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ABSTRACT: Solar thermochemical hydrogen (STCH) generation
is a promising approach for eco-friendly H2 production, but
conventional STCH redox compounds cannot easily achieve
desirable thermodynamic and kinetic properties and phase stability
simultaneously due to a rather limited compositional space.
Expanding from the nascent high-entropy ceramics field, this study
explores a new class of compositionally complex perovskite oxides
(La0.8Sr0.2)(Mn(1−x)/3Fe(1−x)/3CoxAl(1−x)/3)O3 with new non-equimo-
lar designs for STCH. In situ X-ray photoelectron spectroscopy
shows preferential redox of Co. The extent of reduction increases, but
the intrinsic kinetics decreases, with increasing Co content.
Consequently, (La0.8Sr0.2)(Mn0.2Fe0.2Co0.4Al0.2)O3 achieves an opti-
mal thermodynamic and kinetic balance. The combination of a moderate enthalpy of reduction, a high entropy of reduction, and
preferable surface oxygen exchange kinetics enables a maximum H2 production of 89.97 mmol moloxide−1 in a short 1 h redox
duration. Entropy stabilization may contribute to the phase stability during redox cycling without phase transformation, which
enables STCH production for >50 cycles under harsh interrupted conditions. The underlying redox mechanism is further elucidated
by a density functional theory-based parallel Monte Carlo computation approach. This study suggests a new class of non-equimolar
compositionally complex ceramics for STCH and thermochemical looping.

1. INTRODUCTION
Hydrogen has critical applications in modern industries and
energy systems for future hydrogen economy.1−5 To realize
sustainable sunlight-driven water splitting and store inter-
mittent solar energy, two-step solar thermochemical hydrogen
production (STCH) has attracted considerable attention due
to its capability of utilizing the full solar spectrum energy to
generate fuels.6−11 The two-step STCH process involves an
endothermic reduction step at a high temperature (≥1200 °C)
under low oxygen partial pressure (POd2

) with a suitable non-
stoichiometric metal oxide to release oxygen and a subsequent
oxidation step via flowing steam to the reduced oxide at a
relatively lower temperature (∼800−1100 °C). The most
investigated non-stoichiometric metal oxide materials for
STCH are undoped and doped ceria materials due to their
phase stability and fast redox kinetics.12−15 However, ceria
(CeO2−δ, δ: oxygen non-stoichiometry) suffers from the
requirement of extremely high reduction temperatures
(>1500 °C) to reach a small extent of reduction (Δδ ≈
0.03−0.06), challenging the design of suitable reactors.14,16

The perovskite oxides (ABO3−δ) are considered as a promising
alternative candidate to ceria for STCH as they have favorable
merits including relative phase stability under large non-

stoichiometry redox swing, tunable defect chemistry with A/B
site doping, and a large compositional space.17,18 For instance,
Ca(Ti0.5Mn0.5)O3

19 and (La1−xSrx)(Mn1−yAly)O3
20 perovskites

have been investigated for STCH. Even though perovskites can
have much larger redox capacities (Δδ > 0.15), a longer
reaction time (total dwell time for reduction and oxidation
steps >2 h) is usually required to reach a fair H2 production in
the reports.21−23 An understanding of the tradeoff between
thermodynamic and kinetics properties is needed to optimize
the perovskite composition to achieve high H2 production
within a short time (≤1 h). Additionally, many reported
perovskite oxides were found to show gradual phase trans-
formation forming secondary phases with reduced or little
redox capability in short-term cycles,21,24−34 which is
detrimental to H2 production cycling stability. Therefore, it
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is desirable to enhance the phase stability of perovskite oxides
against thermochemical redox cycles.
High-entropy ceramics (HECs) have been synthesized in

several material families including rocksalt,35,36 perovskite,37

and fluorite38−40 oxides, as well as other non-oxides such as
borides,41 carbides,42 and silicides.43 Notably, an equimolar
polycation (Fe0.25Mg0.25Co0.25Ni0.25)Ox was reported for
STCH undergoing reversible phase transformation between
the spinel and rocksalt structure for 10 cycles.44 However, the
repetitive phase transformation is not desirable for long-term
cycling stability, reversibility, and oxygen exchange kinetics due
to its larger energy barrier. Fe was proposed as the redox active
element, although the ex situ characterization in that work may
not precisely track the instantaneous redox change and the
redox center valence may subject to change in the quenching/
cooling process. It remains unclear why a particular cation
dominates the redox chemistry and what factors govern the
priority of redox behavior in the HECs during the STCH
process. Recently, compositionally complex ceramics (CCCs)
have been introduced to broaden the field of HECs by
including non-equimolar compositions that reduce the
configurational entropy but allow more engineering space to
improve the properties.45,46 CCCs can provide additional
tunability of the physical properties, e.g., thermomechanical
properties, in compositionally complex fluorite-based ox-
ides.47,48 Here, we hypothesize that a vast compositional
space in compositionally complex perovskite oxides (CCPOs)
will enable us to create a new class of stable STCH materials,
where non-equimolar compositional designs can be leveraged
to balance the thermodynamic and kinetic properties.
Herein, we designed a new class of medium- to high-entropy

CCPOs for two-step STCH with the chemical formula
(La0.8Sr0.2)(Mn(1−x)/3Fe(1−x)/3CoxAl(1−x)/3)O3, denoted as
“LS_MFCxA” for brevity (Table 1). Unlike benchmark

perovskite materials such as La1−xSrxCoO3
26,27,29,30 and

BaCexMn1−xO3,
24 this LS_MFCxA series of CCPOs did not

show any phase transformation during the STCH redox cycling
for x < 0.61 confirmed by X-ray diffraction. In this series, the
thermodynamic properties (Δδ) are enhanced with the
increasing Co content, whereas the intrinsic kinetic properties
(oxygen surface exchange coefficient) are decreased with the
increasing Co content. LS_MFC0.4A ((La0.8Sr0 .2)-
(Mn0.2Fe0.2Co0.4Al0.2)O3) showed the best balance between
the thermodynamic and kinetic properties, rendering a high

hydrogen production of 89.97 mmol moloxide−1 within a short 1
h duration at an optimized STCH condition. The in situ X-ray
photoelectron spectroscopy indicated that Co dominated the
redox behavior. Furthermore, Monte Carlo (MC) sampling
based on density functional theory (DFT) was applied in this
field to demonstrate that oxygen vacancies prefer to form on
the Co octahedron position among all B-site metal octahedron
positions and the valence change of Co is the most obvious.
Furthermore, we found that the Co−O bond in the CCPO is
substantially weakened in comparison to Mn−O, Al−O, and
Fe−O bonds in their respective simple perovskites, ration-
alizing the experimental observations. Moreover, LS_MFC0.4A
exhibited phase stability and moderate cycling durability even
after 51 cycles under very harsh interrupted cycling conditions
involving startup heating and shutdown cooling, which
simulates the real-world day−night cycle conditions for
STCH. This work opens up a new direction to explore novel
CCCs for STCH and provides a new computation paradigm
for a mechanistic understanding of redox chemistries of STCH
materials. The concept of design of CCCs may guide the future
development of materials for other applications such as
thermochemical looping, catalysis, and electrochemistry.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. The CCPO samples of LS_MFCxA were

prepared by solid-state reactions. The starting powders, La2O3
(99.99%), SrCO3 (99.9%), MnO2 (99.5%), Fe2O3 (99.99%), Co3O4
(99.9%), and Al2O3 (99.99%), were purchased from Alfa Aesar. The
precursor powders were mixed based on the calculated stoichiometry
and placed in a poly(methyl methacrylate) high-energy ball mill
(HEBM) vial with endcaps and milling balls made by tungsten
carbide. The vials were dry-milled for 100 min (SPEX 8000D, SPEX
SamplePrep, USA). Then, the mixed powder was annealed in air at
1300 °C for 10 h to form the single perovskite phase. The synthesized
powder was ground by a pestle and mortar and further annealed in air
at 1350 °C for another 10 h to improve the homogeneity and single-
phase purity of final products, similar to previous reports of solid-state
synthesis of perovskite materials for STCH.19,49 For all syntheses, the
heating rate was 5 °C min−1 and natural furnace cooling (about 10 °C
min−1) was applied. In a typical synthesis batch, around 2 g of
products was obtained.

2.2. Phase Characterization. The phases were determined by X-
ray diffraction (XRD) using a Rigaku Miniflex with Cu Kα radiation
with an operating voltage of 30 kV and a current of 15 mA. All XRD
patterns were taken with 0.02° step size and 2 s dwell time. The
Rietveld refinements were performed using GSAS-II software. The
crystallographic information file (cif) of LaAlO3 (R3̅c) from Inorganic
Crystal Structure Database (ICSD #92554) was used as a starting
structure. In situ high-temperature X-ray diffraction (HT-XRD) was
performed on a Scintag PAD X powder X-ray diffractometer
employing a sealed tube Cu Kα X-ray source, an incident beam
mirror optic, fixed receiving slits, and a Peltier-cooled germanium
solid-state detector. The ancillary hot stage was a Buehler HTK 2400
furnace with a Pt/Rh heating strip and surround heater. The
temperature of the hot stage was calibrated via thermal expansion of a
known standard alumina material under the similar testing conditions
to the samples. Sample powders were ground under methanol and
coated onto single-crystal yttria stabilized zirconia (YSZ) substrates
for loading onto the heating strip. Mass flow controllers provided
controlled gas flow through the furnace chamber. The specimen in
HT-XRD experiments was heated up from room temperature to 1350
°C in flowing He, and the spectra were recorded at different isotherm
stages (about 30 min each) with an interval of 50 °C from 850 to
1350 °C. The isothermal duration at 1350 °C was 1 h. The XRD
patterns of cooling segments in flowing He were recorded at different
isotherm stages of 1200, 1050, 900, and 800 °C (about 30 min each).

Table 1. Compositions of CCPOs and Abbreviations

sample
abbreviations nominal composition

molecular weight
(mol g−1)

LS_MFC0.16A (La0.8Sr0.2)
(Mn0.28Fe0.28Co0.16Al0.28)O3−δ

224.65

LS_MFC0.2A (La0.8Sr0.2)
(Mn0.267Fe0.267Co0.20Al0.267)O3−δ

225.22

LS_MFC0.25A (La0.8Sr0.2)
(Mn0.25Fe0.25Co0.25Al0.25)O3−δ

225.82

LS_MFC0.4A (La0.8Sr0.2)(Mn0.2Fe0.2Co0.4Al0.2)
O3−δ

227.78

LS_MFC0.52A (La0.8Sr0.2)
(Mn0.16Fe0.16Co0.52Al0.16)O3−δ

229.34

LS_MFC0.61A (La0.8Sr0.2)
(Mn0.13Fe0.13Co0.61Al0.13)O3−δ

230.51

LS_MFC0.79A (La0.8Sr0.2)
(Mn0.07Fe0.07Co0.79Al0.07)O3−δ

232.85

LSC (La0.8Sr0.2)CoO3 235.58
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Then, O2 was introduced at 800 °C to oxidize the thermally reduced
sample for 1 h.

2.3. Thermogravimetric Analysis (TGA). TGA was finished
using a simultaneous thermal analyzer (NETZSCH STA 449 F3
Jupiter). For each test, 30 mg of sample was placed on an alumina
crucible. The samples were heated up to 1350 °C with a 25 °C min−1

ramping rate and held isothermally for 45 min under ultrahigh-purity
(UHP) Ar. Then, the sample was cooled down to 1100 °C with the
same ramp rate under Ar. Subsequently, 21% O2 balanced with Ar was
introduced to reoxidize the sample. The mass loss curves of samples
were calibrated by a blank crucible run. The loss of mass was
calculated to obtain the extent of reduction (Δδ = δre − δox) for all
samples. The first cycle usually exhibited activation behaviors due to
surface adsorption. Thus, we chose to report the TGA results in the
stabilized second cycle for all LS_MFCxA samples for consistent
comparison. The plateau during the reoxidation step of the first cycle
was considered as the reference (δox) for calculating Δδ.

2.4. In Situ X-ray Photoelectron Spectroscopy (XPS). The in
situ XPS work was accomplished with an AXIS Supra by Kratos
Analytical. The synthesized LS_MFC0.25A powder was pressed into a
cylindrical pellet with 10 mm diameter and about 1.5 mm thickness
with uniaxial hydraulic press. The pellet was sintered under 1350 °C
for 12 h, and the surface was polished. The pellet specimen was put
on the holder with a heater and transferred into the XPS chamber. We
took the XPS spectra for the specimen under room temperature (25
°C) and then heated it up to 800 °C with a ramp rate of 5 °C min−1.
The specimen was held isothermally at 800 °C for 30 min to reach
surface equilibrium, and then the XPS spectra were recorded at 800
°C. All spectra were calibrated by the C 1s peak at 284.8 eV for
further data analysis.

2.5. Thermochemical Water Splitting. The STCH perform-
ances of materials were investigated using a homemade flow reactor
(Figure S1). The powder (100 mg) was loaded into the middle point
of a 24″ alumina tube with an outer diameter of 1/4″ and inner
diameter of 3/16″ and loaded horizontally close to the thermocouple
within a high-temperature programmable electric furnace (Carbolite
HTF 17/5). The powder was evenly dispersed inside the tube located
in the center heating zone to ensure the sufficient gas−solid contact
and mass transfer, and there was a void over the powder to avoid a
sudden pressure drop and powder blowing off. N2 (UHP, Matheson)
was used as a carrier gas, and the flow rate was controlled by a
calibrated mass flow controller (Alicat Scientific). The steam (40 vol
% H2O) was generated using a water evaporator (humidity bottle,
Fuel Cell Technologies, Inc.) with a target temperature of 85 °C and
mixed with the N2 gas by redirecting the flow of N2 through a series of
valves into the evaporator. The outlet was connected to a cold trap to
condense and remove excess steam. To eliminate the inevitable errors
of integrating the mass spectrometry response, the total H2
production was collected with a gas sampling bag (Restek Multilayer
Foil) for a given time. The H2 concentration was measured by gas
chromatography (GC-2014, Shimadzu), which was calibrated by a
series of standard calibration H2 gases (GASCO, Cal Gas Direct Inc.)
with different concentrations balanced by N2. The reduction
temperature was fixed at 1350 °C. The oxidation temperatures were
controlled at 800, 1000, 1100, and 1200 °C. The gas flow rates were
controlled at 100 or 200 sccm. The detailed testing parameters can be
found in Table 2 and Figure 3. Background H2 production from

catalytic water thermolysis at different temperatures was subtracted
from the total H2 production, and only the H2 production from the
redox reaction was illustrated. To compare the kinetics and molar rate
of gas production, some selected LS_MFCxA compositions were
tested in a stagnation flow reactor with mass spectrometry (MS) at
Sandia National Laboratory (SNL). The oxygen uptake and release
tests were also conducted at SNL. The testing condition has been
described elsewhere.20,24

2.6. Measurement of Thermodynamic Properties. The
thermodynamic properties of the optimal composition, LS_MFC0.4A,
was measured up to a maximum temperature of 1400 °C under six
different pO2 conditions ranging from 0.21 to 2.5 × 10−5 atm.
Accordingly, ∼300 mg of sample was loaded into the TGA chamber
and pretreated at 1000 °C for 30 min under 21% O2 balanced with
UHP Ar with a heating and cooling rate of 30 K min−1 to remove any
surface adsorbates from the sample. After the treatment, the
temperature returned to 80 °C. Then, the sample was heated to the
reference temperature of 1000 °C under 0.028 atm at a heating rate of
5 K min−1 and kept at 1000 °C for 1 h to equilibrate the sample.
Then, either a continuous or stepwise procedure was used for high POd2

and low POd2
conditions, respectively. The continuous conditions were

performed for POd2
≥ 0.028 atm. Accordingly, the POd2

was adjusted to
the targeted value and the temperature was heated to 1400 °C, kept at
1400 °C for 1 h, cooled to 300 °C, and maintained at 300 °C for 1 h.
Then, it was heated again to 1400 °C and kept under isothermal
conditions for 1 h. The heating and cooling were under a heating/
cooling rate of 2 K min−1. Thereafter, the temperature was cooled to
the reference temperature of 1000 °C at 5 K min−1 under the
reference POd2

of 0.028 atm and held at 1000 °C for 1 h to confirm if
the equilibrium values between the two reference points were kept at
the similar level. The stepwise conditions were performed for POd2

≤
1.70 × 10−3 atm. Accordingly, the POd2

was adjusted to the targeted
value, and the temperature was increased to the initial testing
condition at a ramp rate of 2 K min−1 and kept isothermally for 1−2 h
until the sample was stabilized. Thereafter, the sample was treated in
various isothermal conditions for 1−2 h with a temperature interval of
100 °C. The tested isothermal temperatures depended on the POd2

up
to 1400 °C. Thereafter, the temperature was cooled to the reference
temperature of 1000 °C at 5 K min−1 under the reference POd2

of 0.028
atm and held at 1000 °C for 1 h to confirm if the equilibrium values
between the two reference points were kept at the similar level. The
thermodynamic limit of equilibrium H2 production was calculated
using the obtained results (oxygen non-stoichiometry of LS_MFC0.4A
as a function of temperature and POd2

) through an established
method.19,50,51 The thermodynamic limit of equilibrium H2
production of LS_MFC0.4A comes from the equilibrium change of
Δδ = δre − δox, where δre and δox represent the equilibrium δ values of
thermochemical reduction (1350 °C under inert gas with 25 ppm
POd2

) and oxidative water splitting (1100 °C under 40 vol % H2O
balanced with inert gas), respectively.

2.7. Monte Carlo (MC) and Density Functional Theory (DFT)
Calculations. To sample the massive structural space of CCPOs, we
performed a density functional theory (DFT)-based parallel Monte
Carlo (MC) study for both LS_MFCA bulk and vacancy

Table 2. Summary of STCH Production Results of LS_MFC0.4A under Different Testing Conditions
a

condition # flow rate (sccm) TOx (°C) tRe (min) tOx (min) cumulative H2 production (μmol g−1)/(mmol mol−1) H2O conversion extent (%)

C1 100 800 45 15 49/11.16 0.18
C2 100 1000 45 15 194/44.19 0.72
C3 100 1100 45 15 219/49.88 0.82
C4 100 1100 30 30 270/61.50 0.50
C5 100 1100 30 60 351/79.95 0.33
C6 200 1100 30 30 395/89.97 0.74

aThe reduction was conducted at 1350 °C in N2 and oxidation was performed in 40% steam with N2 for all cases. Cumulative H2 production is
reported in two units.
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configurations to investigate the reduction mechanism. Four major
initial perovskite structures, with space groups of Pnma, R3̅c, and
Pm3̅m as base structures, were used to generate randomly mixed 80-
atom (La0.75Sr0.25)(Mn0.25Fe0.25Co0.25Al0.25)O3 supercells (as the
“seed”). Vacancy supercells were created by removing one of each
nonequivalent oxygen from base structures before the cations were
randomly mixed. Ten seed structures were generated for each
symmetry. The MC workflow was built upon a framework developed
for crystal structure prediction.52 Each seed structure was evolved
following a Monte Carlo “path”, by first randomly switching the
position or the magnetic moment of the two A-site elements or/and
two out of the four B-site elements, relaxing with DFT calculations,
and applying the Metropolis Monte Carlo acceptance criterion at
1600 K with the DFT computed energies. Here, 2600 accepted bulk
and 3000 vacancy structures were saved and used for the analysis.

DFT calculations were performed using the Projector Augmented
Wave (PAW) method53 implemented in the Vienna Ab initio
Simulation Package (VASP). The generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE)54 was used for the
DFT exchange correlation functional. Hubbard U correction for 3d
transition metal electrons was chosen to be 3.0 eV, and that for La 5d
electrons was set to be 1.5 eV with an additional value for 4f electrons
set to be 2.0 eV. The plane-wave cutoff energy was set to 320 eV,
which is sufficient for the soft O pseudopotential, with a 2 × 2 × 2
Gamma point Monkhorst−Pack k-point meshes. Initial magnetic
moments are selected randomly to be half up and half down for {B}
site elements. The electronic and atomic relaxation convergence
criteria were 8 × 10−5 and 0.04 eV Å−1, respectively. These settings

provide a reasonable compromise between accuracy and efficiency for
a large number of MC trial calculations.

A descriptor called bond valence sum (BVS) developed by Brown
and Shannon was adopted to analyze the relation between bond
strength and bond length.55 Note that the BVS values of the single
components from the DFT calculation are consistently lower than the
experimental BVS due to the GGA + U method underbinding the
structure.55,56 We focused on the comparison of DFT-computed bond
valence sum (BVS) between the single components (SrMnO3,
LaFeO3 , LaCoO3 , and LaA lO3) and (La 0 . 7 5 S r 0 . 2 5 ) -
(Mn0.25Fe0.25Co0.25Al0.25)O3 under the similar calculation conditions.
The expression for a B element’s bond valence sum is defined as
follows:

= i
k
jjj y

{
zzzV

R R
b

exp
i

i0

(1)

where R0 and b are tabulated parameters from experiments (Table
S4), Ri is the corresponding B−O bond length, and the sum goes over
all six B−O bonds for a B centered octahedron. The bond valence
theory predicts an outcome that is close to the oxidation state.

Local bond distortion occurs in compositional complex materials,
and it can be measured by a discrepancy factor d:56

=d V Zi i i (2)

where Vi is the BVS value for ion i and Zi is the oxidation number for
ion i (positive for a cation, negative for an anion). A positive di
represents a compression of ion surrounding bonds, while a negative
one stands for stretching. Furthermore, the global instability index

Figure 1. (a) XRD patterns of LS_MFCxA (x = 0.16, 0.2, 0.25, 0.4, 0.52, 0.61, 0.79, and 1). (b) Splitting of (110) and (104) peaks showing the R3̅c
rhombohedral structure. (c) HT-XRD pattern of LS_MFC0.16A. The sample was heated from room temperature to 1350 °C under a He flow.
There was no phase transformation or separation occurring in LS_MFC0.16A under thermal reduction and oxidation conditions. (d) STEM
HAADF images of LS_MFC0.25A (with a grain boundary) and its nanoscale EDS elemental maps. (e) Schematic illustration of the corresponding
crystal structure of LS_MFC0.25A.
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G,56 the root-mean-square value of the discrepancy factors over the
whole system that quantifies the strain experienced by the structure as
a whole, is defined as follows:

=
i
k
jjjjjj

y
{
zzzzzzG d N/

i
i
2

1/2

(3)

Additional experimental details of material characterization and
kinetic properties and analyses can be found in the Supporting
Information.

3. RESULTS AND DISCUSSION
Table 1 shows the sample abbreviations and nominal
compositions for this LS_MFCxA series of CCPOs. The
XRD pattern (Figure 1a) reveals that LS_MFCxA adopted a
rhombohedral structure (R3̅c), with the peak splitting at 2θ of
32.8° (Figure 1b). Rietveld refinements confirm the R3̅c phase
for all compositions by assuming random B site occupation of
Mn, Fe, Co, and Al (Figure S2 and Table S1). As the Co
content increases in LS_MFCxA, the diffraction peaks
gradually shift to a higher 2θ angle, indicating a decrease in

lattice parameters, which is ascribed to the smaller ionic radius
of Co3+ (0.545 Å) compared to an average ionic radius of other
B-site elements (0.553 Å).21,57 The apparent peak splitting
with an increased Co amount in Figure 1b may be due to
sharper XRD peaks (presumably related to more coarsening
with increasing Co content). This is more clearly evident in
Figure S2. To probe the phase stability of LS_MFCxA under
thermally reducing environments, LS_MFC0.16A was selected
to perform HT-XRD. Figure 1c displays that LS_MFC0.16A
showed phase stability at 1350 °C and maintained the R3̅c
rhombohedral structure without phase transition under the
reducing conditions, except for the slight peak shifts (lattice
expansion) due to the thermal expansion and oxygen loss.58−60

After the O2 uptake at 800 °C, the lattice recovered to the
initial state. Typical HT-XRD patterns were refined (Figures
S3 and S4), showing that the crystallographic structure was
maintained during the thermal reduction and oxidation
conditions. The atomic structure and elemental distribution
of LS_MFC0.25A were characterized by scanning transmission
electron microscopy (STEM) high-angle annular dark field

Figure 2. (a) TGA tests of LS_MFCxA with x ranging from 0.16 to 1 to evaluate the extent of reduction (formation of oxygen vacancies) at 1350
°C for 45 min in Ar and reoxidation at 1100 °C in 21% O2 balanced with Ar. (b) Correlation of Δδ with x in LS_MFCxA. Comparison of XRD
patterns (c) before and (d) after TGA experiments. A La2CoO4 secondary phase formed in LS_MFCxA (x ≥ 0.61). (e) Schematic of the in situ
XPS setup and the normalized (f) La 3d, (g) Sr 3d, (h) Co 2p, (i) Mn 2p, (j) Fe 2p, and (k) Al 2p peaks of LS_MFC0.25A at 25 and 800 °C.
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(HAADF) imaging with energy-dispersive spectroscopy (EDS)
(Figure 1d), which suggested a homogeneous elemental
distribution of cation elements. The XRD and EDS mapping
results indicate a long-range random B site occupation. The
schematic structure is shown in Figure 1e.
To quantify the redox capability, LS_MFCxA samples were

tested by TGA.61 The reversible extent of reduction (Δδ)
displays a decreasing trend with narrower temperature swing
(Figure S5). The reduction reaction is endothermic, which is
thermodynamically favored at a high temperature, while the
oxidation reaction is exothermic that is thermodynamically
favored at a low temperature (but it may be not kinetically
favored at a very low temperature). Therefore, a wider
temperature swing is a favorable driving force to enhance the
reversible Δδ. The TGA experiments (Figure 2a) show that
Δδ monotonically increases with the molar fraction of Co in
the B site of LS_MFCxA (Figure 2b). The endmember of
simple perovskite LSC can greatly be reduced with Δδ = 0.37
compared to LS_MFC0.16A with the smallest Δδ = 0.06. When
x ≤ 0.52, the reduced samples were fully reoxidized under a
21% O2 environment in 1−2 s. In contrast, when x was
increased beyond ∼0.61, the samples underwent a sluggish
reoxidation process and could not be recovered to a full
oxidation state within 25 min under 21% O2. The low
reoxidation rate under a high POd2

of 21% indicates that the
driving force for reoxidation can be a limited factor for these

compositions (LS_MFCxA, x ≥ 0.61). Moreover, the
incomplete reoxidation process observed in LS_MFCxA (x ≥
0.61) also implies a potential irreversible phase transformation
or secondary phase precipitation during the redox cycling. The
XRD patterns for LS_MFCxA before and after the TGA
measurements were compared (Figure 2c,d). A Co-enriched
Ruddlesden−Popper (RP) La2CoO4 secondary phase was
formed in LS_MFC0.61A, LS_MFC0.79A, and LSC, consistent
w i t h t h e r e p o r t e d p o o r p h a s e s t a b i l i t y o f
La1−xSrxCoO3.

26,27,29,30 In addition, many other perovskite
oxides have been reported to demonstrate phase trans-
formation and even serious decomposition after a thermo-
chemical redox process, including BaCe0.25Mn0.75O3,

24,30,34

Gd0.5La0.5Co0.5Fe0.5O3,
25 La0.8Sr0.2MeO3 (Me = Co, Ni, and

Cu),28 La0.6Ca0.4CoO3,
31 Y0.8Sr0 .2Mn0.6Al0 .4O3 and

Y0.8Sr0 .2MnO3,
33 LaGa1− yCo yO3−δ (y ≥ 0.1) and

La1−xSrxGa0.5Co0.5O3−δ (x = 0−0.5).21 In contrast, LS_MFCxA
(x ≤ 0.52) showed no detectable secondary phase in the XRD
patterns and displayed rapid and complete reoxidation.
Therefore, the phase stability and redox reversibility of
LS_MFCxA (x ≤ 0.52) make them suitable for STCH. Besides
Co, we also tuned other B-site elements deviating from the
equimolar composition or varied the fractions of Mn, Fe, and
Al but fixing the Co fraction and measured their TGA results
(Figure S6), which suggested that the Co content demon-

Figure 3. (a) Average hydrogen production and cumulative H2O conversion extent of two stabilized cycles for LS_MFCxA. The reduction was
conducted at 1350 °C (TRe) in N2 for 45 min and oxidation was performed at 1100 °C (TOx) in 40 vol % H2O for 15 min with a gas flow rate of
100 sccm. H2 production shows a volcano plot shape with respect to the Co molar ratio in LS_MFCxA. (b) Dependences of Δδ (measured by
TGA) and oxygen surface exchange coefficient kex (measured by electrical conductivity relaxation) on the Co content in LS_MFCxA. The
thermodynamic (Δδ) and kinetic (kex) properties demonstrate opposite correlation with the Co molar ratio in LS_MFCxA. (c) H2 production
stability of LS_MFC0.4A under different flow rates during the uninterrupted cycling (TRe = 1350 °C for 30 min in N2 and TOx = 1100 °C for 30 min
in 40 vol % steam). (d) Long-term STCH cycling of LS_MFC0.4A under harsh interrupted cycling conditions involving startup heating and
shutdown cooling at a STCH condition producing significant (but not maximized) H2 production. Specifically, the sample was heated in the
morning and cooled down to room temperature at night and four cycles were performed per day (using the STCH condition: TRe = 1350 °C for 45
min in N2 and TOx = 1100 °C for 15 min in 40 vol % steam with a gas flow rate of 100 sccm). This simulates the real day−night cycle conditions for
STCH rather than uninterrupted cycling. Background H2 production from catalytic water thermolysis was subtracted from the total H2 production,
and only the H2 production from the redox reaction was illustrated.
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strated the most significant influence on the extent of
reduction compared to other B-site elements.
To further confirm the redox sequence of B-site elements in

LS_MFCxA, in situ XPS was conducted to study the redox
behavior of all cations by heating LS_MFC0.25A to 800 °C
(XPS heating limit) under vacuum (Figure 2e). The high-
resolution XPS spectra of all cations at 25 and 800 °C are
shown in Figure 2f−k. LS_MFC0.25A showed a measurable Δδ
of 0.03 at 800 °C (Figure S7). For the A-site elements, the left
peak area of La 3d5/2 slightly increased, indicating pyrolysis of
the surface-absorbed La(OH)3 species at 800 °C. Sr also
exhibited a side peak evolution, which was assigned to a slight
Sr segregation that is widely found in solid oxide fuel cells.62−64

For the B-site elements, Mn, Fe, and Co can be potentially
redox-active. Al 2p showed negligible shift due to the stable
Al3+ valence state. Co 2p showed an increased intensity and
broadening of the side peak located at 787 eV, which is a Co2+

2p3/2 satellite peak. This satellite peak evolution suggests that
Co3+ is reduced to Co2+ during the in situ heating process, in
agreement with previous reports.65−67 In contrast, Fe 2p and
Mn 2p had negligible changes upon heating. Meanwhile, the ex
situ STEM electron energy loss spectroscopy (EELS) of
LS_MFC0.4A demonstrates that only Co has an obvious
valence change (Figure S8). Therefore, Co is likely the primary
redox element, consistent with the correlation between Δδ and
Co content in TGA.
It is worth noting that the water thermolysis catalyzed by the

alumina tube and samples could take place at 1100 °C in 40
vol % steam flow producing a small quantity of H2, which has
been recently reported.68−70 Thus, the H2 production from
direct catalytic water splitting was measured (Figure S9) and
subtracted from the total H2 production to extract the true H2
production from the redox reaction. Figure 3a shows the molar
H2 production per mole of various LS_MFCxA under the given
conditions (Figure S10 displaying molar H2 production per
gram of LS_MFCxA). The hydrogen production increased
from LS_MFC0.16A to LS_MFC0.4A and then rapidly fell after
x = 0.61. The relationship of H2 production with the Co
content has a volcano shape with the peak H2 production
achieved by LS_MFC0.4A, similar to the observed trend in
La(Ga1−yCoy)O3.

21 Under this condition, LS_MFC0.4A pro-
duced the highest H2 production (49.88 mmol moloxide−1),
although it had a medium Δδ. In contrast, the simple
perovskite LSC showed a minimal H2 production (4.48
mmol moloxide−1) despite its largest Δδ. The hydrogen
production is also listed in Table S2. The molar ratio of H2
to O2 produced in the oxidation and reduction steps,
respectively, is 2:1 (Figure S11), suggesting that water splitting
is realized by the redox reaction.
The volcano-shaped plot of hydrogen production vs Co

molar ratio may be related to the trade-off between the
thermodynamic and kinetic properties, as shown in Figure 3b.
The intrinsic kinetic properties of the LS_MFCxA series were
examined by an electrical conductivity relaxation (ECR)
technique, which can quantify the oxygen surface reaction
coefficient kex, i.e., the proportionality between the rate of
oxygen incorporation and deviation of surface oxygen
concentration by monitoring the response of electrical
conductivity to the change of POd2

.71,72 It is found that the
thermodynamic and kinetic properties can be readily tailored
by tuning the Co content in LS_MFCxA. Figure 3b illustrates
an opposite correlation of the thermodynamic (Δδ) and

kinetics (kex) properties with the Co content, where more Co
decreases the kinetics but increases Δδ. In this series,
LS_MFC0.4A likely achieved a balance between the thermody-
namic and kinetic properties, delivering the highest H2
production within the given duration. The oxygen uptake
and release tests further confirm the superior oxygen
incorporating kinetics of LS_MFCxA with a lower Co content
(Figure S12). Additionally, LS_MFCxA with a high Co content
(x > 0.52) showed inferior phase stability, where the formation
of the secondary RP phase (Figure 2c,d) is unfavorable for the
H2 production. Therefore, we focused on the optimal
composition LS_MFC0.4A to further investigate its STCH
performance.

The hydrogen production is influenced by the testing
conditions, such as the gas flow rate, reaction temperature (TRe
and TOx), and reaction time (tRe and tOx). Therefore, the effects
of these factors on the H2 production of LS_MFC0.4A were
systematically investigated. The reduction temperature was
fixed at 1350 °C. Table 2 summarizes the cumulative H2
production in the stabilized cycle under different conditions. A
larger temperature swing by reducing the oxidation temper-
ature (C1, C2, and C3) reduced the H2 production in a 1 h
cycle, although the larger temperature swing is supposed to
thermodynamically favor the H2 production. The elevated
oxidation temperature (C3) rendered H2 production four
times higher than the lower oxidation temperature (C1) under
the given reduction and oxidation durations and flow rate, as
the former promoted the reaction kinetics. Therefore, the
oxidative water splitting step (ABO3−δ + δH2O = ABO3 + δH2)
benefits from an increase in the oxidation temperature (C1 →
C3), indicating that this H2 production step is primarily limited
by kinetics. A similar positive effect of elevated oxidation
temperature on the H2 production has been reported in
Sr(Ti0.5Mn0.5)O3 and Ca(Ti0.5Mn0.5)O3.

19,49 Furthermore,
when TOx was higher than 1200 °C, the alumina tube
produced a substantial H2 background level arising from its
catalytic water thermolysis. Thus, we did not further
investigate higher oxidation temperatures. The extended
oxidation time enhanced the H2 production, confirming the
kinetically limited oxidative water splitting step. Increasing the
flow rate of steam also boosted the H2 production from 61.50
mmol moloxide−1 at 100 sccm to 89.97 mmol moloxide−1 at 200
sccm within 30 min oxidation time, likely due to the improved
mass transfer of steam and rapid removal of the H2 product.
The oxidation reaction rate is limited by the supply of H2O.
The experimentally measured H2 production (89.97 mmol
moloxide−1) is very close to the theoretically calculated
thermodynamic limit value of 93.39 mmol moloxide−1 (see
next discussion). The highest H2 production of 89.97 mmol
moloxide−1 in a short duration (30 min oxidation and 30 min
reduction) for LS_MFC0.4A is higher than those of reported
STCH materials with longer oxidation and reduction durations
(Table S3). For this fundamental research, we used an excess
of steam feeding and a small quantity of perovskite oxide
powder (∼0.1 g) to ensure the sufficient steam/solid contact
and mass transfer for measurement of the thermodynamic limit
of H2 production to analyze the correlation of H2 production
with material properties. Therefore, a large excess of steam
feedstock makes the cumulative H2O conversion extent less
than 1% as shown in Figure 3a and Table 2. For future
engineering design and evaluation of its viability for practical
application, the steam reactant feeding should be limited, and a
large size of reticulated porous ceramic monolith should be
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used for improving the conversion extents to an industrially
meaningful steam-to-H2 conversion.73

We investigated the cyclability of LS_MFC0.4A under both
uninterrupted and harsher interrupted conditions. Figure 3c
exhibits the uninterrupted cycling test results. After the initial
two activation cycles, LS_MFC0.4A maintained stable H2
productions of 61.50 mmol mol−1 (270 ± 9 μmol g−1) and
89.97 mmol mol−1 (395 ± 11 μmol g−1) at steam flow rates of
100 and 200 sccm for the following 10 consecutive cycles,
respectively. The STCH cycling stability of LS_MFC0.4A
under the continuous testing conditions is comparable to those
of reported STCH redox oxides, whereas the stable H2
production of LS_MFC0.4A is higher (Table S3). The particle
morphology and EDS mapping of pristine and cycled
LS_MFC0.4A are shown in Figure S13. LS_MFC0.4A after 12
cycles did not show significant element segregation despite
apparent sintered particles. Note that the seemingly
inhomogeneity in EDS maps of some elements such as Sr
and Al compared to other elements is owing to the different
element interaction volume rather than their inhomogeneous
distribution. In general, the configurational entropy of a
multicomponent solid solution can be enhanced by mixing a
large number of cations ideally in equiatomic proportions and
a single solid-solution phase can be stabilized if the entropy
contribution overcomes the enthalpy-driven phase separa-
tion.35,74,75 Therefore, the phase stability of CCPO after redox
cycling is possibly attributed to the entropy stabilization effect,
stabilizing a single solid-solution phase and inhibiting
precipitation during the thermal or electrochemical redox
cycling.76−80 For the practical STCH applications, the diurnal
cycle of sunlight irradiation should be considered without the
viable, efficient, large-scale, and stable thermal energy storage
technology81−83 as the STCH materials may subject to drastic
temperature swing between elevated temperatures under an 8
h strong sunlight irradiation (operation mode) in the day and
low temperatures of long-time cooling stage (downtime mode)
in the night. In stark contrast to the ideal uninterrupted cycling
condition using a stable heat source, such interrupted cycling
involving startup heating and shutdown cooling is a harsh
condition to the STCH application, which can induce thermal
fatigue, impair the structural integrity, and dramatically
deteriorate the H2 production cycle.84,85 A similar challenge
exists in other solar-driven hydrogen production technologies
such as photovoltaic-driven water electrolysis, where the
startup and shutdown cycling due to the day−night cycle
causes degradation of electrocatalysts.86−89 Therefore, the
interrupted cycling stability of LS_MFC0.4A for thermochem-
ical hydrogen production was evaluated under the daily startup
and shutdown cycling for 13 days (51 cycles) to simulate the
real diurnal cycle. Note that more cycles per day may be
carried out in a real reactor with faster ramping rates, in
comparison with our homemade testing reactor. Figure 3d
demonstrates that LS_MFC0.4A showed around 30% decay in
H2 production under this harsh condition after 13 days,
indicating that its moderate cycling stability against thermal
fatigue and redox degradation requires further improvement
for practical application. To the best of our knowledge, few
research on development of STCH materials has paid attention
to the cyclability under this harsh condition. However, the
stability of a Cu-ZnO-Al2O3 catalyst for simulated solar
methanol production has been investigated under the daily
startup−shutdown conditions, showing 27% activity degrada-
tion during 27 cycles (6.3 h operation and 17.7 h shutdown per

cycle).84 Future efforts are needed to enhance the cycling
stability of thermochemical redox oxides under the interrupted
conditions for real-world applications. The SEM images and
EDS mapping (Figure S13c) of LS_MFC0.4A after 51 cycles
displayed sintered morphology but homogeneous elemental
distribution.

In addition to the proven excellent thermal stability and
intrinsic surface oxygen exchange kinetics, two thermodynamic
properties, enthalpy and entropy of reduction, are important
factors determining the performance of STCH materials.51,90,91

Therefore, we carried out the measurements of the oxygen
non-stoichiometry over a range of temperatures and POd2

values
for LS_MFC0.4A using a widely reported TGA protocol (see
details in Figure S14).19,49,92−94 Figure 4a shows the oxygen

non-stoichiometry of LS_MFC0.4A as a function of temper-
ature measured by continuous (POd2

≥ 0.028 atm) and stepwise
(POd2

≤ 1.7 × 10−3 atm) heating under the given POd2
values.

Following the van’t Hoff method,19,95,96 the enthalpy and
entropy of reduction can be correlated with temperature and
POd2

according to the following equation:

= +R P
H
T

Sln( )
( )

( )O
1/2 red

red2 (4)

Figure 4. (a) Oxygen non-stoichiometry of LS_MFC0.4A as a
function of temperature as measured by continuous (solid lines) and
stepwise (symbols) heating under the given POd2

values. (b) Arrhenius
representation of ln(POd2

) vs 1000/T for extraction of thermodynamic
properties (e.g., enthalpy and entropy of reduction) by the van’t Hoff
method at typical fixed δ values as indicated. Symbols and dashed
lines in the profile represent the measured and linearly fitted results,
respectively. (c) Standard enthalpy and (d) entropy of reduction
calculated for LS_MFC0.4A and comparison to those of some
reported STCH and redox oxide materials. The error bars of
LS_MFC0.4A came from the error of its linear fitting. Data for
CeO2,

96 La0.6Sr0.4Mn0.4Al0.6O3 (LSMA6446),97 cubic CaMn0.5Ti0.5O3
(CTM55),19 La0.6Sr0.4MnO3 (LSM64),98 and La0.8Sr0.2CoO3 (LSC)93

are replotted from prior studies cited herein.
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where R is the universal gas constant and POd2
is equal to the

oxygen partial pressure referenced to the standard gas pressure
(1 atm). T is the temperature in Kelvin. ΔredH(δ) and ΔredS(δ)
are the standard enthalpy and entropy of reduction,
respectively, which are dependent on δ and defined on a per
mole of oxygen basis but have negligible dependence on
temperature.
An Arrhenius plot of ln(POd2

) vs 1000/T at each specified δ
value with linear fitting can be obtained (Figure 4b), from
which ΔredH(δ) and ΔredS(δ) can be extracted from the slope
and intercept, respectively. In this way, the enthalpy and
entropy of LS_MFC0.4A as a function of δ are obtained (Figure
4c,d) and compared with those of some reported STCH and
redox oxide materials such as CeO2,

96 cubic Ca(Mn0.5Ti0.5)-
O3− δ (CTM55), 19 La0 . 6Sr 0 . 4MnO3− δ (LSM64) ,98

La0.6Sr0.4Mn0.4Al0.6O3−δ (LSMA6446),97 and La0.8Sr0.2CoO3
(LSC).93

Previous experimental and theoretical studies suggested that
a combination of intermediate enthalpy and large entropy is
favorable for STCH from water splitting.19,94,97,99 For
perovskite materials, the enthalpy of reduction can be tuned
by the dopants100 and is desirably constrained to a certain
moderate range (neither too high nor too low), which may
follow a Sabatier principle. A low enthalpy of reduction usually
accompanies a low entropy of reduction under the given
conditions (temperature and POd2

) for a variety of redox oxide
materials, rendering favorable reduction reactions but not
oxidative water splitting.99,101 In contrast, a high enthalpy of
reduction enables a high energy penalty for thermal reduction.

LS_MFC0.4A shows enthalpy and entropy values comparable
to LSMA6446 and CTM55, which have been identified to have
prominent hydrogen production with an appropriate combi-
nation of moderate enthalpy and relatively large entropy.19,97

With the measured thermodynamic properties, the equilibrium
H2 production was calculated to be 93.39 mmol moloxide−1

under the condition C6 listed in Table 2. Compared with ceria,
LS_MFC0.4A possesses a much lower enthalpy but similar
entropy of reduction when Δδ is more than 0.1, suggesting its
potential for high H2 production under a lower reduction
temperature. As shown in the TGA results (Figure 2), the Δδ
value of LS_MFCxA increases with x, possibly due to the
decreased enthalpy of reduction upon the increasing content of
Co. For example, the LSC material shows a small enthalpy
(<200 kJ mol−1) and entropy simultaneously, suggesting that it
tends to have a large Δδ but poor oxidative water splitting
capability. This is in good agreement with our TGA and STCH
results of LSC. LS_MFC0.4A displays the highest hydrogen
production in this LS_MFCxA series. This finding suggests
that while maintaining a moderate enthalpy of reduction,
multiple cations in LS_MFCxA may introduce extra configura-
tional entropy to fulfill the needs of oxygen vacancy formation
and electronic and ionic configurational entropy change.102,103

To elucidate why Co is the most redox active in LS_MFCxA
and shed light on the factors governing the priority of redox
behavior, we employed MC sampling based on DFT. It was
found that Pnma, R3̅c, and Pm3̅m structures have similar
energies and configurations. Thus, only R3̅c results were
reported here, consistent with the XRD patterns of
LS_MFCxA. For bulk structures without oxygen vacancies,

Figure 5. (a) Vacancy (Vac) B-site first nearest neighbor (FNN) distributions show dominant Co preference over other B-site elements. (b) Local
magnetic moment evolution between bulk and vacancy configurations for 3d orbitals of Mn, Fe, and Co from saved bulk structures (∼2600
configurations) and vacancy structures (∼3000 configurations) shows that Co goes through the largest magnitude change when a single neutral
oxygen vacancy is formed. The bulk structure represents the supercell structure before introducing an oxygen vacancy. (c) Calculated bond valence
sum (BVS) for Mn, Fe, Co, and Al octahedra in the (La0.75Sr0.25)(Mn0.25Fe0.25Co0.25Al0.25)O3 structure (solid lines for median BVS values and box
plots). The dashed lines present the BVS values of SrMnO3, LaFeO3, LaCoO3, and LaAlO3 simple perovskite references based on our DFT
calculations. (d) Representative of the simulation cell containing oxygen vacancy with Fe and Co as FNN of the position with the largest
percentage where an oxygen vacancy is formed.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c03054
Chem. Mater. 2023, 35, 1901−1915

1909

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03054?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the nearest neighbor check was adopted to confirm if there are
any B-cations’ configurational preferences. The oxygen atom is
surrounded by four first nearest neighbors (FNN) with two A-
site atoms and two B-site atoms in the R3̅c structure. In the
accepted low energy (La0.75Sr0.25)(Mn0.25Fe0.25Co0.25Al0.25)O3
80-atom supercell, the probability of finding oxygen FNN B-
site elements to be the same type of B1 element is

= × =P(B O B ) 0.051 1
4

16
3

15
. The probability to find

two a toms o f d iffe ren t e l ement s B1 − B2 i s
= × × =P(B O B ) 2 0.1331 2

4
16

4
15

2
15

, suggesting
no configurational preference for B-site cation combinations.
Therefore, the cation configuration of the fully oxidized bulk
structure is similar to a random distribution without signatures
of B-site short-range ordering consistent with the defined
CCPO structure. By introducing a single neutral oxygen
vacancy, the configurational preference is changed. For the
accepted vacancy containing configurations, the B-site
distribution in Figure 5a shows that 83% of the combinations
(incl. Fe-Vac-Co (46.8%), Al-Vac-Co (10.7%), Mn-Vac-Co
(3.4%), and Co-Vac-Co (22.1%)) prefer to have at least one
Co at its FNN position in the R3̅c structure, strongly deviating
from the probability in a random distribution (0.05 + 0.133 ×
3 = 44.9%). The possible positions of formed oxygen vacancy
are illustrated in Figure 5d (Fe-Vac-Co) and Figures S15−S21.
Therefore, the computed probability of the oxygen FNN {B}
site strongly deviates from the probability in a random oxygen
FNN {B} site distribution (83% versus 44.9%) for at least one
Co in the B site, suggesting the Co preference in vacancy
configurations. A further analysis of the effective magnetic
moments (unpair electrons) of the B-site transition metal
elements excluding the non-magnetic Al in the accepted bulk
and vacancy systems was conducted to reveal how the oxygen
vacancy changes the cation valence states. The magnetic
moment magnitude is directly correlated with the oxidation
state of the magnetic transition metal. The statistical
distribution plotted in Figure 5b shows the respective magnetic
moment magnitude changes of Mn, Fe, and Co in bulk and
vacancy configurations. Before the vacancy is formed (i.e.,
bulk), the median magnetic moment magnitudes for Mn, Fe,
and Co are 3.0, 4.0, and 2.9, corresponding to oxidation states
of Mn4+, Fe3+, and high spin Co3+, respectively. After
introducing a single oxygen vacancy, Co is the element that
has the greatest magnetic moment magnitude change (Co3+ →
Co2+) and broadest distribution. The magnetic moment
distribution of Mn is slightly broadened. The magnetic
moment distribution of Fe is almost unchanged. Therefore,
the Co3+/Co2+ redox pair is the most active in response to the
formation of oxygen vacancies in the LS_MFCxA systems,
possibly followed by Mn4+/Mn3+.
A possible reason for the Co preference in vacancy

configurations is the Co−O bond stretching effect. Since
neutral vacancy formation causes volume expansion in many
oxides, a tensile stress (bond stretching) in the bulk will lower
the vacancy formation energy.104−106 In the CCPOs, local
bond stretching may create more space to favor oxygen
vacancy formation. To capture the local bond strength, the
bond valence sum (BVS) descriptor was analyzed.55 The BVS
for each B-site cation in a perfect structure is close to its
oxidation number. A lower (higher) value is considered as an
elongated (compressed) bond with weaker (stronger) bond
strength. For example, using the tabulated parameters (Table
S4) developed by fitting experiments,107 the BVS for Mn4+ in

SrMnO3, Fe3+ in LaFeO3, and Co3+ in LaCoO3, and Al3+ in
LaAlO3 (dashed lines in Figure 5c) are very close to 4.0, 3.0,
2.9, and 3.0 for their experimentally reported structures,
respectively. The DFT-calculated BVS of ternary perovskites
(e.g., SrMnO3, LaFeO3, LaCoO3, and LaAlO3) serves as the
references to compare with that of the bulk (La0.75Sr0.25)-
(Mn0.25Fe0.25Co0.25Al0.25)O3 (solid lines and box plots in Figure
5c). The distribution of BVS for Co in (La0.75Sr0.25)-
(Mn0.25Fe0.25Co0.25Al0.25)O3 is greatly lowered compared to
that in the DFT reference structure (LaCoO3), indicating a
distortion-induced bond elongation and weakening effect. The
distributions of BVS for Mn and Al in (La0.75Sr0.25)-
(Mn0.25Fe0.25Co0.25Al0.25)O3 are slightly lower than those in
their DFT-relaxed ternary perovskite references, while the BVS
for Fe in (La0.75Sr0.25)(Mn0.25Fe0.25Co0.25Al0.25)O3 is increased
compared to that in the LaFeO3 reference. These results
demonstrate a greatly weakened Co−O bond, slightly
weakened Mn−O and Al−O bonds, and strengthened Fe−O
bonds in CCPO.

We further evaluated the deviation of BVS on each cation in
(La0.75Sr0.25)(Mn0.25Fe0.25Co0.25Al0.25)O3 from its oxidation
number, and the root-mean-square value of this deviation for
all the cations, i.e., the global stability index G. All Sr and Fe
ions are under compression, and all La, Mn, Co, and Al are
under tension, while Co shows the largest negative deviation
from its perfect BVS. The calculated global instability index G
for saved bulk structures ranges from 0.217 to 0.233 vu,
indicating strained structures. Hence, we propose that the Co
preference in vacancy configurations is due to the Co−O bond
stretching effect. Although Mn4+ may be more reducible than
Co3+ based on the classical charges, the Co−O bond stretching
outweighs the tendency to generate vacancies near Mn4+,
resulting in the tendency to form oxygen vacancies adjacent to
Co at its FNN position.

4. CONCLUSIONS
In this study, we demonstrated a new class of medium- to high-
entropy CCPOs, LS_MFCxA, with tunable thermodynamic
and kinetics properties for two-step thermochemical water
splitting. The reversible extent of reduction (Δδ) increases
with the rising Co content (x), whereas the intrinsic kinetics
(oxygen surface exchange coefficient) shows a decreased trend
with the increasing x . LS_MFC0.4A ((La0.8Sr0 .2)-
(Mn0.2Fe0.2Co0.4Al0.2)O3) exhibits an optimal balance between
intrinsic thermodynamics and kinetics as well as exceptional
phase stability during the redox cycling and a favorable
combination of moderate reduction enthalpy (268−329 kJ
(mol-O)−1) and high entropy (150−180 J (mol-O)−1 K−1).
These merits of LS_MFC0.4A enable a maximum hydrogen
production of 89.97 mmol moloxide−1 within a short 1 h
duration (30 min reduction and 30 min oxidation) under
optimized STCH conditions as well as fair STCH cycling
durability. The preferred redox of Co over other B-site metals
is revealed by the TGA and in situ XPS. A combined MC-DFT
computation demonstrates that an oxygen vacancy prefers to
form in the vicinity of the position with at least one Co at its
first nearest neighbor. Analysis of the magnetic moments of the
B-site metals confirms that the Co redox valence change is the
most active in response to the formation of oxygen vacancies.
The bond valence sum results demonstrate a greatly weakened
Co−O bond, slightly weakened Mn−O and Al−O bonds, and
strengthened Fe−O bonds. The Co−O bond stretching effect
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rationalizes the dependence of Δδ on the Co content and its
dominance in the redox behavior of LS_MFCxA.
In general, we showed the importance of achieving a trade-

off of thermodynamic and kinetic properties for optimized
STCH performance. This study further exemplifies that non-
equimolar compositions outperform their higher-entropy
equimolar counterparts in this two-step STCH application.
While an entropy effect may stabilize the phase, maximizing
configurational entropy is not always needed (Sconfiguration =
0.943kB per B-site cation in equimolar LS_MFC0.25A versus
Sconfiguration = 0.916kB per B-site cation in non-equimolar
LS_MFC0.4A, where kB is the Boltzmann constant). The non-
equimolar compositional design of CCPOs provides a way to
balance the thermodynamic and kinetic properties to achieve
better STCH performance.
This work explores CCPOs with tunable redox, thermody-

namic, and kinetic properties for STCH and thermochemical
looping and a new computation paradigm to predict the redox
behavior. Future efforts will be focused on investigating the
mechanical strength and thermodynamic stability of porous
ceramic monoliths during the thermochemical redox cycling
process. Although kilowatt-level reactors for thermochemical
production of solar fuels have recently been demonstrated,7,108

various technical challenges still exist toward realization of the
industrial STCH deployment in terms of the material and
system scaling-up, reactant conversion extent, reaction
selectivity, product purity, energy and power densities, energy
efficiency, cycling stability under interrupted conditions, heat
management, thermal energy storage, system complexity, and
rigorous technoeconomic analysis, requiring continuous efforts
of scientific and engineering communities. We believe that the
emergent compositionally complex ceramics (CCCs),45,46

including (but not limited to) high-entropy ceramics
(HECs) as a subset, with tunable redox capability, thermody-
namic, and kinetic properties and improved phase stability will
be of broad interest to diverse applications such as
thermochemical looping, heterogeneous catalysis, and electro-
chemical energy conversion and storage.
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