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ABSTRACT: The oxides Ca0.5Sr0.5CoO3−δ and SrCoO3−δ, which present perovskite or perovskite-related phases in different
temperature domains, have been tested as materials for thermochemical energy storage. The first one, Ca0.5Sr0.5CoO3−δ, experiences
a reversible phase transition upon consecutive cycles under an airflow at a maximum operating temperature of 1196 K.
Unfortunately, the heat stored in this process, associated with an oxygen loss/gain and a structural phase transition, is very small,
hindering its use for thermochemical heat storage. The as-prepared oxide SrCoO3−δ, which displays a brownmillerite structure like
the Ca-containing compound, in the first heating step irreversibly segregates some Co3O4 at 823 K to yield a 2H hexagonal
perovskite. This phase reversibly transforms at 1073 K into a cubic perovskite. These 2H ⇄ C transitions occur from the 2nd to, at
least, 30th cycle. The average absorbed and released heat is ∼104.1 ± 0.06 and ∼68.8 ± 1.8 J/g, respectively, and therefore,
SrCoO3−δ presents a high exo/endo ratio. The exergy efficiency is, on average for the 30 cycles performed, as high as 63.9 ± 1.2%.
The mechanism of the phase 2H ⇄ C transition of SrCoO3−δ explains the good performance of this material for thermochemical
energy storage.

KEYWORDS: thermochemical energy storage, perovskite, brownmillerite, cyclability, thermal hysteresis, structural transition,
redox processes

■ INTRODUCTION

The world energy demand grows every year, and thus the CO2
emissions with the consequent environmental problems. The
search for new environmentally friendly energy alternatives is
one of the main concerns in the current century. In this
context, renewable energy sources are becoming more
important.1 Among them, the radiation coming from the sun
is the most abundant.2 Solar radiation can be used through
three different well-defined concepts: thermal, photovoltaics
(PV), and concentrated solar power (CSP). The first one is
focused on domestic applications in which solar energy is
generally used as a heat source at low temperature (<373 K).
PV and CSP technologies are focused mainly on electricity
production at different scales. However, the use of this type of
energy implies a challenge in the development of storage

technologies to overcome the limitations associated with the
discontinuous nature of this energy source and achieve
continuous 24 h electricity production.3,4 CSP has an
important advantage due to the possibility of combining the
solar field with Brayton−Rankine conventional thermodynamic
cycles. Additionally, CSP plants allow implementing efficient
thermal energy storage (TES) systems. The excess heat

Received: May 1, 2021
Accepted: July 26, 2021
Published: August 9, 2021

Articlewww.acsaem.org

© 2021 American Chemical Society
7870

https://doi.org/10.1021/acsaem.1c01235
ACS Appl. Energy Mater. 2021, 4, 7870−7881

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
M

PL
U

T
E

N
SE

 D
E

 M
A

D
R

ID
 o

n 
D

ec
em

be
r 

17
, 2

02
4 

at
 1

4:
23

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Teresa+Azcondo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Orfila"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Linares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rau%CC%81l+Molina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Maruga%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulises+Amador"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khalid+Boulahya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khalid+Boulahya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+A%CC%81ngel+Botas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rau%CC%81l+Sanz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c01235&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01235?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


collected by the solar field can be stored via three different
TES approaches: sensible, latent, and thermochemical heat
processes.5,6

Nowadays, sensible heat systems based on molten salts are
the only commercially available TES technology in large-scale
CSP plants.5 However, the salts usually present stability
problems due to the high working temperatures (723−838 K).
Additionally, considerable amounts of salts are required, due to
their low energy density, and the installations must be large
and complex due to the nature of the energy storage
mechanism; both factors imply an increase in the capital cost
of the CSP plants. Apart from this, corrosiveness, exergy
destruction due to temperature gradients between room
temperature and the working temperature, and the risk of
solidification owing to the high melting temperatures of
common salts are the main disadvantages of current molten-
salt systems.7−9

Latent heat TES systems can reach higher efficiencies than
sensible heat TES systems due to their nearly isothermal
operational conditions. However, despite the huge number of
phase-change materials (PCMs) proposed in the literature,10,11

they are not yet available for large CSP plants because of their
low charge/discharge rates derived from the low thermal
conductivity of most PCMs, solid deposition on heat transfer
surfaces, and large volumetric variations associated with the
phase change.12,13

On the contrary, thermochemical energy storage (TCES)
systems have a great potential for future CSP plants thanks to
the large energy density of the materials employed and high
operational temperatures, increasing the efficiency of steam
turbines.14,15 TCES systems imply the utilization of reversible
chemical reactions (eq 1) to store thermal energy. The solar
energy collected in the CSP plant is used to carry out an
endothermic reaction to store it in the chemical bonds of the
products. Then, when the heat is needed in off-sun periods, a
reverse exothermic reaction is carried out, releasing the heat
stored.16

+ Δ +VHA B Cr (1)

So, the energy stored is proportional to the molar enthalpy of
reaction (ΔHr). The requirements for TCES materials are as
follows: reversibility of the chemical reactions, temperatures
compatible with power cycles, high reaction rates, the absence
of side reactions, high specific enthalpy of reaction, high
specific heat capacity, long-term cycling stability, environ-
mental compatibility, and low cost.17 A huge number of
reactions and materials have been investigated for their
application in TCES systems such as NH3, CH4, SO3,
MCO3, MH, and M(OH)2, where M denotes a metal
element.5,6,18,19 In the recent decades, the TCES research is
mainly focused on redox processes (eq 2) based on metal
oxides through their redox reversibility, higher operational
temperatures, as compared to molten salts, and the absence of
product gases that require separation.16 In these processes, the
charge is the endothermic solar-driven reduction. Heat is
required for the reduction of a metal oxide, which results in a
metal oxide with a lower oxidation state and the release of
lattice oxygen to the ambient. When energy is needed, the
discharge is performed by oxidizing the reduced metal oxide
with ambient air, releasing the stored energy owing to the
exothermic nature of this oxidation reaction.

+ Δ +−VH
y

MeO (s) MeO (s)
2

O (g)x x yr 2 (2)

Different metal−oxygen systems (oxides and peroxides) such
as BaO2/BaO, CuO/Cu2O, Fe2O3/FeO, ZnO/Zn, Co3O4/
CoO, and Mn2O3/MnO have been studied for this application.
However, they present noticeable limitations associated with
the lack of cyclability, high required temperatures, and the slow
kinetics. In the aforementioned cases, the oxidation/reduction
processes are accompanied by a severe atomic rearrangement
since the structures of the oxidized and reduced phases are
totally different.20 The system Co3O4/CoO is the most
promising one for TES application; however, the cost and
toxicity of cobalt is a serious drawback. New materials are
needed for application in real TES devices.20 To overcome
these issues, new systems based on mixtures of cobalt oxide
with oxides of cheap and safe metals have been proposed.18

More recently, blends of oxides of metals as iron and
manganese have been reported, displaying good performances
in terms of energy storage capacity and durability.21

As an alternative, perovskites have been recently proposed
for thermochemical energy storage (eq 3) as they are stable in
a large range of oxygen nonstoichiometry and temperatures,
showing no phase transition, ensuring good cyclability. In
addition, many of them present high electronic and/or ionic
conductivity that may extend the reaction given in eq 3 to the
bulk of the material, increasing the mass involved in the
process and improving the kinetics.22−27

+ Δ +δ δ− − −VH
y

ABO (s) ABO (s)
2

O (g)r y3 3 2 (3)

Materials presenting a compromise between these extreme
behaviors, (a) deep atomic rearrangement in the phase
transition with high specific energy associated but with slow
kinetics and poor reversibility and (b) a redox process with no
phase transition associated and good reversibility and fast
kinetics, will be good candidates for TCES. As suggested by
Vieten et al.,28 the use of phase transitions induced or coupled
with redox processes could be beneficial for thermochemical
energy. Some metal oxides display a reversible phase transition
associated with a redox process driven by oxygen release or
gain, like those studied in the present work.
Thus, the present study aims to explore some oxides with

the perovskite-related structure, the CaxSr1−xCoO3−δ (x = 0
and 0.5) system, as TCES materials, taking advantage of the
coupling of oxygen release/metal reduction and a structural
transition. It is known that many oxides of composition
(AE)MO3−δ (AE = alkaline-earth, M = 3d metal) experience
loss/gain of oxygen as a function of temperature and oxygen
partial pressure, and in many cases, this redox process is
associated with structural phase transitions. These may involve
only the ordering/disordering of oxygen vacancies (brownmil-
lerite-to-perovskite) or may involve the rearrangement of metal
ions (2H-to-perovskite) as well. The title compounds are
examples of these two cases: Ca0.5Sr0.5CoO3−δ of the former
and SrCoO3−δ of the latter.
These examples provide a guideline to the design of new

TCES materials in which the redox process is associated with
any other reversible transition, either structural, magnetic, or
electric, which may improve the performance of the materials.

■ MATERIALS AND METHODS
Sample Preparation. The title materials, SrCoO3−δ and

Ca0.5Sr0.5CoO3−δ (denoted as SCO and CSCO, respectively), were
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synthesized in a two-step procedure. Precursors were obtained by a
solution-combustion method using Sr(NO3)2, CaCO3, and Co-
(NO3)2·6H2O as metal sources and an oxidizing agent and glycine
as fuel; all chemicals from Sigma-Aldrich with a purity of 99.95% were
used as received. The combustion reaction was carried out in
chemically stoichiometric water solutions with a balanced oxidizer-to-
fuel ratio.29 Combustion of these solutions was induced by heating
them in a muffle furnace, preheated at 773 K, for half an hour. These
precursors were homogenized and ground by hands in a mortar.
Different thermal treatments were applied for the two compositions to
obtain single-phase brownmillerite (B) samples. Thus, to obtain B-
SrCoO3−δ (B-SCO), the precursor powder was fired in air at 1423 K
for 12 h and quenched in liquid nitrogen from this temperature. The
Ca-containing brownmillerite (B-Ca0.5Sr0.5CoO3−δ, denoted as B-
CSCO) was prepared by heating the corresponding precursor in air at
1373 K for 12 h, which was later slowly cooled by turning the furnace
off.
Structural and Microstructural Characterization. The purity

of the as-prepared samples was determined by X-ray diffraction
(XRD) at room temperature (RT) on a Bruker D8 high-resolution
diffractometer equipped with a LynxEye fast detector using
monochromatic Cu Kα1 (λ = 1.5406 Å) radiation obtained with a
germanium primary monochromator. The angular range, step size,
and counting times were selected to reach enough data quality and
resolution for phase refinements. Diffraction data were analyzed by
the Rietveld method using Fullprof software.30

X-ray diffraction patterns at different temperatures in a range of
298−1273 K were taken every 50 K in air with stabilization for 30
min, applying a heating/cooling rate of 2 K min−1 on a Multi-Purpose
PANalyticalX’Pert PRO MPD diffractometer using Cu Kα (λ =
1.5418 Å) radiation and equipped with an Anton Paar HTK2000
camera. The diffraction patterns were analyzed by the LeBail
method31 using Fullprof software.30

The samples were further characterized by electron diffraction and
high-resolution electron microscopy (HREM) using a Jeol 3000 FEG
electron microscope, equipped with a double tilting goniometer stage
(±20°, ±20°).
Thermogravimetric Measurements. The evaluation of the

activity of the materials was performed by thermogravimetric analysis
(TGA) using a TGA/DSC1 STARe System (Mettler, Toledo) with a
maximum temperature operation of 1873 K. Different consecutive
cycles were performed to evaluate the reoxidation capacity of the
materials under an airflow (100 cm3/min). The samples (50 mg) were
placed in an alumina crucible with a total volume of 0.15 cm3. The

samples were heated from room temperature to 1273 K with a heating
rate of 10 K/min.

■ RESULTS AND DISCUSSION

Sample Purity and Structures at Room Temperature.
Figures S1 and S2 display the result of fitting the RT XRD
patterns corresponding to the B-SCO and B-CSCO samples
used in this study to the structural models given in Table S1.
Both samples are single phase with the average brownmillerite-
like structure. Since the oxygen X-ray scattering power is low
compared to those of the metal atoms present in these
compounds, the exact anion content cannot be obtained from
the diffraction data; on the contrary, the metal contents were
confirmed to be the nominal ones. In any case, TGA analyses
(Figures S3 and S4) indicate that the phases are SrCoO2.50 and
Ca0.5Sr0.5CoO2.75, as discussed below.
The RT structure at the local level of SrCoO2.50 was studied

by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM), and the orthorhombic symmetry
and the ap√2 × 4ap × ap√2 (where ap refers to the perovskite
cell parameter) unit cell were confirmed. The most informative
micrograph taken along [001] (Figure 1a) shows a well-
ordered material with d-spacings of 5.4 and 15.4 Å,
corresponding to d100 and d010, respectively. The contrast
observed in the high-resolution image highlights the expected
order of the brownmillerite-like structure where CoO6
octahedra and CoO4 tetrahedra layers successively stack in
an ordered sequence along the b axis. Different orientations of
consecutive CoO4 tetrahedra layers lead to 4ap distances along
the b axis as observed in the experimental HRTEM picture
shown in Figure 1a.
The HRTEM micrograph for Ca0.5Sr0.5CoO2.75, taken along

the [001] zone axis (Figure 1b), shows a well-ordered material
with d-spacings of 5.3 and 15.2 Å, corresponding to d100 and
d010 of the above-described unit cell. The contrast variation is
very similar to that of the nonsubstituted parent compound
(SrCoO3−δ), with ordered stacking CoO6 octahedra and CoO4
tetrahedra layer characteristic of the brownmillerite structure.

Thermal Evolution of the Materials. Although the two
materials studied adopt the same brownmillerite structure at

Figure 1. HRTEM micrographs brownmillerite-like compounds taken along the [001] zone axis of (a) SrCoO2.5 and (b) Ca0.5Sr0.5CoO2.75. The
corresponding optical fast Fourier transforms of the images are shown in the insets.
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RT, when heated in an airflow, they evolve in noticeably
different manners.
The SrCoO2.50 compound retains the brownmillerite

structure up to 823 K, as determined by XRD thermodif-
fraction (Figure S5) and depicted in Figure 2. Between this
temperature and 923 K, three phases coexist. In this
temperature range, a complex process given in eq 4 takes
place. Indeed, as shown by the TGA data in Figure S3, no mass
change occurs up to around 840 K. From this temperature up
to 940 K, a large mass gain of 1.24% is produced; this range
corresponds to the field in Figure 2 where the process given by
eq 4 takes place. It is well established32 that the oxygen content
of SrCoO3−δ samples quenched from high temperature to
liquid nitrogen is very close to 2.50 per formula unit (pfu).
Assuming this value for our sample, the oxygen content of the
sample at the end of the reaction is 15.86 pfu. Thus, the
brownmillerite structure transforms into a 2H-perovskite with
partial segregation of Co3O4 since the 2H phase presents a
Co/Sr ratio of 5:6 instead of 1:1 in the brownmillerite one.33,34

In the 2H-Sr6Co5O15 oxide, the cobalt oxidation state is higher
than in the brownmillerite (about Co+3.6 instead of Co+3.0).33,34

Thus, a noticeable oxygen gain must be produced for the phase
transition to occur. The 2H-perovskite may be nonstoichio-
metric and, depending on the synthesis procedure, the oxygen
content varies;35 assuming Co3O4 to be stoichiometric, the
composition of the 2H phase produced in the transition is
Sr6Co5O14.53. It is difficult to detect the segregated Co3O4 by
XRD (though NPD allows doing it33); in our case, segregation
was confirmed by HRTEM and TEM (not shown).

+ → +6 SrCoO 0.43 O Sr Co O 1/3 Co O2.50 2 6 5 14.53 3 4
(4)

Between 923 and 1123 K, no phase transition occurs (Figure
2); the 2H-perovskite coexists with segregated Co3O4, but the
brownmillerite phase disappears (Figure S5c). A continuous
mass loss is observed in this temperature range (Figure S3);
thus, the oxygen content of the 2H phase at the end of this
field is 13.99 pfu.
A second biphasic domain is observed in the range 1123−

1223 K in which the 2H-perovskite transforms into a cubic
perovskite (Figure S5d) with some oxygen loss (Figure S3) (in
fact, three phases are present if one considers cobalt oxide).
Above 1223 K, the only perovskite present is the cubic one
(Figure S5e) with the composition SrCo0.83O2.26 (Figure S3).
On cooling, the SCO sample behaves in a noticeably

different fashion. First, the stability field of the cubic perovskite
expanded by 200 K, with a lower limit down to 1073 K (Figure
S5f), though this could be a kinetic effect. In contrast, the
biphasic C-2H domain slightly narrowed (1073−1023 K). On
cooling, C-perovskite gains oxygen (Figure S3), and this
oxygen intake is accelerated when the 2H-perovskite starts to
form. Interestingly, the oxygen content at 1023 K on cooling is
almost the same as that on the heating cycle about 1123 K (the
phase composition is Sr6Co5O13.93); this suggests that the 2H
structure needs a minimum oxygen stoichiometry correspond-
ing to an oxygen content of around 13.96(3) pfu and a
minimum oxidation state of cobalt close to 3 (actually Co+3.2).
Below 1023 K down to RT, the only phase present

(disregarding Co3O4, which plays no role in the phase
transition 2H-perovskite ⇄ C-perovskite) is the 2H one
(Figure S5g,h). On cooling, the 2H-perovskite continuously
gains oxygen down to 600 K. At this temperature, the
maximum oxygen content is reached, so the composition of
this phase is Sr6Co5O14.70 and the cobalt oxidation state is

Figure 2. Temperature domains of the phases observed in the SCO sample on heating (left panel) and cooling (right panel).

Figure 3. Temperature domains of the phases observed in the CSCO sample on heating (left panel) and cooling (right panel).
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Co+3.48, in good agreement with what is found for single
crystals.35 Thus, the most relevant difference between the
heating and cooling steps is the disappearance of the
brownmillerite phase from the phase diagram.
When Sr is partially substituted for Ca, the obtained sample

B-CSCO displays a phase diagram very different from that of
the parent unsubstituted SrCoO2.50 oxide (Figure 3). In the
heating stage, Ca0.5Sr0.5CoO3−δ exists as a brownmillerite-like
structure up to 1223 K (Figure S6a−c). No 2H-perovskite is
formed, nor does cobalt oxide segregation occur. Thus, partial
substitution of Sr by Ca impedes the B→2H transition. The
phase transition brownmillerite⇄ cubic perovskite is preceded
by a large oxygen loss that takes place from 700 K up to 1223
K. Two plateaus are observed around 750 and 1000 K. (Figure
S4). A similar two-step mass loss process has been reported for
other members of the series CaxSr1−xCoO3−δ.

36 These authors
determined the oxygen content of the high-temperature phase
to be very close to 2.50 pfu; with this assumption, the formula
of the initial oxide is Ca0.5Sr0.5CoO2.75, as stated above, whereas
those of the two stable phases at intermediated temperatures
evidenced in Figure S4 are Ca0.5Sr0.5CoO2.70 and
Ca0.5Sr0.5CoO2.54, respectively. The two weight losses observed
are not associated with structural transitions, as the three
phases display a brownmillerite-like structure with different
degrees of disordered anion vacancies (Figure S6a−c). A
narrow real biphasic region exits between 1223 and 1273 K,
where brownmillerite and cubic perovskites coexist. Beyond
1223 K, a cubic perovskite is the only phase detected (Figure
S6d).
In the cooling stage, the C-CSCO → B-CSCO transition

occurs in a wide temperature range (Figure 3) (again the
widening of the coexistence region may be due to kinetic
reasons) between 1223 and 973 K (Figures S6e−g). Below this
latter temperature, a stability field of the brownmillerite phase
extends down to RT (Figures S6g,h). The large difference in
oxygen contents between the pristine sample (2.75 oxygen
pfu) and the one obtained on cooling (2.54 oxygen pfu)
supports the slow kinetics of reoxidation associated with the C-
CSCO → B-CSCO transition.
Study of Cyclability. In the first heating−cooling cycle,

SrCoO3−δ and Ca0.5Sr0.5CoO3−δ samples experience very
different structural and chemical changes; as a consequence,
their behaviors from the second and consecutive cycles are
noticeably different as well. More importantly, the cyclability of

the two samples from the second cycle is somewhat different,
as shown in Figure 4. The details of the weight changes for the
second cycle of both materials are depicted in Figures S7 and
S8.
As depicted in Figure S7, for SCO, no mass change is

observed up to 750 K; unlike what was observed for the
pristine material in the first cycle (Figure S3), the sample loses
oxygen continuously and uniformly up to 1185 K. This is most
likely due to the creation of anion vacancies in the 2H-
perovskite with the composition Sr6Co5O14.70 formed in the
first cycle; the transition to the C-perovskite proceeds with a
noticeable oxygen release (as observed in the first heating step)
from a 2H-perovskite-like oxide with the composition
Sr6Co5O13.93 to a C-SrCo0.83O2.26 phase. The cooling step in
the second cycle is very similar to that of the first one; in
addition, all of the released oxygen is recovered in a fully
reversible process. The total weight reversibly released−
recovered is about 1.8%. The successive cycles (up to five)
shown in Figure 4a are like the second one described above;
thus, the first one can be considered as an activation step as
observed in other systems.37

The slow kinetics of oxygen gain/loss and reduction/
oxidation of Ca0.5Sr0.5CoO3−δ (CSCO), evidenced by the
existence of a given phase in different temperature domains in
cooling and heating steps, plays a role in the material
cyclability. First, the material needs two cycles to be stabilized
(Figure 4b) so as to experience an almost stable mass variation
of 0.73% from the third cycle. However, as shown in Figure S8,
the processes are not as reversible as they are for SCO (Figure
S7). Assuming a composition Ca0.5Sr0.5CoO2.50 at high
temperature, the oxygen content at the beginning of the
second cycle is 2.55 pfu, which is slightly higher than at the end
of the first one (2.54 oxygen pfu). This is observed over the
five cycles performed. As a result, at the end of the fifth cooling
cycle, the oxygen content is 2.57 pfu, which is more than 1% of
extra oxygen with respect to the composition at the beginning
of the second cycle. So, a progressive material reoxidation takes
place; it seems that the oxygen content at room temperature
slowly tends to reach that of the pristine material (2.75 pfu,
Figure S4).
Regarding the temperatures at which the reduction reaction

begins (associated with oxygen loss), SCO requires about 750
K (Figures 4a and S7), whereas for CSCO, it is 700 K in the
first cycle but as high as 1100 K for the second and successive

Figure 4. Weight variations upon cycling observed for (a) SCO and (b) CSCO.
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cycles (Figures 4b and S8). These values are similar or even
lower than those reported in the literature for other metal
oxides commonly studied for this application,38,39 which
theoretically lead to higher efficiency of the solar collector
system.40 This is especially true for SCO with a low working
temperature.
Study of the Absorbed and Released Heat. The heat

absorbed and released upon cycling was measured using the
differential scanning calorimetry (DSC) of the TGA. In Figure
5, the results of five cycles for the SCO sample are shown.

From the second cycle, the heat flow displays good
cyclability, in agreement with the good cyclability behavior
of mass changes (Figure 4a). Two clear peaks are observed, an
endothermic one at 1223 K and an exothermic one centered at
1013 K. On the contrary, in the first cycle (Figure 5b), another
exothermic signal is observed at 883 K. Taking into account
the information in Figures 3, S3, and S5 discussed above, this
exothermic event corresponds to the structural phase transition
brownmillerite → 2H-perovskite, which proceeds with the
oxidation of cobalt associated with a noticeable oxygen gain
and segregation of some Co3O4 (eq 4). This process is
irreversible since the brownmillerite phase is not formed on
cooling. The second, endothermic peak observed in the first
heating cycle can be ascribed to the 2H-perovskite → C-
perovskite structural transition. This occurs with the reduction
of cobalt due to a significant oxygen release (Figures 2, S3, and
S5).

As the XRD thermodiffraction revealed, in the first cooling,
only one structural transition takes place between 1073 and
1023 K, which corresponds to the recovery of the 2H-
perovskite phase with reoxidation of cobalt by oxygen
incorporation. As shown in Figure S3, the cubic perovskite
experiences continuous and progressive oxidation as the
temperature decreases from 1273 K. A more pronounced
oxygen gain is observed between 1070 and 1023 K,
temperature at which the C → 2H transition is completed.
As a result of the smooth nature of the reoxidation process, the
exothermic peak centered at 1013 K is much broader than the
corresponding endothermic one (Figure 5b).
Since the B-phase is not recovered, during the rest of the

cycles, the only active phase transition is 2H ⇄ C that is found
to be highly reversible, not only in terms of mass change, as
shown in Figure 4a, but also from an energy point of view
(Figure 5). Both aspects make this material a good candidate
for thermochemical energy storage, as discussed below.
During the first heating, the CSCO sample experiences three

reduction (Figure S4) endothermic processes (Figure 6b)

centered at 717, 967, and 1193 K, respectively. The two first
events proceed with no apparent structural transition (Figures
3 and S6) at the resolution level of powder XRD. This fact
suggests that these processes mainly involve slight oxygen
losses and rearrangement but retain the brownmillerite
structure. The third event corresponds to the B → C transition
associated with a slight oxygen loss. In the first cooling, only
one exothermic event is observed at 1162 K associated with
the reversible C → B. In contrast, the processes at a lower

Figure 5. DSC curves of the SrCoO3−δ sample: (a) five cycles, (b)
first cycle, and (c) fifth cycle.

Figure 6. DSC curves of the Ca0.5Sr0.5CoO3−δ sample: (a) five cycles,
(b) first cycle, and (c) fifth cycle.
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temperature are irreversible as the oxygen gain, and material
reoxidation is only partial (Figure S4). Since the material
suffers from a noticeable lack of cyclability, or at least its
behavior is strongly limited by kinetical aspects, in both energy
(Figure 6) and mass change (Figure 4b) terms, the compound
Ca0.5Sr0.5CoO3−δ must be discarded for thermochemical heat
storage by thermochemical cycles.
On the contrary, as stated above, preliminary studies

revealed that the SrCoO3−δ sample displays good cyclability
during five consecutive cycles (Figures 4 and 5). Therefore,
this material deserves further study as a potential candidate for
the application.
Study of the Absorbed and Released Heat by

SrCoO3−δ upon Cycling. Long-term stability and cyclability
of the SCO material have been studied for 30 consecutive
heating−cooling cycles in air. The mass change and heat flow
along the whole experiment are shown in Figure 7a,b,
respectively. The compound presents a reversible mass
variation of around 1.6% upon cycling, which is higher than
the values reported in the literature for other perovskite-like
materials,41 making SCO a promising material. The DSC
curves associated with the 30 cycles are depicted in Figure 7b.
Except for the first cycle, the heat flow is highly reversible upon
cycling. Thus, the compound is stable not only from a
compositional point of view but also in energy terms.
The integration of the endothermic peak at 1223 K and the

exothermic one at 1013 K (Figure 5a,b) allows calculating the
heat absorbed and released upon cycling. The values obtained
for each consecutive cycle are summarized in Table 1. The
difference observed in the heat absorbed during the first cycle
is due to the sample transformations already discussed (Figures
2, 4, S3, and S5). The average heat absorbed from the second
and successive cycles is ∼104.1 ± 0.06 J/g. The small value of
the standard deviation confirms the good material reversibility
and stability. Regarding the heat released, the average value is
∼68.8 ± 1.8 J/g. Another important aspect regarding the
thermochemical heat storage application is the ratio between
the heat released and absorbed upon cycling, the so-called exo/
endo ratio. This is also included in Table 1 for SrCoO3−δ, and
the average from the second and successive cycles is ∼66.4 ±
1.3%.
It can be thought that segregated Co3O4 may play a role in

both oxygen (mass) loss/gain and energy stored/released upon
cycling.20 However, according to eq 4, the amount of
segregated cobalt oxide is about 7% of the total mass; this

means that assuming some 6% mass variation in the phase
transformation from Co3O4 to CoO, the contribution of cobalt
oxide to the total mass change observed is absolutely
negligible.
Regarding energy storage, different values for the energy of

the endothermic (reduction) and exothermic (oxidation)
processes are reported for the system Co3O4/CoO depending
on the experimental conditions applied. To avoid any
ambiguity, we have measured several DSC cycles of high-
purity commercial Co3O4 using the same conditions applied to
characterize our materials (see Materials and Methods). Figure
S9 depicts the DSC curves in air of Co3O4 and Sr0.5CoO3−δ for
comparison. By integration of the reduction and oxidation
peaks, the values of 12.4 and 3.4 J/g are obtained for the
reduction and oxidation, respectively. Using these values, the
contribution of segregated cobalt oxide to the values in Table 1
is no more than 10%. In addition, cobalt oxide presents poor
cyclability, so its contribution decreases continuously. This is a
behavior that is totally different from what is observed in
Figure 7.
The two compounds reported in this study undergo

reversible phase transition on heating/cooling in air. Never-
theless, they present noticeable differences depending on the
nature of the phase transitions and their mechanisms. The
Ca0.5Sr0.5CoO3−δ perovskite can be reduced and reoxidized in

Figure 7. Mass change (a) and heat flow (b) upon cycling the SCO sample in air.

Table 1. Heat Absorbed and Released upon Cycling
SrCoO3−δ

heat of the process (J/g) ratio exo/endo (%)

cycle endothermic exothermic

1 −90.0 66.6 74.0
2 −103.3 65.4 63.3
3 −104.1 67.0 64.4
4 −104.5 69.9 66.9
5 −103.9 67.5 65.0
6 −104.5 70.3 67.3
7 −104.1 69.8 67.1
8 −104.3 70.1 67.2
9 −104.2 71.2 68.3
10 −104.0 70.6 67.9
15 −104.5 70.0 66.9
20 −103.8 68.1 65.6
25 −104.2 69.5 66.7
30 −104.5 70.2 67.2
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the temperature range 1162−1196 K, showing good
reversibility upon cycling. However, the heat stored in these
processes is very small, preventing its use for thermochemical
energy storage. In this case, the structural transition occurs
between the brownmillerite and cubic perovskite. As shown in
Figure 8, in both structures, the stacking sequence of layers
AO3 (A = Ca and/or Sr) and cobalt layers are similar. The
main differences between these structures are the order of the
oxygen vacancies and slight shifts of Co ions. In the
brownmillerite phase, the concentration of vacancies is lower
but they are ordered, whereas the large concentration of
vacancies of anions in the perovskite induces disorder.
Therefore, the B ⇄ C transition occurs with some oxygen
loss/gain and a slight rearrangement of light atoms such as
oxygen; as a result, this transition is associated with a small
amount of energy.
On the other hand, the SrCoO3−δ perovskite can be reduced

and reoxidized in a temperature range between 1013 and 1123

K showing a reversible behavior along 30 consecutive cycles. In
this case, the phase transition associated with the redox process
is 2H ⇄ C, which involves larger structural changes than the B
⇄ C transition. Figure 9 depicts the atomic mechanism of this
transition.42,43 The stacking sequences of both AO3 and Co-
ion layers are very different in these structures: (AB) and (aa)
in the 2H-perovskite, and (ABC) and (abc) in the C-
perovskite. Therefore, the phase transition 2H ⇄ C occurs
with an extended atomic rearrangement of all kinds of atoms.
As shown in Figure 9, a shear displacement of two AO3 layer
blocks (large black arrows) combined with the displacement of
some Co atoms (small blue arrows) transform the 2H-
perovskite into a highly oxide defective C-perovskite. Since the
transition involves a large number of atoms, including heavy
metal ions, the energy absorbed/released by SrCoO3−δ is much
higher than by the Ca-substituted oxide.
Many perovskites continuously lose oxygen on heating in air

(or an inert atmosphere). This smooth reduction implies a

Figure 8. Schematic representation of the structures of brownmillerite (left panel) and cubic perovskite (right panel), showing the stacking
sequences of AO3 layers as (ABC) and Co-ion layers (abc) in both structures. Green large balls are A ions (Sr and/or Ca in the title compounds),
red balls represent oxygen, and small blue balls indicate Co ions.

Figure 9. Schematic representation of the structures of 2H-perovskite (left panel) and cubic perovskite (right panel), showing the stacking
sequences of AO3 layers and Co-ion layers: in the former, they are (AB) and (aa), whereas in the latter, they are (ABC) and (abc). A shear
mechanism of blocks shadowed in the figure, as indicated by the black arrows, combined with displacement of some Co ions (small blue arrows)
explains the phase transition. Green large balls are A ions (Sr and/or Ca in the title compounds), red balls represent oxygen, and small blue balls
indicate Co ions.
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continuous supply of small amounts of energy along the
reaction. Therefore, a precise measurement of the enthalpy
associated with reduction is not easy by conventional thermal
analysis methods (such as DSC), in contrast to the enthalpy
associated with first-order phase transitions (including
structural ones) occurring at given thermodynamic conditions
(pressure and temperature). Hence, the thermochemical data
on perovskite-like oxides necessary to assess their ability as
TES materials are scarce. Very often, the published estimated
values of the energy storage density for perovskites are
obtained in very different conditions one from each other. In
many studies, the reduction step of the thermochemical cycles
is performed under an inert atmosphere (Ar or N2) or under
dynamic vacuum at an arbitrary temperature, and the oxidation
is conducted at an arbitrarily selected temperature under any
convenient oxidizing atmosphere (oxygen, air, etc).37 In our
case, both reduction and oxidation processes are carried out in
air. This being an advantage, it becomes very difficult for any
comparison between our data and those reported in other
studies.
Among the different thermochemical energy storage studies

focused on materials with perovskite-type structures, it is worth
highlighting the data reported for the oxides BaxSr1−xCoO3−δ
(x = 0.3, 0.5 and 0.7).24 The average values of heat absorbed
and released in two cycles are as high as −174.0 and 169.2 J/g,
respectively, for Ba0.7Sr0.3CoO3−δ. The values provided in this
paper24 are higher than those we obtained for SrCoO3−δ, but it
seems that these data suffer from some inconsistencies. It must
be noted that in the case of the oxides with x = 0.5 and 0.7, the
reported exo/endo ratio is greater than 100%, which is
meaningless. The thermochemical energy stored by these
materials is associated with redox reactions, which involve
modification of the amount of oxygen in the crystal lattice.
Therefore, it is necessary to perform detailed structural and
compositional studies on good samples of the starting material;
in addition, the thermal structure evolution must be known to
determine their real capabilities as thermochemical storage
materials. It is well established that very precise synthesis
conditions must be applied to obtain pure samples of the solid
solution Ba1−xSrxCoO3−δ (0 ≤ x ≤ 1), which present a
hexagonal perovskite structure and display several phase
transitions on heating in different atmospheres.44 Most likely,
the high values of endo and exo energies reported by Gokon et
al.24 are related to phase transitions observed in this system,
which deserves a more detailed study.
Zhang et al.45 measured the enthalpy of oxidation of a

SrCoO3−δ sample previously reduced (the reduction process is
performed in Ar at 1223 K, whereas the oxidation is done at
873 K at a pO2 = 0.2 atm); the value obtained is as low as 39.6
J/g. The authors associate this small value with the oxidation
stage of the reaction sequence SrCoO2.52 → SrCoO2.19 →
SrCoO2.43. However, the pristine starting sample in this study
seems to be not sufficiently pure, and a deeper compositional
and structural study should be done to explain the results
without any ambiguity.
To determine the efficiency of thermal storage devices for

CSP plants,46 not only the weight variation and the energy
absorbed and released are important but the operational
temperatures of the thermochemical energy storage processes
are also important. In general, reduction and oxidation take
place at different temperatures. Thus, heat is stored and
released at different temperatures, inducing thermal hysteresis.
This is one of the main factors affecting the charge−discharge

exergy efficiency, as these temperatures should be as close as
possible, which would result in higher exergy efficiencies, as
given by eq 5
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where Tin and Tout are the temperatures at which reduction and
oxidation processes take place, respectively, whereas Tc is the
cold reservoir temperature (298 K).46 Table 2 summarizes the

operational temperatures, the shift between reduction and
oxidation temperatures (ΔThysteresis), and the values of ηex
calculated over the 30 consecutive cycles measured for SCO.
Both operating temperatures, the reduction one (i.e., the
temperature at which maximum oxygen release rates are
reached) and the oxidation one (i.e., the temperature at which
maximum oxygen intake rates are reached) remain constant for
consecutive cycles, confirming the good stability and cyclability
of this material. Additionally, the shift between reduction and
oxidation temperatures (ΔThysteresis) is similar to the values
reported for other metal oxides, such as those presented in
Table 3, commonly proposed in the literature for the
application.5,38,39,47,48 The exergy efficiencies are almost
constant upon cycling from the second cycle, with an average
value of 63.9 ± 1.2%. Note in Table 3 the lack of information
for perovskite-like oxides and the particular experimental
conditions used (fixed reduction and oxidation temperatures)

Table 2. Operational Temperatures, Temperature Gap, and
Exergy Efficiency for SrCoO3−δ upon Cycling

cycle Tin (K) Tout (K) ΔThysteresis (K) ηex (%)

1 1223 1013 210 70.5
2 60.3
3 61.3
4 63.8
5 61.9
6 64.1
7 63.9
8 64.1
9 65.1
10 64.7
15 63.8
20 62.5
25 63.6
30 64.0

Table 3. Exergy Efficiency for Different Metal−Oxygen
Systems Reported in the Literaturea

material Tin (K) Tout (K) ΔT (K) ηex (%)

Co3O4/CoO 1273 873 400 71.0
Mn2O3/Mn3O4 1273 823 450 40.8
BaO2/BaO 993 853 140 37.9
Ba0.3Sr0.7CoO3−δ 1183 1023 160 74.4
Ba0.5Sr0.5CoO3−δ 1183 1073 110 102.3
Ba0.7Sr0.3CoO3−δ 1203 1093 110 99.4
SrMnO3−δ 1423 873 550
SrCoO3−δ (this work) 1223 1013 210 63.9

aData taken from refs 1−4.
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to estimate the reported data.24,41 It is obvious that perovskite
oxides, in particular, those hexagonal perovskites that undergo
a phase transition to a cubic phase on heating deserve more
studies to assess their real capabilities for thermochemical
storage.
Additionally, the operational temperatures must be compat-

ible with the working conditions of other parts of the CSP
plants, such as the solar concentrator (which must concentrate
the solar radiation to reach the required temperatures) and the
receiver (where reactions take place). Assuming that the solar
reactor is a perfectly insulated black-body receiver, the
absorption efficiency is given by eq 6

θ
Δ = −

T
IC

1
( )

abs
reactor
4

(6)

where θ is the Stefan−Boltzmann constant (5.67·10−11 KW/
m2·K4), Treactor is the solar reactor temperature (Tin), I is the
direct-normal solar irradiation (taken as 1 KW·m2), and C is
the concentration ratio, which is defined as the solar radiative
flux normalized to 1 kW/m2 and is usually expressed in “sun”
units.49 Table 4 shows the absorption efficiency for the oxide
SrCoO3−δ and other materials widely studied as a function of
C.
The theoretical solar absorption efficiency calculated with

SCO is higher than the values obtained with other metals
oxides such as Co3O4 or Mn2O3 and similar or better than
those reported for other perovskites.

■ CONCLUSIONS
The two compounds reported in this study SrCoO3−δ and
Ca0.5Sr0.5CoO3−δ can be easily reduced and reoxidized under
an airflow at intermediate temperatures. Furthermore, these
perovskites undergo structural transitions associated with
redox processes; the combination of these two properties is
clearly beneficial for thermochemical energy storage applica-
tions as it results in significantly high efficiency. Nevertheless,
they present noticeable differences depending on the nature of
the phase transitions and their mechanisms. The
Ca0.5Sr0.5CoO3−δ oxide experiences a structural transition
between the brownmillerite and cubic perovskite; in both
structures, the stacking sequence of layers AO3 (A = Ca and/or
Sr) and cobalt layers are similar. The B ⇄ C transition occurs
with some oxygen loss/gain and a slight rearrangement of light
atoms such as oxygen; as a result, this transition is associated
with a small amount of energy.
On the contrary. the reduction/ reoxidizion of the SrCoO3−δ

perovskite is associated with a phase transition 2H⇄ C, which
involves larger structural changes than the B ⇄ C transition;

the former occurs with an extended atomic rearrangement of a
large number of atoms, including heavy metal ions. As a result,
the energy absorbed/released by SrCoO3−δ is much higher
than by the Ca-substituted oxide.
The perovskite SrCoO3−δ is a promising material for

thermochemical energy storage because the values of energy
absorbed and released, as well as the exergy efficiency, are
comparable to those reported in the literature for other metal−
oxygen systems, the reduction/oxidation processes, and the
associated phase transition is highly reversible and the whole
redox cycle is easily performed in air.
The present study opens the field of thermochemical energy

storage to other hexagonal perovskites, which display reversible
phase transitions coupled with redox processes associated with
gain/loss of oxygen.
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