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oping of CaMnO3: a route to
enhanced heat storage properties†

Emanuela Mastronardo, *ab Xin Qian, c Juan M. Coronado b

and Sossina M. Haile *c

The successful commercialization of concentrating solar power (CSP) plants requires effective energy

storage for the supply of power on demand during solar transients. High-temperature thermal energy

storage ($700 °C up to 1200 °C) has the potential to address storage needs and power capacity owing

to the efficiency gains from a high-temperature operation. Recently, doped CaMnO3 has been identified

as a promising candidate for thermochemical heat storage in CSP plants. Herein, we aim at tuning the

CaMnO3 heat storage temperature window and enhancing the heat storage properties beyond that of

singly doped compositions by co-doping with equal amounts of La and Fe on the A and B sites,

respectively, ((LaxCa1−x)(FexMn1−x)O3). Two doping levels are investigated (x = 0.05 and 0.10). X-ray

absorption spectroscopy and diffraction studies revealed that in both materials, Fe and Mn adopt,

respectively, the 3+ and 4+ oxidation states under ambient conditions and the dopants are incorporated

into the intended sites. Interestingly, the heat storage capacity did not vary monotonically with dopant

content. The highest heat storage capacity was attained from La0.05Ca0.95Fe0.05M0.95O3−d. This surprising

result is a consequence of the substantial large extent of reduction enabled by the slightly lower

enthalpy than that of La0.1Ca0.9Fe0.1Mn0.9O3−d. Under technologically relevant conditions, operating over

a temperature window value ranging from 700 to 1200 °C and under an oxygen partial pressure of about

10−3 atm, the thermochemical heat storage capacities of La0.05Ca0.95Fe0.05Mn0.95O3d and

La0.1Ca0.9Fe0.1Mn0.9O3−d are 378.5 ± 1.0 kJ kgABO3

−1 and 282.3 ± 1.5 kJ kgABO3

−1, respectively, and

exceed the values not only of the undoped material but also of other singly doped analogs for the first

material. Furthermore, with respect to the singly Fe-doped CaMnO3, we narrowed the operating

temperature range from 400–1200 °C to 700–1200 °C, which is the target temperature for the CSP

plants. Hence, we demonstrated that by co-doping, it is possible to tailor reduction enthalpy and extent

together with the operating temperature range.
Introduction

In setting the world's sustainable development priorities
enshrined in the Sustainable Development Goals (SDG), the
United Nations (UN) has included in N.7 access to affordable,
reliable, and sustainable energy for all.1 Among the targets to be
achieved by 2030 is a substantial increase in the share of
renewable energy in the global energy mix. Solar-driven power
generation has the potential to substantially contribute to this
goal because of its vast solar resources. Amongst the approaches
for generating electricity from sunlight, concentrated solar
sina, C.da di Dio, 98126, Messina, Italy.

SIC, C/Marie Curie, 2, E-28049, Madrid,

western University, 2220 Campus Drive

tion (ESI) available. See DOI:

858–8872
power (CSP), in which solar energy is concentrated to generate
high temperatures that, in turn, drive a heat engine, has
garnered signicant interest in recent years, with an increasing
number of CSP plants currently under construction or planned.2

This reects the overall state of technological readiness of the
CSP approach.

Key to the efficiency and hence economic competitiveness of
CSP plants is operated at high temperatures ($700 °C up to
1200 °C),3,4 along with the storage of the high-temperature heat
for on-demand power generation.5 Accordingly, about half of all
CSP plants (∼47%) currently in operation globally incorporate
a Thermal Energy Storage (TES) system, and even a greater
proportion of plants under construction (∼72%) and planned
(∼77%) do so.6,7 Most operational TES systems are based on
sensible heat storage. The technology is reliable and relatively
inexpensive. However, sensible heat storage suffers from low
energy density. Thermochemical heat storage (TCS) technolo-
gies store heat in the form of reversible chemical reactions and
have a signicantly higher energy density and longer-term
This journal is © The Royal Society of Chemistry 2023
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storage duration than sensible heat storage, which explains the
growing interest in such systems. A range of reactive materials
(e.g. carbonates8 to hydroxides9,10 and hydrides11 to oxides12,13)
have been investigated for TCS systems. None of the materials
evaluated to date achieve both the cost and efficiency targets for
a CSP plant.14

A promising class of materials under examination for TCS
systems are non-stoichiometric perovskite-structured oxides,
AMO3−d, in which the oxygen content can vary continuously
with temperature and oxygen partial pressure.15–18 Heat is
released upon the oxidation of these materials according to the
following reaction:

AMO3�diðsÞ þ
df � di

2
O2ðgÞ®AMO3�dfðsÞ; (1)

where di is the initial oxygen nonstoichiometry (corresponding
to the charged state) and df is the nonstoichiometry aer the
process (the discharged state). Endothermic reduction, during
which heat is stored, is carried out upon heating. The subse-
quent exothermic oxidation embodied in eqn (1) is carried out
at a lower temperature, releasing heat when needed. Non-
stoichiometric perovskites continuously release/uptake oxygen
over a range of temperatures and thus allow heat storage over
a broad temperature window. The reaction scheme differs from
that of stoichiometric oxides, which adopt discrete quantities of
oxygen and for which the redox reaction proceeds to completion
at a single transition temperature. In some cases, these non-
stoichiometric oxides are subject to a phase transition that can
be used for latent heat storage.19,20 However, the heat involved is
limited and not considered here.

The amount of chemical heat stored per mole of material
(H), or chemical heat storage capacity, is the difference in the
heat content of the oxide in the two states, Hinitial and Hnal. In
nonstoichiometric oxides, DH depends on the net change in
oxygen content through the redox cycle as well as the partial
molar enthalpy of oxygen in the oxide, �HO (sometimes denoted
by hO), and is given by

DH ¼ Hfinal �Hinitial ¼
ðdf
di

HOdd ¼
ðdf
di

DH
0

Odd; (2)

where D�H0
O, the relative partial molar enthalpy of oxygen in the

oxide (�HO − �H0
O), denotes the redox thermodynamics of eqn

(1),21 and the superscript 0 denotes the reference state. Thus,
the two metrics that dene the heat storage capacity of a non-
stoichiometric oxide are thus D�H0

O, a fundamental property of
the material, and the extent of stoichiometry change (Dd = df −
di), which depends on both the material properties and the
operating conditions. The larger the magnitudes of these two
parameters, the larger the heat storage capacity. The mass-
normalized heat storage capacity is dened as QM = DH/MABO3

,
where MABO3

is the molar mass of the oxide.
Among the perovskites investigated for TCS systems,

CaMnO3 (CM) has attracted interest owing to its cost-
effectiveness and the high abundance of its constituent
elements.22–24 The pristine (undoped) material suffers from
ready decomposition into spinel (CaMn2O4) and Ruddlesden–
Popper (Ca2MnO4) phases at temperatures above 900 °C and
This journal is © The Royal Society of Chemistry 2023
pO2 # 0.004 atm,18,23 limiting its maximum operating temper-
ature. The magnitude of the molar enthalpy term of CaMnO3,
D�H0

O, is also relatively small, implying a relatively small heat
storage capacity. Accordingly, chemical modications by
doping were pursued to enhance stability and increase the
enthalpy associated with the redox reaction (eqn (1)).

The introduction of La on the A-site in CaMnO3-based and
SrMnO3-based perovskites has been shown, both experimen-
tally and computationally, to increase monotonically the
magnitude of D�H0

O.25–30 This behavior reects the easier reduc-
tion of Mn from the fully 4+ oxidation state in the end-member
A2+Mn4+O3 compounds than when Mn is already partially
reduced to 3+ in (A2+, La3+)(Mn4+, Mn3+)O3. Related to this result
is the frequent (but not universal) observation that the magni-
tude ofD�H0

O increases as the oxygen nonstoichiometry increases
in Mn bearings and even other perovskites.26,27,29–33 These trends
have been explained in terms of the perovskite electronic
structure. The removal of oxygen requires the redistribution of
O 2p electrons associated with the formerly occupied oxygen
site to the lowest unoccupied state at the Fermi energy (EF).30,34

Thus, the greater the energy difference between the oxygen 2p
band center and EF, the greater the energetic penalty of creating
oxygen vacancies. The position of EF increases as the electron
count increases. Hence, Sr2+ is replaced with La3+ as the
reduction proceeds, causing the observed increase in oxygen
formation energy, which is the dominant term in D�H0

O. The
inuence of La doping has equivalently been explained in terms
of a decrease in the overlap of the eg orbital of the Mn ions and
the 2ps orbital of the oxygen ions with increasing La content,
again increasing the energetic penalty of adding electrons into
the available electronic states upon oxygen removal.35

The inuence of B-site doping is less clear, particularly
because various approaches are available: the dopant may be
redox inert, with an oxidation state of either 3+ (e.g., Al36) or 4+
(e.g., Ti31,32), or it may be redox active (e.g., Co37). It has been
suggested that across the SrMO3 series of perovskites, where the
M-site element can adopt the 4+ oxidation state, the effective
band gap decreases with the increasing electronegativity of
the M species. Consequently, a decrease in the effective band
gap can result in a decrease in the energetic penalty of oxygen
vacancy formation.30 However, it is unknown whether an anal-
ogous trend holds upon doping, that is, when more than one
species resides on the M site. In the few studies aimed at
quantifying the impact of M-site doping on the thermody-
namics of oxygen vacancy formation energy in CaMnO3, it has
been observed that doping with Al,22 Ti22 and Fe24 at moderate
levels increases the magnitude of D�H0

O in all cases, suggesting
that the introduction of less reducible species renders the entire
material less reducible. Moreover, these dopants have been
found to enhance the thermal stability of the material against
decomposition into the spinel and Ruddlesden–Popper phases.
Thus, although the fundamental electronic origins of these
effects are unclear, B-site doping can provide signicant bene-
ts to the properties of CaMnO3.

This study examines the behavior of La and Fe co-doped
CaMnO3, ((LaxCa1−x)(FexMn1−x)O3, x = 0.05 and 0.10). In our
earlier study on Fe-doped CaMnO3, we observed not only
J. Mater. Chem. A, 2023, 11, 8858–8872 | 8859
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enhanced thermal stability and increased heat storage capacity
compared to the undoped system but also, surprisingly, that Fe
remained in the 3+ oxidation state under all conditions
explored.24 Thus, the material with 10 at% Fe on the B site was
most appropriately described as CaMn0.9Fe0.1O2.95−d, reecting
the resistance of Fe towards the adoption of the 4+ oxidation
state. Although light doping enhanced the heat storage
capacity, compositions with Fe content beyond 10 at% dis-
played a low value of the magnitude of D�H0

O, and thus the
opportunities for enhancing the properties using Fe alone are
limited. Co-doping with La is attractive because of the well-
known increase La induces in the magnitude of D�H0

O, as
already described. Our previous studies of La-doped CaMnO3

generated results similar to those of Fe-doping, with the dopant
increasing the thermal stability and the heat storage capacity
provided that the concentration did not exceed 10 at%.38

Beyond this concentration, (La,Ca)MnO3−d adopts the ortho-
rhombic (rather than cubic) structure over a wide T-pO2 space
with a small entropy of reduction, causing the extent of stoi-
chiometry change between charge and discharge conditions,
Dd, to become small. Thus, again, opportunities for enhancing
heat storage using just La are limited. Herein, we aimed to
combine the benets of both Fe and La. Furthermore, by
introducing these elements in equal concentrations, i.e., the
preparation of (LaxCa1−x)(FexMn1−x)O3 compositions, we aimed
to design a material capable of attaining an oxygen stoichiom-
etry of 3 under technologically relevant conditions. A large
initial oxygen content is desirable because the contribution to
the congurational entropy from oxygen vacancies scales with
ln(d/(3 − d))39 and is thus large in the small d region. A large
entropy, in turn, encourages a large change in d with tempera-
ture. Because of the detrimental impact of high levels of Fe and
La doping, we examine the specic compositions of x = 0.05
and 0.10. We establish the thermodynamic properties by ther-
mogravimetric analysis and characterize the crystallographic
properties by in situ high-temperature diffraction to ascertain
the conditions of stability and gain insight into the atomistics of
the reduction behavior. The latter objective is further supported
by X-ray absorption studies. Using thermodynamic data, we
provide an assessment of the heat storage capacity.

Methods
Material synthesis

(La0.05Ca0.95)(Fe0.05Mn0.95)O3 and (La0.10Ca0.90)(Fe0.10Mn0.90)O3

materials, hereinaer, LCFM5 and LCFM10, respectively, were
prepared according to a modied Pechini method:39 stoichio-
metric amounts of the nitrate salt precursors, Ca(NO3)2$4H2O
(Sigma-Aldrich, 99.0% purity), La(NO3)3$6H2O (Sigma-Aldrich,
$99.9% purity), Mn(NO3)2$4H2O (Sigma-Aldrich, $97.0%
purity), Fe(NO3)3$9H2O (Sigma-Aldrich, $98% purity), and cit-
ric acid (in a 2 : 1 molar ratio of CA : metal) were dissolved in
distilled water. Themixture was stirred at 70 °C for 3 h. Ethylene
glycol (EG) was then added in a 3 : 2 ratio of CA : EG and stirred
again at 90 °C for 45 minutes, at which point a gel was obtained.
The gel was dried at 200 °C for 12 h, transformed into a brittle
char, which was then ground and subsequently calcined at
8860 | J. Mater. Chem. A, 2023, 11, 8858–8872
1100 °C for 24 h under static air. Two additional 12 h ring steps
at 1300 °C under owing oxygen (50 ml min−1), with interme-
diate grinding, were required to obtain single-phase products.
Cylindrical porousmonoliths were obtained in the second ring
step, in which a loosely formed green body was sintered lightly.
The self-supporting structure was prepared by moistening
∼500 mg of the powder with isopropyl alcohol, lightly pressing
it in a cylindrical alumina die (internal diameter 10 mm), and
allowing the alcohol to evaporate.

Chemical and morphological characterization

Chemical analysis of the products was performed by inductively
coupled plasma-optical emission spectrometry (ICP-OES,
iCAP7000 ThermoFisher Scientic in axial conguration) for
the simultaneous detection of La, Ca, Mn, and Fe. Samples were
dissolved by digestion in a solution of HNO3 and H2O2 for 12 h
at 60 °C.

The morphological features of the porous monoliths were
characterized using scanning electron microscopy (SEM, Hita-
chi SU8030). Additional chemical analysis was performed
alongside the morphological studies by energy dispersive X-ray
spectroscopy (EDX, Oxford X-max 80 SDD) at an acceleration
voltage of 20 kV. The EDX composition mapping (Fig. S1†)
revealed that the cations were uniformly distributed across the
materials.

Crystal–chemical properties at ambient temperature

Formation of single-phase perovskite products was established
by X-ray powder diffraction (XRD, Rigaku Ultima IV, Cu Ka,
40 V, 44 mA, 0.05° s−1 scan rate) performed on ground powders
obtained from sintered porous monoliths (Fig. S1a†). Rietveld
renement against the diffraction data was performed using the
GSAS package40,41 to determine the average long-range crystal-
lographic properties (Fig. S2b and c†). The orthorhombic
structure of CaMnO3 (ref. 24) was used as the starting point for
the renements.

X-ray Absorption Near Edge Structure (XANES) and Extended
X-ray Absorption Fine Structure (EXAFS) measurements were
performed to gain insight into the local structure of the mate-
rials and clarify the redox chemistry. Powders (again obtained
from the sintered monoliths) were dispersed homogeneously
over the adhesive tape. Data were collected at the La L-III edge,
Mn K-edge and Fe K-edge in transmission mode at room
temperature under synthetic air using the facilities at Sector 5
(5BM-D) of the Advanced Photon Source (APS) at Argonne
National Laboratory. The transmission emissions were
measured using a four-element Si-dried detector (SII) with the
incident X-ray angle q at about 45° with respect to the sample
surface.

The XAS data were analyzed using the Demeter soware
package.41 The oxidation state of cations was determined using
the position of the adsorption edge energy (E0), the energy at
which a sharp change in adsorption occurs in the XANES
region, in turn identied by nding the maximum of the
derivative of the normalized absorption function m(E). Spectra
of standard materials (La2O3, Fe2O3, Fe3O4, FeO, MnO, Mn2O3,
This journal is © The Royal Society of Chemistry 2023
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and MnO2) available in the database of the International X-ray
Absorption Society (https://www.i-x-s.org/)42 were used to
establish calibration lines (Fig. S4†) to convert the measured
edge energies to the oxidation state. LaFeO3 and CaMnO3

were prepared and used as standard materials for the
comparison of XANES features. For local structure analysis,
the data in the EXAFS region, spanning the k range of 2.0–9.8
Å−1, were weighted based on k3 and Fourier transformed with
a Hanning window. Fitting was carried out in R space from R
= 0.7 to 3.8 Å using a three-shell model with paths for the
rst (Mn–O and Fe–O for Mn and Fe K-edge spectra, respec-
tively), second (Mn–Ca/La and Fe–Ca/La), and third (Mn–Mn
and Fe–Mn) nearest neighbor shells.

Phase evolution and thermal analysis

Phase evolution was tracked in situ by high-temperature XRD
(Rigaku Ultima IV, Cu Ka, 40 V, 44 mA, 0.05° s−1 scan rate). Data
were collected at temperatures between ambient and 1200 °C in
50–100 °C increments (HTK 1200 heating chamber) under 30
ml min−1 of N2 (pO2 ∼ 10−3 atm). Aer each heating interval
(10 °C min−1), the sample was equilibrated for 20 min before
the diffraction pattern was collected. Diffraction data were
collected upon the completion of the selected thermal analysis
experiments. Phase formation and evolution were analyzed
using whole pattern tting (or the Pawley method), as imple-
mented in the commercial soware package Materials Data by
Jade, Inc. The XRD measurements were performed under more
reducing conditions than those of the thermal analysis experi-
ments, thus revealing the suitability of the thermal data for
thermodynamic characterization.

Thermal analysis, in which mass and thermal events were
measured as a function of temperature, was performed using
a simultaneous thermal analyzer (STA449 F5 Jupiter Netzsch)
coupled with an inline pO2 sensor (MicroPoas, Setnag) to
measure the oxygen partial pressure of the exhaust gas. One set
of measurements was made by assessing overall phase transi-
tion behavior and thermal stability, with both mass (TG, ther-
mogravimetric) and thermal (DSC, differential scanning
calorimetry) signals recorded. The sample mass was set to 80–
100 mg, and data were collected at a heating rate of 10 °C min−1

under gas conditions of pO2 = 0.18 atm and 5.1 × 10−4 atm,
corresponding to the most oxidizing and most reducing
conditions considered for subsequent TG measurements. Each
measurement was initiated with a 1 h hold at 200C under pO2 =

0.18 atm to remove surface species. Both heating and cooling
proles were recorded, and data were collected up to a temper-
ature of 1100C. A second set of measurements was made with
the objective of accurately recording mass change upon oxygen
Table 1 Chemical properties of (LaxCa1−x)(FexMn1−x)O3 samples prepare

Code Target compositiona nMn/nCa (mol mol−1) nFe/nCa

LCFM5 La0.05Ca0.95Fe0.05Mn0.95O3 1.031 (3) 0.0533
LCFM10 La0.10Ca0.90Fe0.10Mn0.90O3 1.026 (9) 0.1142

a Taking Fe to be Fe3+ and Mn to be Mn4+.

This journal is © The Royal Society of Chemistry 2023
loss or uptake. For these experiments, large samples, 200–
500 mg, were employed. The heating rate decreased to
5 °C min−1, and only the mass signal was recorded. Each
experiment (Fig. S5†) was again initiated with a 1 h hold under
pO2 = 0.18 atm to remove possible surface adsorbed species.
Data were recorded at seven pO2 values: 0.18, 0.09, 0.07, 0.04,
0.02, 0.008, and 0.004 atm. Measurements were made again on
both heating and cooling, with a maximum temperature of
1200 °C. For both sets of experiments, the target gas composi-
tion was achieved by mixing dry synthetic air and Ar, and the
total gas ow rate was xed at 250 ml min−1.

The change in oxygen non-stoichiometry (Dd(molO/molABO3
))

from the reference condition (200 °C and pO2 = 0.18 atm) was
computed using the following equation:

Dd

�
molO

molABO3

�
¼ Dm�MABO3

min �MO

; (3)

where Dm (mg) is the mass change, min (mg) is the reference
state mass of the sample,MABO3

(g mol−1) andMO (g mol−1) are,
respectively, the molar mass of the ABO3 oxide andmonoatomic
oxygen. The oxygen non-stoichiometry in the reference state,
used for determining the absolute d, was determined by
measuring the mass loss upon the complete reduction of the
sample, achieved by exposure to 3% H2/Ar at 1000 °C (ref. 43)
aer equilibration at the reference condition. The total mass
loss (Fig. S6a†) agreed with the initial stoichiometries of
La0.05Ca0.95Fe0.05Mn0.95O3 and La0.1Ca0.9Fe0.1Mn0.9O3. Thus,
the materials displayed negligible concentrations of oxygen
vacancies in the reference condition (essentially the as-prepared
state), consistent with the XANES results of Fe and Mn in the 3+
and 4+ oxidation states, respectively. The XRD pattern of the
reduced product was in both cases a mixture of Fe, La2O3 and
Ca0.5Mn0.5O in the expected respective stoichiometric ratios
(Fig. S6b†).
Results and analysis
Chemical, morphological and structural characterization

The results of the chemical analysis, Table 1, indicated that the
compositions were all within 3 at% of the target Mn/Ca (nMn/
nCa), Fe/Mn (nFe/nMn) and La/Ca (nLa/nCa) values. Hereinaer,
the ideal cation stoichiometries are quoted. The structures
displayed large porosities, with feature sizes at the tens of
micrometer length-scale (Fig. 1), indicating the suitability of the
samples for thermogravimetric analysis due to easy gas access
to the entirety of the material.

At ambient temperature, both LCFM5 and LCFM10 crystal-
lize in the orthorhombic (Pnma) GdFeO3-type structure (Fig. 2a),
d in this study

(mol mol−1) nLa/nCa (mol mol−1) Implied stoichiometrya

(10) 0.0527 (10) La0.049Ca0.922Fe0.049Mn0.951O2.97

(11) 0.1148 (14) La0.101Ca0.877Fe0.100Mn0.900O2.98

J. Mater. Chem. A, 2023, 11, 8858–8872 | 8861
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Fig. 1 SEM micrographs of (a) LCFM5 and (b) LCFM10.

Fig. 2 Diffraction analysis of (LaxCa1−x)(FexMn1−x)O3: (a) details of the
most intense peaks of (LaxCa1−x)(FexMn1−x)O3 XRD patterns and (b)
structural parameters as a function of x.
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as do the end-member materials CaMnO3 and LaFeO3. Because
the lattice dimensions b/2 and c/O2 are metrically identical in
LCFM10, the nonzero intensity of the (210) peak indicates that
the cell is not tetragonal (Fig. S1a,† see also Fig. 5d below). A
shi toward lower 2Q angles (Fig. 2a) relative to CaMnO3

signies a slight increase in the lattice parameters (and the unit
cell volume) in response to the La and Fe doping (Fig. 2b). A
slight broadening of the peaks as the La and Fe concentrations
increase is also a reection of the incorporation of the dopants,
which induce strain gradients into the structure. The rened
parameters are reported in Table 2, along with those of the
singly doped compositions, for comparison. The extent of the
orthorhombic distortion, dened based on the ortho-

rhombicity, O% ¼ 1
3

X3
i¼1

����ai � a

a

����� 100 (being a1 = a, a2 = b/O2,

a3 = c and a�= (abc/O2)1/3) and also reported in Table 2, remains
relatively constant across the series.

The XANES study revealed that the Mn and Fe oxidation
states in the as-prepared materials are, respectively, 4+ and 3+,
in both LCFM5 and LCFM10 (Fig. 3), which agrees with our
earlier studies of singly Fe-doped CaMnO3.24 Unsurprisingly,
La is found in the 3+ oxidation state (Fig. S3†). Thus, the
introduction of La at an equal concentration as Fe enables
access to the crystallographic state in which all oxygen sites are
fully occupied, as desired. The XAS study further revealed that
8862 | J. Mater. Chem. A, 2023, 11, 8858–8872
doping has a negligible effect on the Mn environment, as
would be expected given the minimal impact of the introduc-
tion of La and Fe on the lattice parameters and the fact that
only a small fraction of the next nearest neighbours of Mn are
changed between the compositions CaMnO3 and La0.1Ca0.9-
Fe0.1Mn0.9O3. This result is evident in both the XANES (Fig. 3a)
and EXAFS (Fig. 4a) analyses. Quantitative treatment of the
EXAFS data (Fig. S7 and S8†) showed that the Mn–O distance
remained close to the mean value of 1.901(4) Å of undoped
CaMnO3 (ref. 44) in both LCFM5 (1.918 Å) and LCFM10 (1.897
Å) (Tables S2 and S3).† In contrast, there are relatively strong
changes in the X-ray absorption spectra at the Fe K edge
between LaFeO3, LCFM5, and LCFM10 (Fig. 3b). Because the
three materials are globally isostructural and the Fe and Mn
oxidation states remain unchanged, the differences reect
changes in the local chemical environment of Fe, resulting
from large differences in the concentrations of Ca and Mn
between the LaFeO3 and LCFM compounds. The pre-edge
feature reects the formally forbidden 1s / 3d transition45,46

and is known to increase in intensity with Sr content in doped
LaFeO3.47 This is consistent with the present observation.
Signicant herein is the high level of similarity in the EXAFS of
the Mn and Fe species (Fig. 4), reecting the incorporation of
Fe on the B-site. The Fe–O distances of 1.94 Å in both LCFM5
and LCFM10 (Tables S4 and S5†) are almost identical to the
Mn–O distances and shorter than the mean Fe–O distance of
2.03(10) Å in LaFeO3.48
This journal is © The Royal Society of Chemistry 2023
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Table 2 Crystallographic parameters of LCFM5 and LCFM10 and related materials, all of which adopt in the orthorhombic (Pnma) GdFeO3-type
perovskite distortion at ambient conditions. The numbers in parentheses indicate the uncertainty in the final digit(s)

Material

Lattice parameters

a (Å) b (Å) c (Å) Vcell (Å
3) ra (kg m−3) O 10−2% Source

CaMnO3−d 5.2785 (4) 7.4564 (5) 5.2664 (2) 207.27 (4) 4820 7.7 (2) Mastronardo et al.24

LCFM5 5.2987 (7) 7.4836 (5) 5.2885 (5) 209.71 (3) 4688 6.9 (1) This work
LCFM10 5.3257 (7) 7.5199 (4) 5.3176 (6) 212.96 (3) 4772 6.9 (1) This work
CaFe0.1Mn0.9O2.95−d 5.2906 (5) 7.4737 (4) 5.2804 (7) 208.79 (6) 4814 6.8 (1) Mastronardo et al.24

La0.1Ca0.9MnO3−d 5.3110 (9) 7.4988 (13) 5.3036 (9) 211.22 (7) 4826 6.7 (1) Mastronardo et al.24

a Crystallographic density.

Fig. 3 XANES spectra of (LaxCa1−x)(FexMn1−x)O3 about (a) the Mn K
edge and (b) the Fe K edge. Spectra of the referencematerials CaMnO3

and LaFeO3 are also shown. Insets highlight pre-edge features. The Mn
oxidation state is 4+ for all materials, and the local environment, re-
flected in the features of the pre-edge feature (inset), is relatively
unchanged with doping. The Fe oxidation state is 3+ for all materials,
but in this case, the Fe local environment differs across the various
materials.

Fig. 4 Fourier transforms (FT), with modulus (rc(R)r) and imaginary
part (Im[c(R)]) of (a) Mn and (b) Fe EXAFS spectra of LCFM5 and
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Phase evolution and thermal analysis

The in situ XRD study, Fig. 5, revealed that both LCMF5 and
LCMF10 were transformed upon heating from the as-prepared
This journal is © The Royal Society of Chemistry 2023
orthorhombic phase to a cubic phase, with a transformation
temperature that slightly decreased as the dopant content
increased. Additionally, both materials were stable against any
sort of decomposition up to the maximum temperature of
1200 °C. The temperature dependent cell parameters,
LCFM10.

J. Mater. Chem. A, 2023, 11, 8858–8872 | 8863
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Fig. 5 In situ high-temperature XRD patterns collected under an inert atmosphere (30 ml min−1 N2, pO2 ∼ 0.001 atm) with measurement
temperatures as indicated: (a and b) LCFM5 and (c and d) LCFM10. Color scheme corresponds to phase formation: blue= orthorhombic; green=

cubic; and aqua = mixed.
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obtained by Rietveld renement and shown in Fig. 6 (and also
in Tables S7 and S8 as ESI),† revealed rather similar thermal
expansion behavior. A slight decrease in the anisotropy as the
dopant concentration increased was observed. Moreover, the
apparent thermal expansion of both materials notably
increased upon transformation to the cubic phase. As shown
below, the cubic phase undergoes a reduction more readily
than the lower symmetry phases. The enhanced expansion of
8864 | J. Mater. Chem. A, 2023, 11, 8858–8872
this phase presumably reects the contribution of chemical
expansion.

Reported in Fig. 7 and 8 are the simultaneous thermal
analysis proles for the (LaxCa1−x)(FexMn1−x)O3 materials. As
indicated above, these were performed at a relatively high ramp
rate (10 °C min−1) and under the most oxidizing and most
reducing conditions considered in this study, pO2 = 0.18 and
5.1 × 10−4 atm, respectively. To highlight the role of the
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Temperature dependence of the lattice parameters of (a)
LCFM5 and (b) LCFM10 under an inert atmosphere (30mlmin−1 N2 and
pO2 ∼ 0.001 atm).
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dopants, the proles measured for CaMnO3 (CM) from our
previous study24 are included in the gures.

The thermal proles reveal anomalies that agree with the
phase transitions recorded by XRD. Specically, trans-
formations from the low-temperature orthorhombic distortion
to the cubic aristotype are observed. A tetragonal distortion
appears at intermediate temperatures depending on composi-
tion and oxygen partial pressure.49 In general, the same
behavior is observed by decreasing the oxygen partial pressure
or introducing the dopants. Namely, the transition tempera-
tures shi downwards, the heat of the transition decreases, and
the thermal window of the intermediate tetragonal phase is
narrowed (Fig. S9 and Table S6 in the ESI†). The absence of the
tetragonal phase in the XRD results (Fig. 5) is related to the
lower oxygen partial pressure condition of the diffraction study.

Under pO2 = 0.18 atm, as shown in Fig. 7 (the higher oxygen
partial pressure conditions), the phase transformations were
reversible, with only a slight hysteresis for the reverse trans-
formation temperature evident for the doped compositions.
This journal is © The Royal Society of Chemistry 2023
Moreover, no change inmass was recorded during the isothermal
hold at the highest measurement temperature of 1100 °C, and
the mass proles obtained on cooling exactly overlapped those
recorded on heating. This behavior indicates that the materials
remained in equilibrium throughout the experiment. In contrast,
in themeasurement at lower oxygen partial pressure (pO2= 5.1×
10−4 atm, Fig. 8), mass loss occurred during the isothermal hold
at 1000 °C, and the masses did not return to their initial values
upon cooling. These features, along with the absence of the
thermal signatures of the reverse transitions, indicate that equi-
librium was not maintained over the course of the measurement.
The out-of-equilibrium behavior is likely a reection of insuffi-
cient gas ow to remove evolved oxygen on heating and provide
oxygen on cooling, as discussed elsewhere,50 rather than slow
surface reaction kinetics or oxygen diffusion. Additional notable
features of the thermal behavior are as follows: (i) a decline in
high-temperature mass loss as the dopant concentration
increases and (ii) an increase in mass loss upon transformation
to the cubic phase. In undoped CaMnO3, the transition to the
cubic phase occurs with a detectable step change in oxygen
content under both measurement conditions. The transition is
furthermore accompanied by a transient increase in oxygen
partial pressure in the experiment performed under an inlet
oxygen partial pressure of pO2 = 5.1 × 10−4 atm (Fig. 8), with
similar but less pronounced effects evident for both LCMF5 and
LCMF10. The absence of a similar feature in the oxygen partial
pressure proles under the higher pO2 condition (Fig. 7) indi-
cates a marginal increase in oxygen content in the gas phase
because the release from the solid is small relative to the oxygen
content in the inlet gas supply.
Thermodynamic evaluation

The oxygen non-stoichiometry (d) proles obtained from the
thermogravimetric analysis experiments with pO2 $ 0.008 atm
are summarized in Fig. 9. At each pO2 shown, the heating (solid
lines) and cooling (dashed lines) curves almost perfectly over-
lap, indicating that equilibrium behavior was recorded at
a moderate heating/cooling rate of 5 °C min−1 used in these
experiments. Moreover, the oxygen sensor recorded negligible
variations of pO2 during the experiments (Fig. S10 in ESI†). In
contrast, at pO2 = 0.004 atm, the heating and cooling proles
showed detectable disagreement (Fig. S11 in ESI†), indicating
non-equilibrium behavior. Accordingly, this prole was omitted
from the subsequent thermodynamic analysis. To permit
experimental assessment of the mass loss behavior under this
low oxygen partial pressure condition, additional measure-
ments were performed in which the LCMF5 and LCMF10
samples were allowed to equilibrate at 1200 °C under a pO2 of
0.004 atm for 1 h (the single-lled symbol in each panel). A
signicant feature of all the mass loss (and hence non-
stoichiometry) proles is the evidence of discontinuity at the
crystallographic phase transition(s). This effect, which is
particularly pronounced in undoped CaMnO3,24 reects the
difference between the maximum d in the orthorhombic phase
and the minimum d in the higher temperature phase (either
tetragonal or cubic) at the pO2 of the measurement.
J. Mater. Chem. A, 2023, 11, 8858–8872 | 8865
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Fig. 7 TGA/DSC profiles of CM,24 LCMF5, and LCMF10 on heating and cooling to 1100 °C at a ramp rate of 10 °C min−1 under a pO2 of 0.18 atm:
(a) mass, (b) DSC, and (c) pO2 profiles as functions of temperature. (d) Mass evolution during 2 h isothermal hold at 1100 °C applied between
heating and cooling steps.

Fig. 8 TGA/DSC profiles of CM,24 LCMF5, and LCMF10 on heating and cooling to 1100 °C at a ramp rate of 10 °Cmin−1 under a pO2 of 5.1× 10−4

atm: (a) mass, (b) DSC, and (c) pO2 profiles as functions of temperature. (d) Mass evolution during 30 min isothermal hold at 1100 °C applied
between heating and cooling steps.
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The temperature span over which the discontinuity appears
reects nite kinetics and precludes access to material non-
stoichiometry over a small temperature window following the
transition. Stability (pO2 − 1/T) and schematic phase (T − d)
diagrams generated from the analysis of the thermogravimetric
proles are presented in the ESI (Fig. S12 and S13†). Overall,
high temperature and low oxygen partial pressure conditions
favor the cubic phase. The orthorhombic phase is favored at low
8866 | J. Mater. Chem. A, 2023, 11, 8858–8872
temperatures and high oxygen partial pressures. Moreover, the
inuence of co-doping CaMnO3 with Fe and La resembles that
observed upon doping with either species independently. For
example, the tetragonal perovskite phase is absent in both
LCMF10 and 10% Fe-doped CaMnO3. The fundamental reasons
that La and Fe doping shi the stability regions of the various
crystallographic phases are yet unknown.
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Absolute oxygen non-stoichiometry as a function of the temperature of (a) LCFM5 and (b) LCFM10 measured under six oxygen partial
pressures. Solid (heating) and dashed (cooling) lines and filled symbol ( ) are measured values of d data. Open symbols are calculated from the
thermodynamic functions shown in Fig. 11.
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The non-stoichiometry proles, d(T), obtained from the
thermogravimetry experiments, were used to determine the
relative partial molar enthalpy and relative partial molar
entropy of oxygen in the solid as a function of d based on the
van't Hoff approach,51 where the enthalpy term is required for
computing the heat storage capacity based on eqn (2). In brief,
at the limit of an innitesimal extent of oxidation, di / df, the
chemical activities of ABO3−di

and ABO3−df
become equal, and

the equilibrium constant for this innitesimal oxidation is

Koxd = ~pO2

−1/2 = e−Doxd
�G0/RT, (4)

where ~pO2 is the oxygen pressure relative to the reference state
of 1 atm (numerically identical to the oxygen partial pressure,
pO2) and Doxd�G

0 is the standard Gibbs energy of oxidation per
mole O. The latter is exactly equal to the relative oxygen
chemical potential, implying that

Doxd
�G0(d) = Dm�0O(d) = D �H0

O(d) − TD �S0
O(d) (5)

and that the relative partial molar enthalpy and entropy of
oxygen are respectively equivalent to the enthalpy and entropy
of the oxidation reaction given in eqn (1), which is, in turn,
equal to the negatives of the respective reduction terms. Eqn (4)
can be written in Arrhenius form:

lnðpO2Þ ¼ 2

 
DH

0

O

RT
� DS

0

O

R

!
: (6)

Thus, from the slopes and intercepts of plots of ln(pO2) vs.
1/T for each d, the relative partial molar enthalpy (D�H0

O (kJ
molO

−1)) and relative partial molar entropy (D�S0O (J molO K−1)) of
oxygen can be extracted, respectively, as functions of d.
This journal is © The Royal Society of Chemistry 2023
The iso-stoichiometric data of the (LaxCa1−x)(FexMn1−x)O3

materials, along with the linear ts (R2 > 0.99), are presented in
Arrhenius form, as illustrated in Fig. 10. Because of the
continuous nature of the measured d(T) proles, it was possible
to determine the temperature at which any given d is adopted by
the material under peach pO2 condition. Hence, a set of six
(pO2, T) pairs are available for each arbitrarily selected d within
the measurement range and single phase region. Furthermore,
the data summary presented in Fig. 10 emphasizes that the
phase boundaries do not occur at xed d but rather at d values
that vary with and are determined by T and pO2, as shown in
Fig. S13.† To avoid the inuence of experimental artifacts at
large d at which fewer data are available, the enthalpy in the
large d region was xed at the value obtained from the analysis
of the Arrhenius line at the largest d with ve (pO2, T) pairs.

Extracted enthalpy (D�H0
O(d) (kJ molO

−1)) and entropy
(TD�s0O(d) (J molO K−1)) functions of the (LaxCa1−x)(FexMn1−x)O3

materials are depicted in Fig. 11, along with those of undoped
CaMnO3.24 The insensitivity of D�H0

O(d) to d beyond d z 0.08 is
immediately evident, justifying the use of a xed D�H0

O in the
high d region of $0.13. Overall, the data reveal that simulta-
neous doping by La and Fe increases the magnitude of the
enthalpy in both the orthorhombic and cubic phases, albeit to
a moderate extent, while expanding the compositional window
of the cubic phase. Similar behavior was observed for singly
doped materials.24,38 The results agree with the literature
observations that La doping increases the enthalpy in variable
valence perovskites. Somewhat surprisingly, co-doping with
10% of the dopants on both the A and B sites results in an
enthalpy that is intermediate between that obtained by doping
at the 10% level on either site alone. This is evident from the
comparison of D�H0

O(d = 0.10) presented in Fig. 11c. Thus, the
impacts of doping on the energetics are not additive, and for the
materials compared, the highest enthalpy is obtained from 10%
J. Mater. Chem. A, 2023, 11, 8858–8872 | 8867
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Fig. 10 Arrhenius presentation in the ln(pO2) − T plane of iso-
stoichiometric conditions for the extraction of thermodynamic prop-
erties using the van't Hoff approach in (a) LCMF5 and (b) LCMF10.
Regions corresponding to the cubic and orthorhombic phases are
indicated. In (a), the tetragonal phase exists over too small a region to
be characterized. In both (a) and (b), finite phase transformation
kinetics result in a region unsuitable for analysis.
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La-doped CaMnO3. The differences in the entropies of the
materials are signicantly smaller (Fig. S14†), indicating that
the co-doping strategy with equal A and B site dopant concen-
trations was successful in retaining a large magnitude of D�S0O. At
d = 0.10, the values for the undoped and doubly doped mate-
rials range from 123 to 129 J molO K−1. The increasing magni-
tude of enthalpy with increasing co-doping levels largely
explains the monotonic decrease in reducibility from CaMnO3

to LCFM5 to LCFM10 (Fig. 7 and 8). The slightly enhanced
magnitude of the entropy of LCFM5 also contributes to the
reducibility of this material.
Fig. 11 Thermodynamic properties of CM,24 LCFM5, and LCFM10: (a)
relative partial molar enthalpy and (b) relative partial molar entropy of
oxygen as functions of d; and (c) comparison of relative partial molar
enthalpy of oxygen in selected doped compositions at d = 0.10, where
CFM10 (ref. 24) is CaFe0.10Mn0.90O2.95−d, and LCM10 (ref. 38) is
La0.1Ca0.9MnO3−d.
Discussion: heat storage capacity

The calculation of the heat storage capacity according to eqn (2)
requires the knowledge of D�H0

O(d) over the d range spanning
from di (charged state) to df (discharged state). From the XRD
study, it was shown that LCFM5 and LCFM10 are both stable at
8868 | J. Mater. Chem. A, 2023, 11, 8858–8872 This journal is © The Royal Society of Chemistry 2023
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T = 1200 °C and pO2 = 0.001 atm (Fig. 5), a more reducing
condition than included in the TGA studies. To enable the
estimation of the heat storage capacity for charging under these
technologically viable and attractive conditions, the D�H0

O(d) and
D�S0O(d) functions were extrapolated to large d assuming xed
values for the enthalpy and linear behavior in the entropy
beyond d = 0.1959 for LCFM5 and beyond d = 0.1482 for
LCFM10. Using these expanded functions, respective di values
of 0.291 and 0.228 were computed (for the charging conditions,
T = 1200 °C and pO2 = 0.001 atm). The validity of these
extrapolations to larger d is supported by the agreement of the
computed and measured (equilibrium) nonstoichometry at pO2

= 0.004 and T = 1200 °C in Fig. 9, where the predicted curves
based on both pO2 = 0.004 and 0.001 atm are shown in their
entirety. Additionally, for both materials, the calculated d(T)
proles at 0.004 atm almost perfectly overlap with the experi-
mental curves (Fig. S11 in ESI†), which show only slight
disagreement between the heating and cooling regimes.

Integration of D�H0
O(d) was performed by assuming linear

interpolation between measured data points, including across
the phase transition, and by assuming linear extrapolation in
the orthorhombic regime to zero d. This conservative approach
ignores the contributions to heat storage resulting from the
phase transition. Fig. 12 depicts the resulting mass-normalized
heat storage capacity (QM) curves:

QMðdiÞ ¼ 1

MABO3

�ðdf
di

DH
0

Odd

�
; (7)

where df is the nonstoichiometry at the discharge condition of T
= 700 °C and pO2 = 0.18 (and is approximately 0 for all
compositions). The di can be varied by varying the charge
conditions, where the maximum di (= dmax

i ) is that attained at T
Fig. 12 Mass-normalized chemical heat storage capacity (QM (kJ
kgABO3

−1)) of LCFM5 and LCFM10 indicated as a function of non-
stoichiometry change. The final nonstoichiometry in the discharged
state corresponds to that at T = 700 °C and pO2 = 0.008 atm, with
values given in the legend. The charge condition is considered variable,
with the maximum d being that at T = 1200 °C and pO2 = 0.001 atm,
and the corresponding values are shown in the figure.

This journal is © The Royal Society of Chemistry 2023
= 1200 °C and pO2 = 0.001 atm. Volumetric heat storage
capacity (QV(kW h m−3)) is simply calculated as follows:

QV(di) = QM$r. (8)

The data illustrated in Fig. 12 reveal that, for a given Dd,
LCFM5 and LCFM10 provide similar chemical heat storage
capacity. This is because the higher enthalpy of LCFM10 at high
and very low d is compensated for by the lower enthalpy at
intermediate d. The maximum attainable heat storage capacity,
however, is higher for LCFM5 (378.5 ± 1.0 kJ kgABO3

−1) than for
LCFM10 (282.3 ± 1.5). This occurs because the latter has
slightly higher entropy and slightly lower enthalpy in the high
d region, which translates into a substantially larger extent of
reduction.

Heat storage in TES reactors is controlled by adjusting the
temperature and gas conditions of the heat storage steps rather
than controlling the nonstoichiometry values adopted by
a material. Accordingly, Fig. 13 illustrates the heat storage
Fig. 13 Mass-normalized heat storage capacities of (a) LCFM5 and (b)
LCFM10 as a function of charging temperature under various values of
pO2, representing realistic operating conditions. The discharge
temperature fixed at 700 °C.
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capacities of LMFC5 and LMFC10 as functions of temperature
at given pO2 values. Thus, QM is computed by integration based
on eqn (2) using integration limits implied by di = d (T, pO2 =

pO2
xed) and df = d (T = 700 °C and pO2 = pO2

xed), where
pO2

xed is the same on charging and discharging. The repre-
sentation here highlights the advantages offered by LMFC5 over
LMFC10 already noted above, with the energy storage capacity
of LMFC5 being greater than that of LMFC10 at all charging
temperatures.

The impacts of doping by the co-doping single-site doping
strategies on the heat storage capacity of lightly doped CaMnO3

materials are summarized in Fig. 14 and Table S9† for the
operating conditions pO2 = 0.008 atm and Tdis = 700 °C.
Undoped CaMnO3 is inherently attractive for heat storage, but
as already noted, its poor high-temperature stability limits its
capacity. Of the doped compositions, the previously developed
material CaMn0.9Fe0.1O2.95−d (CMF10)24 and the new material
La0.05Ca0.95Fe0.05Mn0.95O3−d (LCFM5), which displays similar
relative partial molar enthalpies (Fig. 11c), attain the highest
(and comparable) heat storage capacities. Signicantly, the
materials with the largest relative partial molar enthalpy
amongst this group, LCM10 (ref. 38) and LCFM10 (Fig. 11c),
exhibit diminished heat storage capacities. As discussed above,
in the context of LCFM10, the large enthalpy value diminishes
the extent of reduction under the charge condition. Thus, the
chemical heat storage capacity does not simply scale with the
enthalpy of the oxidation reaction. Design strategies that focus
solely on increasing the magnitude of D�H0

O(d) in variable
valence oxides is unlikely to achieve materials with a high heat
storage capacity. Furthermore, co-doping has produced mate-
rials with properties comparable to those of the singly doped
analogs. In both cases, doping increases the thermal stability
and the enthalpy without a negative impact on the entropy, with
light doping providing an optimal, intermediate value of
enthalpy.
Fig. 14 Comparison of LCFM5 and LCFM10 with previously investi-
gated compositions CM, CMF10 and LCM10 under similar operating
conditions (pO2 = 0.008 atm, Tdis = 700 °C, and Tch = 1200 °C).

8870 | J. Mater. Chem. A, 2023, 11, 8858–8872
Overall, the properties of LCMF5 (and CMF10) are very
attractive for incorporation into CSP plants. Owing to favorable
operating conditions and the earth's abundance of constituent
elements, the implementation of heat storage using these
materials can be expected to lower the cost of CSP operation. In
comparison to other CaMnO3-derived materials, including
those doped with Al, Ti, Co and Sr,22,23,37,52 these compounds
enable operation at higher temperatures and more moderate
pO2 for a comparable, and in some cases higher, level of heat
storage. The SrMO3−d (M = Co, Fe, and Mn)53 series of perov-
skites have also been evaluated for chemical heat storage but
can only operate in a limited temperature range of 500–1000 °C.
Other investigated doped redox systems, namely LaxSr1−x(-
Mn,Fe,Co)O3−d,54 and BaySr1−yCoO3−d,54 show lower heat
storage capacity than LCFM5 (and CMF10). Stoichiometric
metal oxides,55 such as Co3O4/CoO (844 kJ kg−1),56 BaO2/BaO
(474 kJ kg−1)57 and Mn2O3/Mn3O4 (202 kJ kg−1),58 offer higher
gravimetric energy storage capacity, but as noted above, the
redox reactions of these materials are discrete. Consequently,
heat release is limited to the specic temperature of the reac-
tion, which in many instances is lower than desirable. The
perovskites investigated herein offer greater exibility and
access to higher temperatures of heat storage.

The volumetric heat storage density achieved by chemical
redox with LCFM5 (under a pO2 of 0.001 atm) reaches ∼500
kW h m3 (Fig. 13). Such a storage capacity, which does not
include the additional sensible heat storage capacity of the
perovskite, exceeds that of several TES technologies employed
in CSP plants for heat storage at high temperatures. For
example, sensible heat storage systems offer only 70–210 kW h
m−3 storage capacity and are further limited by low thermal
conductivity.59 Molten salts, though somewhat higher in storage
capacity (∼400 kW h m−3), still do not achieve the capacity of
LCFM5 and further suffer from operability in a limited
temperature range (between their melting point and decom-
position temperature) and the severe risk of loss of material due
to leakage.59

Conclusions

In this study, La and Fe co-doped CaMnO3 (x = 0.05 and 0.10 in
compositions (LaxCa1−x)(FexMn1−x)O3) indicate that many of
the features of the co-doped materials are similar to those of the
singly doped materials. The structures of the co-doped mate-
rials are orthorhombic under ambient conditions, crystallizing
in the GdFeO3-type perovskite distortion, with Fe entirely in the
3+ oxidation state and Mn entirely in the 4+ state. Co-doping
shis the orthorhombic to cubic transition to a lower temper-
ature, narrows the stability range of the intermediate tetragonal
phase, and stabilizes the perovskite against decomposition into
spinel and Ruddlesden–Popper phases to at least 1200 °C.
XANES studies conrm that Fe and Mn are always found in the
+3 and +4 oxidation states, respectively, under as-synthesized
conditions, whereas EXAFS reveals the insertion of these
cations in octahedral B sites. The enthalpy of reduction gener-
ally increases with the co-doping level in both the orthorhombic
and cubic phases, albeit to a moderate extent, and not at all
This journal is © The Royal Society of Chemistry 2023
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values of d. The tetragonal phase, which exists only over a very
narrow window, could not be fully characterized. For a given
change in non-stoichiometry, Dd, LCFM5 [(La0.05Ca0.95)(Fe0.05-
Mn0.95)O3−d] and LCFM10 [(La0.1Ca0.9)(Fe0.1Mn0.9)O3−d] provide
similar chemical heat storage capacities. This is because the
higher enthalpy of LCFM10 at high and very low d is compen-
sated for by a lower enthalpy at intermediate d. The maximum
attainable heat storage capacity, however, is substantially
higher for LCFM5 (378.5± 1.0 kJ kgABO3

−1) compared to 282.3±
1.5 for LCFM10. This apparent contradiction arises because the
slightly higher entropy and slightly lower enthalpy of LCFM5 in
the high d region translate into a substantially larger extent of
reduction. This observation indicates that design strategies
focus solely on increasing the magnitude of D�H0

O(d) in variable
valence oxides, without considering the impacts on the extent of
reduction, is unlikely to produce materials with a high heat
storage capacity. The intermediate value of the reduction
enthalpy of LCFM5, along with its high stability, and earth-
abundant constituent elements, render it an attractive mate-
rial for further evaluation in TCS applications.
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E. A. Carter, J. Phys. Chem. C, 2014, 118, 13346–13356.
29 M. J. Ignatowich, A. H. Bork, T. C. Davenport, J. L. M. Rupp,

C. K. Yang, Y. Yamazaki and S. M. Haile, MRS Commun.,
2017, 7, 873–878.

30 C. Yang and A. Grimaud, Catalysts, 2017, 7, 149.
31 X. Qian, J. He, E. Mastronardo, B. Baldassarri, W. Yuan,

C. Wolverton and S. M. Haile, Matter, 2021, 4, 688–708.
32 X. Qian, J. He, E. Mastronardo, B. Baldassarri, C. Wolverton

and S. M. Haile, Chem. Mater., 2020, 32, 9335–9346.
33 D. Maiti, Y. A. Daza, M. M. Yung, J. N. Kuhn and

V. R. Bhethanabotla, J. Mater. Chem. A, 2016, 4, 5137–5148.
34 A. M. Deml, V. Stevanović, A. M. Holder, M. Sanders,
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