are shown in
Figure S2. The particle size of the porous structure lies in the range of 1 — 2 pm and the porosity
1s ~51%. The porous structure provides high surface area, short solid-state diffusion lengths, and
enables direct flow of the gas through the entire structure, which creates more reaction sites on the
surface and enhance ion diffusion in the bulk material. From the EDS spectrum, the synthesized

material is confirmed to be composed of metal elements of Sr, Ti and Mn without any impurities.
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Figure S3. Behavior of STMS55 upon complete reduction by 3% Hz (balance Ar) at 1000 °C: (a)
mass and temperature profiles recorded by TGA, mo = 399.47 mg; (b) XRD Rietveld refinement

analysis of the reduction product and the refined weight fraction of each phase is displayed.

Because thermogravimetric analysis (TGA) yields the relative change of mass of a sample, it is
necessary to determine the absolute oxygen content at some (convenient) reference state, where
the mass measurement under the reference state conditions is included as part of each suite of TGA
experiments. Here, a reference state of 1000 °C and pO2 = 0.075 atm was selected. A sintered
porous pellet sample, 399.47 mg in mass, was heated to the reference temperature at a ramp rate
of 5 °C min™! and equilibrated for 1 h in reference condition. After purging the system with Ar for
5 min, and the sample was exposed to 3% Hz (balance Ar) for 5 h to induce reduction. In the final

step, the sample was cooled in the same hydrogen gas and then collected for diffraction analysis.

The mass loss from this reference condition to complete reduction after exposure to 3% Hz was
15.50 mg, Figure S3(a), and the total mass loss is 16.41 mg. Ex situ X-ray diffraction analysis of
the product mixture revealed the presence of the stoichiometric phases of MnO, Sr2TiOs and
Sr3Ti207. Thus, the Mn was completely reduced to the 2+ oxidation state. The appearance of a
small amount of Sr3Ti207, along with the majority reduction product Sr2TiO4 implies a slight

excess of T11in the synthesized material relative to Mn and Sr. The wight fractions of MnO, Sr2TiO4
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and Sr3Ti207 in the reduction product were analyzed by Rietveld refinement analysis of the
diffraction pattern, Figure S3(b), and were determined to be 19.3(4), 62.6(6) and 18.1(4) wt.%,
respectively. These values imply a Sr:Ti:Mn molar ratio of 1:0.551:0.486, which is in agreement
with the ICP-OES chemical analysis result of 1:0.539:0.490. Ignoring the nature of the perovskite
crystal structure, the reduction reaction from complete oxidation (Mn*") to complete reduction

(Mn?*) upon exposure to 3% Hz is given by
SrO + xTiO, + yMnO, + yH, — SrO + xTiO, + yMnO + yH,O (S1)

From the later studies, it is apparent that the initial mass (at 400 °C, under 0.075 atm pO3)
corresponds to the fully oxidized state. Thus, the total mass loss (16.41 mg) corresponds to the
moles of oxygen lost (0.001026 moles), which in turn, corresponds to the moles of Mn in the
material. The mass of MnO in the product is thus 72.77 mg, implying that the MnO mass fraction

is 18.22%. This value is consistent with the 18.1(4) wt. % determined by Rietveld refinement.

Recognizing that A-site vacancies are the most common cation defect type in perovskites,'¢ we
write the perovskite stoichiometry normalized relative to the total B-site cation content (B-site
fully occupied). Using the average of ICP and Rietveld refinement results and retaining only two
significant digits, this is Sr:Ti:Mn = 0.97:0.53:0.47 (with an uncertainty of ~3% in each elemental

stoichiometry). The complete reduction reaction (from the fully oxidized state) is explicitly

Sr, o, T1,;Mn, ,,O, o, + 0.47H, = 0.35S,TiO, + 0.09Sr,T1,0, + 0.47MnO + 0.47H,O (S2)

The reduction from the reference state is

Sro.97Tio.531v[no.4702.97-5ref +(0.47-8,:)H,
— 0.35Sr,TiO, + 0.09S1,Ti,0, + 0.47MnO + (0.47-3,..)H,O

(83)

in which orer is the oxygen non-stoichiometry at the reference condition. Based on the TGA results,
dref is found to be 0.026. The oxygen non-stoichiometry is reported relative to the deduced material
stoichiometry of Sr0.97T10.53Mno.4702.97, which differs only slightly from the target composition in
the fully oxidized state of SrTiosMnosO3. For notational ease, the acronym STMSS is used to

describe the material despite the slight cation off-stoichiometry. The oxygen content is variable,
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as discussed throughout the main manuscript, and thus is not indicated in the sample naming

scheme.
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Table S1. Exposure conditions to evaluate thermal stability, followed by ex situ XRD. For all but
the exposure to air, the heat treatment was performed in the TGA in which the mass could also be
monitored. The heating and cooling rates were 2 °C min™'. The maximum temperatures possible in
furnace and TGA employed are 1600 and 1500 °C, respectively. In all cases, the annealed product
was a single, solid-solution perovskite, demonstrating exceptional stability of the material to
extreme conditions, refined lattice constants of the annealed products were analyzed by Rietveld

refinements of these XRD patterns.

Heating and Anneal = Temperatures Hold Time  Cooling pO, Ex Situ XRD Refined Lattice
pO; (atm) (°O) (h) (atm) Constant (A)
Air (0.21) 1500 (furnace) 1 Air (0.21) Cubic a=3.85334)
Air (0.21) 1600 (furnace) 1 Air (0.21) Cubic a=3.8535(2)
4.35x 107 1200 (TGA) 2 4.35x 107 Cubic a=3.8536(3)
4.35x 107 1400 (TGA) 2 4.35x 107 Cubic a=3.8533(5)
4.35x 107 1500 (TGA) 2 4.35x 107 Cubic a=3.8532(4)
4.00 x 10° 1500 (TGA) 2 4.00 x 107 Cubic (expanded) a=3.8830(2)
3.00 x 107 1500 (TGA) 2 3.00 x 107 Cubic (expanded) a=3.8825(1)
3.00 x 107 1500 (TGA) 2 0.075 Cubic a=3.8532(3)

16



D)
C;

SrTi, Mn, O, SrTiy Mn; .0,
_ -3 o
p0,=0.21 atm, 1600°C 1h A pO,=4.35x10" atm, 1500 °C 2h
— — A A A
5 )| Jl h A A 5 4350107 s
2 2 J pO,=4.35x10° atm, 1400 °C 2h
- pO,=0.21 atm, 1500 °C 1h —- A A A N
> >
g J A J ) A . 5 J pO,=4.35x10° atm, 1200 °C 2h
c C
§ § | A A N
c J 1400 °C 12h Sintered c
- - 1400 °C 12h Sintered
A i i A N A J( L A ]
SrTi, Mn, .0, SrTi, ,Mn, O,
PDF#04-020-9920 PDF#04-020-9920
. II | . | . | . I . II | . | . 1 . 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2Theta (degree) 2Theta (degree)
(C) SrTiyMn, .0, (d) SrTiy Mn O,
p0,=3.00x10° atm, heat & 1500 °C 2h anneal
pO,=4.00x10° atm, 1500 °C 2h cooling p0,=0.075 atm
= = A J l A A
3 1 L k A A 3 } :
pO,=3.00x10" atm
:; E heat, 1500 °C 2h anneal and cool
g 1400 °C 12h Sintered g A l A .
2 t S 2
£ J A A A = J 1400 °C 12h Sintered
SrTiy ;Mn, O, )
PDF#04-020-9920 SrTip My O,
I PDF#04-020-9920
I NI S N E— B NI R E
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2Theta (degree) 2Theta (degree)

Figure S4. X-ray powder diffraction patterns collected ex situ, after exposure of the samples to
the temperatures and time indicated: (a) under pO2 = 0.21 atm ; (b) under pO2 = 4.35 x 10 atm;
(c) under pO2 = 4.00 x 107 atm; and (d) under pO2 = 3.00 x 10~ atm with cooling in either pO2 =
3.00 x 10 atm or pO2 = 0.075 atm. The material STMS55 is stable under all conditions examined,
including up to at least 1600 °C under pO2 = 0.21 atm and up to at least 1500 °C under pO2 = 3.00

x 10~ atm.

Ex situ XRD characterization of STMS5 exposed to the conditions summarized in Table S1
revealed that the cooled product was in all cases a single-phase, solid-solution perovskite, Figure
S4. Thus, STMS55 remains in the perovskite phase up to at least 1600 °C under air (pO2 =0.21 atm)

and up to at least 1500 °C under pO2 = 3.00 x 107 atm. This high thermal phase stability is
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extremely beneficial for STCH cycling, and also indicates that the thermodynamic measurements

reflect the properties of the perovskite phase.

We note that upon cooling (2 °C min™") from a reduced condition under a gas atmosphere of pO2
=4.00 x 10 or 3.00 x 107 atm, the mass loss was not recovered (TGA profile not shown), although
the thermodynamic equilibrium state for these atmospheres and ambient temperature is the fully
oxidized state, see Figure 3(a). The expansion of the lattice for these two experiments reflects the
retention of a non-zero oxygen non-stoichiometry. The slow rate of re-oxidation during cooling,
presumably because of gas phase limitations with insufficient oxygen being supplied at the low
gas flow rate of the experiment, as well as material kinetic limitations at low temperature, suggest
that one may not need to use extremely high cooling rates (e.g., 500 °C min™' used here) to avoid

re-oxidation prior to introduction of steam for hydrogen production in real solar reactors.
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Figure SS5. Mass, temperature and pOz profiles of STMS5S5 under relatively oxidizing atmospheres
using continuous heating protocol: (a1), (a2) pO2 = 0.208 atm, mo = 1388.64 mg; (b1), (b2) pO2 =
0.150 atm, mo = 1388.54 mg; (c1), (c2) pO2 = 0.075 atm, mo = 1388.48 mg; (d1), (d2) pO2 = 0.028
atm, mo = 1388.17 mg; (e1) (e2) pO2 = 0.0087 atm, mo = 1388.02 mg.

After determination of the reference state (T = 1000 °C, pO2 = 0.075 atm) oxygen content from
the measurement shown in Figure S3, the absolute oxygen content of STMS55 under ten different
pO2 conditions were carried out on a porous, self-supporting monolith sample with an as-prepared
mass of 1.388 g under temperature range and pO: conditions indicated in Table 1 in either
continuous or stepped heating protocol. Thermogravimetric profiles were collected under a
constant heating rate of 2 °C min™!, a continuous heating protocol was employed for mass loss
measurement over the temperature range of 300 — 1500 °C under relatively oxidizing pO2
conditions (0.208, 0.150, 0.075, 0.028, 0.0087 atm), Figure S5. In all of the five measurements,

the mass is confirmed to be in true equilibrium with the gas phase at each condition from the
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observations that the pO2 remains constant without any fluctuations under experimental gas of
interest and the mass-temperature profiles under heating and cooling match very well, and the
excellent mass reversibility in the two reference states before and after mass measurement further
reflect the exceptional thermal stability of STMSS5 under extreme conditions. Representative
results, reflecting the most oxidizing (pO2 = 0.208 atm) and the most reducing (pO2 = 0.0087 atm)
conditions examined using the continuous heating protocol, are shown in Figure S5(ai, a2) and
S5(e1, e2). In both cases, the pO2 detected at the oxygen sensor remains fixed over the course of
the heating and cooling cycles, indicating that the gas flow rate is sufficiently high to maintain a
fixed thermodynamic state, a condition that can be challenging to meet when the pO2 is low and
the change in oxygen content of the material, for a given change in temperature, is large. Consistent
with the absence of perturbations in the detected oxygen partial pressure, the mass-temperature
profiles in heating and cooling for both cases are essentially identical, Figure S5(a2) and S5(e2),
and we can readily conclude thermodynamic behavior has been measured. In addition, the raw
profiles in Figure S5(ai1) and S5(e1), further show sharp changes in mass when the delivered pO2
is changed, suggesting that the material kinetics are also favorable. Thermogravimetric
measurements under the other three moderate pO2 conditions (0.150, 0.075, 0.028 atm) are shown
in Figure S5(b1, b2), S5(c1, ¢2), and S5(d1, d2), respectively, equilibrium of mass is also confirmed
in each condition. Significantly, the pO2 does not remain fixed and the heating and cooling profiles
mismatch when the measurement is performed under an even lower pO2 condition (< 0.0087 atm)
at ramp rate of 2 °C min™' (data not shown) indicating a condition that is too challenging for the

material to maintain a fixed thermodynamic state.
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Figure S6. Mass, temperature and pO2 profiles of STMS55 under relatively reducing atmospheres
using stepped heating protocol: (a) pO2 = 0.0046 atm, mo = 1387.94 mg; (b) pO2 = 8.19 x 10™* atm,
mo = 1387.90 mg; (c) pO2 = 2.14 x 10"* atm, mo = 1387.89 mg; (d) pO2 = 9.79 x 10~ atm, mo =
1387.68 mg. (d) pO2 = 3.00 x 10 atm, mo = 1387.82 mg.

22



Since oxygen release is significant under more reducing conditions, equilibration of the sample
mass is slow. To avoid possible non-equilibrium effects, instead, a stepped heating protocol was
utilized for thermogravimetric measurements under more reducing pO2 conditions (0.0046, 8.19 x
104, 2.14 x 104,9.79 x 10, 3.00 x 107 atm) with a focus on the high temperature range of 900 —
1500 °C, for the purpose to extract thermodynamic properties to a much higher 6. Mass loss profile
under gas of interest was collected only in the heating process using temperature increments of
100 °C and a heating rate of 2 °C min™! between steps, specifically, upon reaching a specific
temperature, the sample was isothermally held for several hours (up to 4 h, depending on pO2) for
the equilibration of mass, the corresponding pO: profile in the entire isothermal hold was recorded
by an oxygen sensor. By tracking the simultaneous relaxation of the pO2-time and the mass-time
profiles under each isothermal hold step, it offers a new pathway to extrapolate the equilibrium o
at each condition. Representative results from these measurements, reflecting the most oxidizing
(pO2 = 0.0046 atm) and most reducing (pO2 = 3.00 x 10~ atm) conditions examined, are shown in
Figure S6(a) and S6(e), respectively. In both cases, the pO2 detected at the sensor is not a fixed
value over the course of the heating, especially at high temperatures (= 1000 °C). Under these
reducing pO2 conditions, the oxygen release from the sample is large relative to the oxygen
concentration in the gas and significant time is required for the oxygen released by the sample to
be swept out of the system. The situation is more severe at even lower pOz, at which the oxygen
content in the gas is low, and at high temperature, at which the oxygen release for a given
temperature change is higher than at low temperature. In Figure S6(a), the mass underwent a small
relaxation in the first ~5 min in the isothermal hold period at each high temperature (= 1000 °C)
and quickly equilibrated afterwards, correspondingly, the recorded pO2 underwent a slight increase

during the ramp of temperature and then a small relaxation to the inlet gas oxygen partial pressure

( pOJ*") in the isothermal hold period. While, in Figure S6(e), the lowest pO2 examined here, the

mass did not equilibrate at any high temperature steps even after 4 h isothermal hold, the recorded
pO2 underwent a sharp increase during the ramp and then a large relaxation process to lower the

pO2 around the sample, reflecting the increased difficulty for the oxygen released by the sample to
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be swept out of the system, the pO2 was not able to relax to the pOZ“level at the end of the

isothermal hold. Thermogravimetric profiles under the other three reducing pO: conditions (8.19

x 104, 2.14 x 10*,9.79 x 107 atm) are shown in Figure S6(b), S6(d) and S6(e), respectively,

similar relaxation behavior of mass and pO: are also observed.
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Figure S7. Mass, temperature and oxygen partial pressure profiles between 1300 °C and 1400 °C
in the stepped thermogravimetric measurements of STMS55 under (a) pO2 = 9.79 x 10 atm, mo =
1387.68 mg; (b) pO2 = 3.00 x 10° atm, mo = 1387.82 mg. (c) and (d) shows the predicted
equilibrium & from mass relaxation profile and the instantaneous 6(pO2) profile in the isothermal

period of 1300 °C in (a) and (b), respectively.

Under relatively oxidizing pO: conditions (0.0046, 8.19 x 10, 2.14 x 10* atm) the system was
observed to have reached equilibrium at the end of each isothermal hold such that the pO2 detected
at the exhaust matched the inlet pOz. In contrast, under more reducing conditions under more
reducing pO: conditions (9.79 x 10, 3.00 x 10 atm) the isothermal hold was, in most cases, not
long enough for the system to reach an equilibrium state. Here, two methods, which yielded

identical results, were explored for determining the equilibrium o at each T and pO: condition for

25



both classes of experiments. In the first method, reported in our previous work!”, the equilibrated
mass in each step is obtained for the T-pO:2 pairs of the isothermal holds by assuming an
exponential decay of mass towards the final value, which is given by

t
Amstep ()= Amo’mp + Aexp(— t_) (S4)

0

where Am, ., refers to the final equilibrium mass loss and Am,, (¢) refers to the instantaneous

ste;

mass loss at arbitrary time # in that isothermal step, and 7o refers to the characteristic time required
to relax towards equilibrium. In the second method, the exhaust pO2 is measured and the pO>-time

and the mass-time profiles under each isothermal hold step used to generate a parametric plot of
3(p02). A third order polynomial is then fit to the measured data and used to compute &( pO>*').
In principle, this yields 6 for all of the pO2 values encountered during the relaxation, but likely

because of the time lag between mass detection and pO: detection, the data did not adequately

provide these intermediate values.

Two examples are shown in Figure S7 to illustrate the analysis process. The mass, temperature and

pO2 profiles for the heating step from 1300 °C to 1400 °C and the isothermal hold at 1400 °C
under pO” of 9.79 x 10 and 3.00 x 10~ atm are displayed in Figure S7(a) and S7(b),
respectively. In both cases, the pO2 increases during the ramp from 1300 to 1400 °C, reaches a
maximal value once the temperature stops ramping, and then undergoes a relaxation towards

pOLY*" . In parallel, the mass drops during the ramping period, then drops more gently during the

isothermal hold as it relaxes towards the equilibrium value. In Figure S7(a), it is apparent that
under T = 1300 °C, pO%“ = 9.79 x 10° atm the recorded pO> reaches pO* after 4 h of
relaxation. Not surprisingly, as shown in Figure S7(c), the equilibrium & calculated using Eq. S4
(single dot) under this condition corresponds to the value directly measured in the quasi-

equilibrium profile. This reflects the fact that the oxygen released by the sample is completely

swept out of the system by the end of the isothermal hold for these conditions. In Figure S7(b),
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under the more reducing condition of pO”"*" = 3.00 x 10~ atm, the recorded pO: does not reach

pOY* | indicating that more time would be required for the oxygen released from the sample to

be swept out of the system. Furthermore, the mass does not reach a plateau value. Under these
conditions, as shown in Figure S7(d), the equilibrium & predicted from the extrapolated relaxation
profile (single dot) and from the extrapolated third order polynomial fit to the quasi-equilibrium

d(p0O2) profile (dotted line) are in agreement.
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Figure S8. The instantaneous oxygen non-stoichiometry as a function of the logarithm of oxygen
partial pressure at each temperature step (lines) under reducing pO: conditions and the extrapolated
equilibrium & values (dots) by tracking of the instantaneous d(pO2) profiles. These vertical solid

black lines are the logarithm values of inlet gas oxygen partial pressures.

The extrapolated equilibrium 6 (dots) together with the corresponding d(pO2) profiles (lines) at all
measured temperature steps under pOz conditions (8.19 x 10, 2.14 x 104, 9.79 x 107, 3.00 x 10
> atm) are displayed in Figure S8. The extrapolated values were obtained by fitting the quasi-
equilibrium curves to third order polynomial functions. In most cases, the pO: relaxes to that of
the inlet value by the completion of the isothermal hold, providing further confidence in the data
analysis. After a negligible baseline shift correction caused by gas switching, these discrete d(T,

pO2) points and continuous &(T) curves are summarized in Figure 3(a).
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Figure S9. The experimentally measured (dots in blue color) and numerically fitted (solid lines in
red color) thermodynamic properties: (a) enthalpy and (b) entropy of reduction in the range of
0.0036 <6 <0.2449. The extrapolated (dash lines in olive color) enthalpy and entropy of reduction
are calculated using corresponding fitting functions in the range of 0.0001 <& < 0.0034 and 0.2451
<8<0.2700.
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Figure S10. Predicted equilibrium fuel productivity of STMS55 with thermal reduction under pO2
= 1.0 x 107 atm at the temperatures indicated, and water splitting under pH20 = 0.2 atm (solid

lines) and 0.4 atm (dash lines), shown as functions of water splitting temperature.

Based on the fitted thermodynamic data of STMS55 shown in Figure S9, it is possible to compute
the non-stoichiometry at almost any arbitrary condition. Thus, the equilibrium fuel productivity —
the quantity of hydrogen which results from allowing the oxide to react with the supplied gas for
sufficiently long time that equilibrium is achieved — can be easily predicted for any given cycle.
The equilibrium fuel productivities for cycles with thermal reduction carried out at temperatures
between 1200 and 1400 ° and water splitting performed at a variable temperature, Tws, between
800 and 1200 °C, using a steam partial pressure of either pH20 = 0.2 or 0.4 atm, are shown in
Figure S10. The near linear increase in equilibrium fuel productivity with decreasing Tws reflects
the fact that STMSS5 cannot reach full re-oxidation under the conditions considered. It is also to be
noted that with a decreasing Tws, the benefits of using a gas with a high steam content diminish as

a consequence of the decreasing oxidation potential of steam at low temperatures.
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Figure S11. Temperature and gas profile (nominal) used for evaluating the thermo-kinetic response
of STMS5S perovskite during thermal reduction and subsequent oxidation by steam in a single-

cycle experiment, using a sample 0.5225 g in mass.

To permit evaluation of the thermo-kinetic response of STMS55, a thermochemical cycle with the
temperature and gas profiles shown in Figure S11 was carried out using a porous cylindrical
monolith sample with a mass of 0.5225 g. An initial pretreatment of the sample was carried out at
To = 1000 °C for 60 min under a flow rate of Vo = 300 mL min™' synthetic air and cooled to 25 °C
at a rate of 10 °C min’!, to ensure that the cycle was initiated with the material in the fully oxidized
state. Subsequent to pretreatment, gas lines were purged with Ar (residual Oz on the order of a few
ppm). At the sample temperature of 25 °C this step does not induce reduction. Following the brief
room temperature exposure to Ar, the reduction sweep gas of 10 ppm Oz in Ar (¥1r = 500 mL min
") was introduced, and the Oz and Hz baseline signals in mass spectrometer were measured, as was
the oxygen partial pressure. Upon stabilization of these signals (~30 min), the measured pO2 was
recorded and taken as the true experimental input value. The sample was then heated at a ramp
rate of 500 °C min™' to the reduction temperature, Trr (here, set value of 1400 °C, actual value of

1404 °C) and held at 7rr for a reduction period, f1r, of 30 min. In the first minute of the < 3 min
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reduction period, the average temperature of the sample slightly exceeded that recorded at the
thermocouple, as evidenced by slight oxygen release initiating at a thermocouple temperature of
450 °C. Upon completion of the reduction half-cycle, the sample was quenched at a ramp rate of
500 °C min™! to the water splitting temperature, Tws, of 1000 °C. During the quench process, the
thermocouple temperature lagged very slightly behind the set temperature. Once the thermocouple
temperature reached 7Tws, the oxidation gas with a set water partial pressure, pH20, and set flow
rate, V'ws, was introduced and the sample held at this condition for a given reaction time, tws, of
60 min. The equilibrium oxygen non-stoichiometry values under the given reduction and oxidation

half-cycles under nominal conditions are 0.256 and 0.113, respectively.
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Figure S12. Evaluation of gas evolution characteristics of STM55 by the comparison of the
measured and thermodynamically predicted behavior of a porous sample 0.5225 g in mass using
the nominal conditions described in Figure S11: (a) instantaneous oxygen production profile along
with the pO:2 profile recorded by an oxygen sensor and the temperature profile measured by
thermocouple, and (b) cumulative oxygen production profile; in both (a) and (b) experimental
results are compared to thermo-kinetic model calculations for a thermal reduction temperature of
1400 °C and oxygen partial pressure of 33.5 ppm. The inset data in (a) shows the measured pO- at
the initiation of the reduction experiment. (¢) Comparison of measured and predicted oxygen
evolution as a function of temperature; (d) steam-to-hydrogen conversion profile. Calculation in
(c) is performed at 1404 °C with the oxygen partial pressure of 33.5 ppm in the reduction, and
corresponds to the initial ~2.7 min of oxygen release. Calculation of hydrogen production profile
in (d) is performed at Tws = 1000 °C, pH20 = 0.4 atm under an Ar carrier gas flow rate of 300 mL

min!.
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From the detailed analysis of the gas evolution data in Figure S12 several conclusions can be drawn.
The inset data in (a) shows the true inlet pO2 to be 33.5 x 10 atm rather than nominal condition
of 10 x 10 atm, the value recorded at the downstream sensor using an inlet gas stream of 10 ppm
O2in Ar. The temperature recorded by the thermocouple during the reduction hold is 1400 °C. The
true sample temperature and the thermocouple temperature can differ by a few degrees for a variety
of experimental reasons. The calculations presented here show that an overshoot of 4 °C brings
the measured O2 release in alignment with the measured Oz (compare Figure S12(b) above to
Figure 5(b) in the main paper), but the differences for the two conditions are in any case small. On
heating under the low pO:2 atmosphere, the experimentally measured and predicted oxygen
evolution are in good agreement until the temperature reaches ~800 °C, Figure S12(c). As noted
in the main text, the deviation at higher temperatures is a signature of process limited (or co-limited)
by material kinetic factors. The steam-to-hydrogen conversion, Figure S12(d), displays a peak
experimental value of around 0.155 %. The low steam-to-hydrogen conversion is attributed to the
moderate driving force for water splitting half-cycle, which is a common challenge for perovskite-
based STCH materials operated within the framework of non-stoichiometric oxygen release and

uptake.
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Figure S13. Thermochemical cycle using 0.5225 g STMS5S5 porous monolith with reduction under
a flowrate of 500 mL min™ of 10 ppm O2 in Ar at 1400 °C for 30 min and oxidation under a
flowrate of 300 mL min! of Ar with pH20 = 0.2 atm at 800 °C for 60 min: (a) 10 continuous cycles
for thermochemical water splitting; (b) total amount of H2 and Oz production in each cycle and
corresponding Hz / Oz ratio. Red, blue and olive colors correspond to Oz, H2 production and Hz /

O2 ratio, respectively.
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Figure S14. Thermochemical cycle using 0.5225 g STMS5S5 porous monolith with reduction under
a flowrate of 500 mL min™ of 10 ppm O: in Ar at 1400 °C for 30 min and oxidation under a
flowrate of 300 mL min! of Ar with pH20 = 0.2 atm at 1000 °C for 60 min: (a) 10 continuous
cycles for thermochemical water splitting; (b) total amount of H> and Oz production in each cycle

and corresponding H2 / Oz ratio. Red, blue and olive colors correspond to Oz, H2 production and

Hz / Oz ratio, respectively.
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Figure S15. Thermochemical cycle using 0.5225 g STMS5S5 porous monolith with reduction under
a flowrate of 500 mL min™ of 10 ppm O: in Ar at 1400 °C for 30 min and oxidation under a
flowrate of 300 mL min™ of Ar with pH20 = 0.4 atm at 1000 °C for 60 min: (a) 10 continuous
cycles for thermochemical water splitting; (b) total amount of H> and Oz production in each cycle
and corresponding H2 / Oz ratio. Red, blue and olive colors correspond to Oz, H2 production and

Hz / Oz ratio, respectively.
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Figure S16. Thermochemical cycle using 0.5225 g STMS5S5 porous monolith with reduction under
a flowrate of 500 mL min™ of 10 ppm O: in Ar at 1400 °C for 30 min and oxidation under a
flowrate of 300 mL min™! of Ar with pH20 = 0.4 atm at 1200 °C for 60 min: (a) 8 continuous cycles
for thermochemical water splitting; (b) total amount of H2 and Oz production in each cycle and

corresponding Hz / Oz ratio. Red, blue and olive colors correspond to Oz, H2 production and Hz /

O2 ratio, respectively.
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Figure S17. Thermochemical cycle using sintered STMS55 porous monolith with reduction under

a flowrate of 1000 mL min™! (0.5225 g, oxide mass normalized flowrate 1914 mL min™' g'!) of 10

ppm O in Ar at 1350 °C for 30 min and oxidation under a flowrate of 300 mL min! of Ar with

pH20 =0.4 atm at 1100 °C for 60 min: (a) 8 continuous cycles for thermochemical water splitting;

(b) total amount of Hz and O2 production in each cycle and corresponding Hz / Oz ratio. Red, blue

and olive colors correspond to Oz, H2 production and Haz / Oz ratio, respectively.
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Figure S18. Thermochemical cycle using sintered STMS55 porous monolith with reduction under
a flowrate of 1000 mL min™! (0.2529 g, oxide mass normalized flowrate 3954 mL min! g'!) of 10
ppm Oz in Ar at 1350 °C for 30 min and oxidation under a flowrate of 300 mL min! of Ar with
pH20 =0.4 atm at 1100 °C for 60 min: (a) 8 continuous cycles for thermochemical water splitting;
(b) total amount of H2 and O2 production in each cycle and corresponding Hz / Oz ratio. Red, blue

and olive colors correspond to Oz, H2 production and Haz / Oz ratio, respectively.
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Figure S19. Thermochemical cycle using sintered STMS55 porous monolith with reduction under
a flowrate of 500 mL min™! (0.5225 g, oxide mass normalized flowrate 957 mL min™! g!) of 10
ppm Oz in Ar at 1350 °C for 30 min and oxidation under a flowrate of 300 mL min! of Ar with
pH20=0.4 atm at 1100 °C for 15 min: (a) 15 continuous cycles for thermochemical water splitting;

(b) total amount of H2 and O2 production in each cycle and corresponding Hz / Oz ratio. Red, blue
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Figure S20. Thermochemical cycle using sintered STMS55 porous monolith with reduction under
a flowrate of 1000 mL min™! (0.5225 g, oxide mass normalized flowrate 1914 mL min™' g'!) of 10
ppm O in Ar at 1350 °C for 30 min and oxidation under a flowrate of 300 mL min! of Ar with
pH20=0.4 atm at 1100 °C for 15 min: (a) 15 continuous cycles for thermochemical water splitting;
(b) total amount of H2 and O2 production in each cycle and corresponding Hz / Oz ratio. Red, blue

and olive colors correspond to Oz, H2 production and Haz / Oz ratio, respectively.
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Figure S21. Thermochemical cycle using sintered STMS55 porous monolith with reduction under
a flowrate of 1000 mL min™! (0.2529 g, oxide mass normalized flowrate 3954 mL min! g'!) of 10
ppm Oz in Ar at 1350 °C for 30 min and oxidation under a flowrate of 300 mL min! of Ar with
pH20=0.4 atm at 1100 °C for 15 min: (a) 15 continuous cycles for thermochemical water splitting;

(b) total amount of H2 and O2 production in each cycle and corresponding Hz / Oz ratio. Red, blue
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Figure S22. Experimental H2 production profiles: (a), (c), (e) the instantaneous H2 production
flowrate; (b), (d), (f) the cumulative Hz productivity over sintered STMS55 porous monolith sample
for thermochemical experiments described in Table 2. (a) and (b) show associated H2 production
in oxidation half-cycles under the impact of changing water splitting temperature and steam partial

pressure with thermal reduction conditions held fixed; (c), (d) and (e), (f) show the associated Hz
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production in oxidation half-cycles under the impact of varying the oxide mass, the reduction gas
flow rate and the oxidation time. Shown in parentheses (mL g") in (a) (c) and (e) is the total amount

of Hz generated per cycle under indicated conditions.

The repeated multiple-cycle water splitting experiments with short cycle time (#1otal = 90 min) were
measured under ten different conditions, results of both H2 and Oz production are summarized in
Table 2. Shown in Figure S22(a,b) is the H2 production profiles under conditions of M1 — MS5, in
which 0.5225 g oxide is reduced under a fixed thermal reduction condition at 1400 °C under 10
ppm Oz gas flow rate of 500 mL min™' for 30 min followed by a series of oxidation temperatures
and steam partial pressures, the peak H2 productivity is achieved at Tws = 1100 °C and pH20 = 0.4
atm which is suggestive of the optimal water splitting condition. For thermochemical cycling
carried out at a reduced reduction temperature of 1350 °C, the impact of the oxide mass (0.5225
or 0.2529 g), the reduction gas flow rate (500 or 1000 mL min™') and the oxidation time (60 or 15
min) on hydrogen production are evaluated, the associated H2 production profiles measured with
oxidation for 60 min (M6 —M7) and 15 min (M8 —M10) are shown in Figure S22(c,d) and S22(e,f),
respectively. In both sets of experiments, it is demonstrated that the H2 productivity increases with
oxide mass-normalized gas flow rate, which is consistent with that implied by the thermo-kinetic

model and is suggestive of the gas-phase as a rate-limiting factor in hydrogen production.
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Figure S23. Experimental oxygen production profiles: (a), (¢), (¢) the instantaneous Oz production
flowrate; (b), (d), (f) the cumulative Oz productivity over sintered STMS55 porous monolith sample
for thermochemical experiments described in Table 2. (a) and (b) show associated O2 production
in thermal reduction half-cycles under the impact of changing water splitting temperature and

steam partial pressure in oxidation half-cycles; (c), (d) and (e), (f) show associated Oz production
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in thermal reduction half-cycles under the impact of varying the oxide mass, the reduction gas flow
rate and the oxidation time. Shown in parentheses (mL g™!) in (a) (c) and (e) is the total amount of

O2 generated per cycle under indicated conditions.

The cumulative Oz production in the ten water splitting experiments are shown in Figure S23(a,b)
(M1 — M5), Figure S23(c,d) (M6 — M7) and Figure S23(e,f) (M8 — M10). From M1 to M5, the O2
productivity achieves the maximum amount under conditions of M4, in which the Hz productivity
is the highest. From the O2 production profiles measured by varying the oxide mass normalized
gas flow rate and oxidation time, M6 — M10, the Oz productivity increases with mass-normalized
gas flow rate, suggesting that the gas-phase thermodynamics are playing an important role in the

rate-limiting steps in oxygen production.
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Figure S24. Ex situ X-ray diffraction patterns of STMS55 porous monolith sample before and after
all thermochemical water splitting measurements, the cycled sample was annealed at 1000 °C for

2 h under still air to achieve a fully oxidized state prior to diffraction measurement.

On the basis of XRD patterns collected on STMS55 porous monolith sample before and after these
thermochemical hydrogen production measurements, Figure S24, the STMS5 sample is revealed
to remain in the single-phase cubic crystal structure without any evidence of phase decomposition,
suggesting the exceptional phase stability of STM55 under thermochemical cycling conditions.
The refined lattice constants given by Rietveld refinement analysis of the XRD patterns before and
after water splitting experiments are a = 3.8548(1) A and a = 3.8762(3) A, respectively. In addition,
the SEM characterizations of the microstructures of porous monolith before and after all water
splitting tests, Figure 7, shows that the porous structure with a solid-state diffusion distance of
several microns is largely retained, however, an obvious coarsening of the grains is observed after
long-term hydrogen production measurements. Overall, the exceptional phase stability, robust
porous structure against high temperatures and high capacity hydrogen production renders STMS55

perovskite a promising candidate for solar thermochemical fuel production.
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