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Abstract: Perovskites are well-known oxides for thermochemical energy storage applications (TCES)
since they show a great potential for spontaneous O2 release due to their non-stoichiometry. Transition-
metal-based perovskites are particularly promising candidates for TCES owing to their different
oxidation states. It is important to test the thermal behavior of the perovskites for TCES applications;
however, the amount of sample that can be used in thermal analyses is limited. The use of redox
cycles in fluidized bed tests can offer a more realistic approach, since a larger amount of sample can
be used to test the cyclic behavior of the perovskites. In this study, the oxygen release/consumption
behavior of Mn- or Cu-substituted SrFeO3 (SrFe0.5M0.5O3; M: Mn or Cu) under redox cycling was
investigated via thermal analysis and fluidized bed tests. The reaction enthalpies of the perovskites
were also calculated via differential scanning calorimetry (DSC). Cu substitution in SrFeO3 increased
the performance significantly for both cyclic stability and oxygen release/uptake capacity. Mn
substitution also increased the cyclic stability; however, the presence of Mn as a substitute for Fe did
not improve the oxygen release/uptake performance of the perovskite.

Keywords: TCES; perovskite; redox

1. Introduction

The energy demand of the world is increasing day by day and the most commonly
used energy sources are still fossil fuels [1,2]. Alternative energy sources have been sought,
to overcome the adverse outcomes of the use of fossil fuels, such as global warming [3,4].
Renewable energy sources such as solar energy can be used for sustainable energy produc-
tion [5]. However, combined energy storage systems should also be used to ensure the
continuity of the supply where there is variation in energy production during the day [6].
Following the development of new energy storage methods such as thermochemical energy
storage (TCES) systems, solar energy systems have received significant attention [7]. Ther-
mochemical systems can store more energy than other thermal energy storage methods,
since they involve a thermochemical reaction that requires a large amount of energy [8,9].
TCES systems require reversible chemical reactions, and due to the variety of available
reactions they can work within a wide range of operational temperatures [8,10]. In a TCES
process, the storage material undergoes chemical reactions that consist of charging and
discharging stages [11]. In the charging stage, the heat is provided by solar power for the
endothermic reaction, and the storage of heat is facilitated. In the discharging step, the
stored energy is released via an exothermic reaction [8,12].

There are several materials that can exhibit the desired properties for thermochem-
ical energy storage applications. These desired properties can be summarized as high
reaction enthalpy, physical strength, and chemical resistance towards high operational
temperatures [13,14]. In addition, candidate materials for TCES should be cost efficient,
commercially available, non-toxic, and environmentally friendly [15,16]. From this point
of view, metal oxides [17,18], mixed oxides [19–21], and perovskites [22–25] are attrac-
tive as TCES materials, since they can be used at high temperatures without the need
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for product separation because a solid–gas reaction will take place during operation
in these oxides [9,10,13,26]. The relevant chemical reactions should be reversible for
TCES applications [27]. To obtain cyclic energy storage processes, the energy storage
material should have the ability to release oxygen [28,29]. From this point of view, non-
stoichiometric perovskite materials are very suitable for thermochemical energy storage
applications [28,30,31].

Recently, SrFeO3 has received great attention from researchers as a promising per-
ovskite for thermochemical applications [32–37]. SrFeO3 has been reported as a non-
stoichiometric perovskite, with a stoichiometry depending on the temperature and the
partial pressure of oxygen [38]. Although, SrFeO3 itself is able to release/take up oxygen
under appropriate conditions, a dopant addition can be useful for tuning the redox prop-
erty of the perovskite [36]. A Mn dopant in SrFeO3 has been reported to improve the cyclic
stability of the perovskite [36]. A Cu addition has also been reported to increase the redox
capacity of SrFeO3 [36,39].

In this study, Cu and Mn were used for Fe substitution in SrFeO3 (SrFe0.5M0.5O3,
M: Cu or Mn) perovskite, in order to investigate the effect on the cyclic stability of the
perovskite in fluidized bed tests. The levels of the Cu and Mn substitutions were kept
at 0.5 in the SrFe0.5M0.5O3 system, to assess the effect of the equimolar combination of
Cu–Fe and Mn–Fe in the Fe sites. Lower amounts of Cu and Mn additions have already
been reported in the literature [36,39]; however, there are no studies using a fluidized bed
reactor, which is closer to real applications than thermal analysis for investigating the cyclic
stability performance of the perovskites.

2. Materials and Methods

The raw materials used in this study were SrCO3 (Alfa Aesar™, >99.99%), Fe2O3 (Alfa
Aesar™, >99.85%), CuO (Alfa Aesar™, >99.7%), and Mn2O3 (Alfa Aesar™, >98%) powders,
and all of them were used as received. The perovskite samples were prepared via the solid-
state synthesis method. The starting blends containing stoichiometric amounts of reactants
for each perovskite were mixed in an agate mortar and pestle to obtain a homogeneous
mixture. Ethanol was used as a dispersing agent to mix the powders thoroughly, and the
mixing process was continued until the ethanol evaporated. The obtained mixtures were
pressed into discs prior to the calcination step. The mixtures for SrFeO3 and SrFe0.5Mn0.5O3
were calcined at 700 ◦C for 5 h, and then the samples were ground in an agate mortar
and pestle with ethanol. The calcination regime was 900 ◦C for 5 h for the SrFe0.5Cu0.5O3
sample, and this sample was also ground after calcination. The calcined samples were
heated in an oven, firstly at 1100 ◦C for 24 h and then at 1200 ◦C for 5 h. Heating and
cooling rates were kept at 10 ◦C/min. The obtained samples were granulated via the wet
granulation technique with the use of PVA as an organic binder. The binder-to-powder
ratio was set to 0.005 by weight. Then, the powders were sieved to obtain the 125–180 µm
size range.

Phase analyses of the synthesized samples were performed using an X-ray diffrac-
tometer (XRD, Bruker D8 Advance, Cu Kα, 40 kV, 40 mA) in the 2θ range of 20–60◦ with
a step size of 0.01. A simultaneous thermal analyzer (Netzsch™-STA 409 PC Luxx) was
used to reveal the thermal behavior of the samples by changing the temperature between
500 and 1000 ◦C during cycling. During the experiments, the STA was flushed with an air
flow (pO2: 0.21 atm) during the heating steps. During the cooling steps, the system was
flushed with N2 only. Several redox cycles consisting of consecutive heating and cooling
steps were applied, to investigate the oxygen release/uptake behavior of the synthesized
perovskites in a fluidized bed reactor.

A fluidized bed reactor with a length of 820 mm and a porous quartz plate of diameter
22 mm placed 370 mm from the bottom, were used to carry out the experiments. Five
grams of sample was used in each experiment in the fluidized bed. The redox cycles were
initiated by changing the temperature between 600 and 1050 ◦C in each cycle. During the
oxidation cycles, the system was flushed with air (pO2: 0.21 atm), and N2 was used to
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flush the reactor during the reduction cycles. The O2 concentration in the outlet gas was
detected using a Rosemount NGA 2000 multi-component gas analyzer.

3. Results and Discussion

The phase analyses of the SrFeO3, SrFe0.5Mn0.5O3 and SrFe0.5Cu0.5O3 samples were
carried out via XRD (Figure 1). SrFeO3 was synthesized as a non-stoichiometric form
of SrFeO3, and the crystal structure of the perovskite was identified as cubic (PDF card
#04-007-0078). SrFe0.5Cu0.5O3 was also synthesized successfully, and it was identified
as SrFe0.75Cu0.25O2.1 (PDF card #04-023-6732) along with minor peaks related Sr3Fe2O6.93
(PDF card #01-089-8241). The Cu-substituted SrFeO3 was difficult to identify since there was
no powder diffraction file belonging to SrFe0.5Cu0.5O3 as a reference pattern in the database
used. The formation of Sr3Fe2O9.63 was most probably caused by some unreacted CuO
during the heat treatment. However, no free CuO was observed in the XRD pattern; hence,
it is assumed that SrFe0.5Cu0.5O3 was formed. Similarly, the synthesis of SrFe0.5Mn0.5O3
was successful as it could be identified via its characteristic peaks (PDF card #04-023-2570).
The characterization studies necessary to obtain the exact compositions of the perovskites
could not be carried out due to limitations and issues during the study. Therefore, it is
worth noting that the samples were assumed to have the target composition as a result of
the XRD analysis.
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Figure 1. XRD patterns of the perovskites synthesized in the study.

The thermal analysis of the synthesized SrFeO3 was carried out using a simultaneous
thermal analyzer (Figure 2). SrFeO3 showed sufficient cyclic stability in the STA analysis
with respect to the mass loss/gain after four heating/cooling cycles. The average oxidation
onset temperature was around 970 ◦C, while the average reduction onset temperature was
around 530 ◦C. The average weight loss was 1.68 wt.% during the reduction steps, and
the average weight gain was around 1.65 wt.% during the oxidation steps. The reaction
enthalpy of SrFeO3-δ oxidation was calculated as −118 kJ/mol O2 from the relevant peak
area of the DSC curve. The obtained enthalpy value was consistent with values from the
literature [34,40].
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Figure 2. STA curves of the SrFeO3 sample.

Thermal analysis is useful for revealing the thermal characteristics of materials with
well-defined heating and cooling rates during cycling. However, the amount of ma-
terial used in each experiment is limited. Nevertheless, the well-defined and precise
heating/cooling rates do not represent the temperature profiles of real applications.

Fluidized bed tests are very useful for mimicking real applications for cyclic redox
reactions. Since fluidized bed reactors have been reported as promising for use in TCES
applications [41,42], the cyclic stability tests were carried out in a fluidized bed in this study.
Figure 3 shows the O2 release/uptake performance of the SrFeO3 sample during the cyclic
stability test in the fluidized bed. The fluidized bed test was designed with nine cycles for
each sample, and each cycle took around 20 min from cooling to heating. The furnace of
the fluidized bed setup was set to cycles consisting of heating to 1000 ◦C and cooling to
600 ◦C. In the fluidized bed test, the average reduction peak temperature was observed
to be 755 ◦C, and the maximum O2 peak during release was observed as 23.02 vol.%. The
average oxidation peak temperature was around 950 ◦C, and the minimum O2 in the
system due to the O2 uptake of the sample was detected as 20.54 vol.%. The cyclic stability
of the material decreased marginally when the number of cycles increased. After the fifth
cycle, the cycles appeared to have stabilized. There were no significant differences observed
in the oxidation onset and the peak oxidation temperature in the thermal analysis and the
fluidized bed tests. However, the reduction onset and the peak reduction temperatures
varied significantly, both in the thermal analysis and the fluidized bed test. In the fluidized
bed test, cooling was carried out down to 600 ◦C for operational reasons. This may be one of
the reasons for the significantly different reduction temperatures. Although the onset and
the peak temperatures are likely to differ anyway, it was expected that these temperatures
would be only marginally different. However, it is known that the redox temperatures
and the characteristics of SrFeO3 are strongly dependent on the kinetic properties [38].
Therefore, different heating/cooling rates may be the reason for the varying reduction
temperatures.
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To investigate the effect of Mn substitution in the SrFeO3 system, both thermal analysis
(Figure 4) and a fluidized bed test (Figure 5) were carried out. In the thermal analysis,
the onset oxidation temperature was 970 ◦C, which was the same as for the pure SrFeO3
system. However, the weight gain during oxidation was 0.84 wt.% which is only half
that of the pure SrFeO3. The onset reduction temperature was 520 ◦C in the thermal
analysis, and an average of 0.73 wt.% weight loss was observed during the reduction
steps. The onset reduction temperature of the SrFe0.5Mn0.5O3 sample was the same as for
the pure SrFeO3. In the fluidized bed tests, the peak oxidation and the peak reduction
temperatures were recorded as 958 ◦C and 794 ◦C, respectively. The redox peak temperature
of the SrFe0.5Mn0.5O3 sample was 40 ◦C higher than in the pure SrFeO3. It is likely
that Mn substitution increases the cyclic stability of the perovskite. The maximum O2
release peak during the reduction (22.2 vol.%) and the O2 uptake (20.45 vol.%) during
the oxidation, decreased when the SrFe0.5Mn0.5O3 sample was tested in the fluidized bed.
Even though Mn substitution did not increase the O2 release/uptake capacity of the SrFeO3
system, the cyclic stability of the perovskite improved with Mn substitution, particularly
in the fluidized bed tests. In addition to this, the reaction enthalpy of the system also
increased compared to SrFeO3; it was calculated as −432 kJ/mol O2 for the system with
Mn substitution. The higher oxidation enthalpy of SrMnO3 compared to SrFeO3 was
previously reported [36]. Hence, the higher enthalpy of Mn-substituted SrFeO3 compared
with pure SrFeO3 obtained in this study was consistent with the literature.
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Figure 5. O2 release/uptake performance of the SrFe0.5Mn0.5O3 sample in the fluidized bed reactor.

The efficiency of the perovskite was significantly improved when Cu was substituted
into the SrFeO3 system. The average weight loss was calculated as 1.59 wt.% during
the reduction, and the onset reduction temperature was 520 ◦C (Figure 6). The onset
oxidation temperature was around 960 ◦C, and the average weight gain was calculated as
1.74 wt.%. The reaction enthalpy was calculated as −209 kJ/mol O2 for the SrFe0.5Cu0.5O3
sample. These results show that Cu substitution reduced the redox onset temperatures by
around 10 ◦C. The weight changes of the SrFe0.5Cu0.5O3 sample in the thermal analysis
were slightly higher than those of the SrFeO3 sample, and twice as high as those of the
SrFe0.5Mn0.5O3 sample. In the fluidized bed tests, the redox peak temperature was 758 ◦C,
and the maximum O2 release peak during the reduction steps was 23.11 vol.% (Figure 7).
Although the SrFe0.5Cu0.5O3 sample had a similar reduction peak temperature to that of the
SrFeO3 sample, the amount of O2 released during the reduction was increased. This result
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was not surprising, since Cu doping of SrFeO3 has been reported to improve the oxygen
storage capacity [39]. The oxidation peak temperature was 893 ◦C for the SrFe0.5Cu0.5O3
sample, which was around 60 ◦C lower than for the pure and Mn-substituted SrFeO3.
This is probably due to the different oxygen affinities of the related metals [36]. During
oxidation, the O2 concentration in the fluidized bed decreased on average by 20.62 vol.%.
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Figure 7. STA curves of the SrFe0.5Cu0.5O3 sample.

It should be noted that the first cycles of the STA analyses were not taken into con-
sideration in this study, since it is known that the first cycles are particularly affected by
drift. The reaction enthalpies that were calculated via the STA analyses were assumed to
consist of the heat associated with the formation of oxygen vacancies, the heat associated
with the phase transition, and the sensible heat, although a detailed investigation could
not be carried out due to technical limitations.
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The oxygen non-stoichiometry values (δ) of the samples, as shown in Figure 8, were
calculated using Equation (1) [43]. The molecular weight and the sample weight were
denoted by M and w, respectively, wp is the sample weight at 950 ◦C under reducing
conditions where the δ value is assumed to be the lowest obtained experimentally, and wx
is the sample weight at a given temperature.

δ =
wx − wp

MO2

×
Mp

wp
(1)
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Figure 8. Oxygen content of the samples in this study during reduction and oxidation as a function
of temperature, obtained via STA.

During heating and cooling in the STA, the system was flushed with air (pO2: 0.21 atm)
and nitrogen, respectively, and the weight changes were recorded during the temperature
change. The maximum oxygen non-stoichiometry (δ) (corresponding to the minimum
oxygen content in the samples) was observed for the SrFe0.5Cu0.5O3 sample. The minimum
δ values were observed for SrFe0.5Mn0.5O3, which is consistent with the fluidized bed
tests. These results show that Cu substitution in the SrFeO3 sample improved the O2
release/uptake ability of the perovskite. The oxygen content of the SrFeO3 sample in this
study had lower oxygen vacancy (δ) values compared to related studies in the literature [43].
This is probably due to the different heating/cooling rates applied during the redox
experiments. The initial SrFeO3 sample was assumed to be fully oxidized before the
experiments started. In the literature, it was reported that Cu and Mn dopants in the
SrFeO3 system improved the oxygen capacity [36], and higher oxygen capacities were
obtained for both Cu- and Mn-substituted SrFeO3. However, the level of substitution was
in that case far lower than in this study. Therefore, a lower level of Cu or Mn substitution
can be recommended to improve the oxygen capacity of the pure SrFeO3.

4. Conclusions

In this study, Cu and Mn substitutions in the SrFeO3 perovskite system were tested for
potential thermochemical energy storage applications. The cyclic stability of the perovskite
was tested in a fluidized bed reactor, and the thermal behavior was analyzed using a
thermal analyzer. Both Cu and Mn substitution increased the oxidation reaction enthalpy
of the pure SrFeO3. However, the highest oxidation enthalpy was obtained for the Mn-
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substituted SrFeO3 system. Both substitutions improved the cyclic stability of the pure
SrFeO3 in the fluidized bed tests, but SrFe0.5Mn0.5O3 showed a lower performance with
respect to O2 release/uptake.
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