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Abstract: We studied the performance in terms of the long-term cyclic thermal storage and heat-
charging kinetics of Fe-substituted manganese oxide for use in thermochemical energy storage at
temperatures exceeding 550 ◦C in a next-generation concentrated solar power system in which a
gas stream containing oxygen is used for reversible thermochemical processes. The Fe-substituted
Mn2O3 was evaluated from the viewpoint of its microstructural characteristics, thermodynamic
phase transitions, and long-term cycling stability. A kinetic analysis of the heat-charging mode
was performed at different heating rates to formulate the kinetic equation and describe the reaction
mechanism by determining the appropriate reaction model. Finally, the kinetics data for the sample
obtained after the long-term cycling test were compared and evaluated with those of the as-prepared
sample and kinetic literature data tested under different conditions. For the long-term cycled sample,
the Avrami–Erofeev reaction model (An) with n = 2 describes the behavior of the first part of the
charging mode, whereas the contracting area (R2) reaction model best fits the last half of the charging
mode. For the as-prepared sample, except for the early stage of the charging mode (fractional
conversion < 0.2), the contracting volume (R3) reaction model fits the charging mode over a fractional
conversion range of 0.2–1.0 and the first-order (F1) reaction model fits in the fractional conversion
range of 0.4–1.0. The predicted kinetic equations for both the samples were in good agreement with
the experimental kinetic data.

Keywords: thermochemical energy storage; manganese oxides; Fe substitution; long-term thermal
cycling; concentrated solar power

1. Introduction

The increasing demand for renewable energy has led to solar energy being regarded as
an infinite, sustainable, and clean energy source [1]. Among the various solar technologies,
concentrated solar power (CSP) enables the production of dispatchable and potentially
cost-effective renewable electricity from concentrated solar thermal power, which is tra-
ditionally used as a heat source for power generation via thermodynamic cycles [2]. To
increase the feasibility of CSP and ultimately to achieve full autonomy from fossil fuels,
the main challenge to overcome is the inherent intermittency in solar power generation [3].
Thus, efficient and low-cost energy storage remains a major technological challenge [4–6].
Thermal energy storage (TES) systems are essential for a global system with high penetra-
tion of solar energy to increase the flexibility of the electric grid and avoid the risks derived
from transient peaks.
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Several potential TES technologies for CSP plants have been proposed in recent years.
These are based on three main concepts: sensible TES, in which solid or liquid media are
used; latent TES, associated with phase changes in certain materials; and thermochemical
energy storage (TCES) [7]. As the most mature of the three, sensible TES involves the use
of various materials with high heat capacity, such as steam [8], molten salts [9–12], mineral
oils [13], or ceramic materials [14]. Several commercial CSP plants that are operational or
under construction store heat in molten salts or a steam accumulator to generate electricity
overnight [15]. Latent TES, involving solid-to-liquid transitions, is an efficient alternative
to sensible TES, owing to the higher storage capacities and small temperature differences
between charging and discharging in comparison with sensible TES [16,17]. However, most
latent TES systems based on inorganic salts and eutectic salts have low thermal conductivity,
resulting in slow charging and discharging rates [18]. Thus, the heat transfer is enhanced
by combining graphite finned tubes [19] and metal foam [20] with the inorganic salt-based
phase change material (PCM). Another type of latent TES uses metallic alloy PCMs to
improve the thermal conductivity, thermal response, and heat capacity [21–23]. However,
metallic PCMs are limited in vacuum and inert atmospheres, and the encapsulation of
metallic PCMs in temperature-resistant materials must be applied to avoid the oxidation of
metallic PCMs at high temperatures [24,25].

This study focuses on the third concept, namely TCES. This method utilizes the heat
from chemical reactions and is one of the most promising TES technologies, with the po-
tential for higher energy efficiency than the other methods. Several reactions have been
investigated for use in TCES, such as the calcination–carbonation process for calcium car-
bonate [26,27] and the redox process for metal oxides [28], both of which can be integrated
into next-generation CSP plants that operate at temperatures > 550 ◦C. The TCES process,
utilizing the reversible chemical reaction of a metal oxide, is expressed as follows:

MxOy (s)→MxOy−z (s) + z/2 O2 (g) ∆rH > 0 (endothermic process, heat charge (HC) mode) (1)

MxOy−z (s) + z/2 O2 (g)→MxOy (s) ∆rH < 0 (exothermic process, heat discharge (HD) mode). (2)

The HC mode of a reversible chemical reaction is driven by the high-temperature heat
provided by the concentrated solar radiation. This heat can be chemically stored (charged)
as a reaction product in the reduced form, as shown in Equation (1). To release (discharge)
the stored heat, the reduced oxide is oxidized back to MxOy (s) in the reverse HD mode
in a gas stream containing oxygen, as shown in Equation (2). The gas stream (inert gas,
oxygen-lean gas, and air) is required to progress both modes, while the solid particles act
as a thermochemical storage medium and heat transfer fluid (HTF), allowing operation
temperatures > 550 ◦C in a next-generation CSP plant in the current study stage [29] in
the United States. An open volumetric receiver [30] was developed and tested in the EU,
which uses air as the HTF and metal oxide as the thermochemical storage medium. The
use of a molten-salt [31] or liquid sodium [32] receiver in the central tower system of
next-generation CSP plants can allow for operation at higher temperatures than the current
state-of-the-art CSP plants. The main advantages of TCES are greater energy densities than
sensible or latent TES systems, and the possibility of storing energy in a chemical form over
a long time period and transporting it without significant loss [33].

The criteria for the choice of redox metal oxide to be used in TCES are the ther-
modynamics, working temperature, energy storage capacity, material costs, reaction ki-
netics, cyclical feasibility, toxicity to humans, and environmental safety. Wong exten-
sively evaluated various metal oxides as TCES materials using a thermodynamic calcu-
lation and experimental analysis [28]. Among the oxides tested for TCES, BaO2/BaO,
Co3O4/CoO, Mn2O3/Mn3O4, Fe2O3/Fe3O4, and CuO/Cu2O systems were proposed,
investigated, and evaluated as possible materials for TCES. Several researchers have stud-
ied BaO2/BaO [34–36], Co3O4/CoO [37–46], Mn2O3/Mn3O4 [47–52], Fe2O3/Fe3O4 [53],
and CuO/Cu2O systems [54] from the perspectives of thermodynamic analysis, redox
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kinetics, repeatability, and reactor–heat exchangers. In addition, the perovskite family of
oxides, with a chemical formula of ABO3, has been studied as a potential source for TCES
because of the diverse thermochemical properties exhibited by the different elemental
compositions that form large concentrations of vacancies in this type of structure [55–67].
Although the Co3O4/CoO system has good energy storage capacity, reaction kinetics,
and cyclical feasibility, the material costs are a disadvantage. The Mn2O3/Mn3O4 system
involves inexpensive materials but suffers from slow kinetics in its exothermic process
(HD mode) and poor repeatability of the redox reaction in air under atmospheric pressure.
The Fe2O3/Fe3O4 system, which involves low-cost materials, shows suitable kinetics for
HC–HD modes, but has the drawbacks of extremely high temperatures (1392 ◦C in the HC
mode and 1374 ◦C in the HD mode) and deactivation with redox cyclic tests due to severe
sintering at high temperatures.

In order to utilize the advantages and compensate for the disadvantages of both the
Mn2O3/Mn3O4 and Fe2O3/Fe3O4 systems, iron–manganese oxides of the (Mn, Fe)2O3/
(Mn, Fe)3O4 systems, in which the iron is substituted as a secondary cation into man-
ganese oxide, were developed and tested for TCES [50,53,65–69]. Carrillo et al. studied
the influence of Fe’s incorporation on the redox performance of the Mn2O3/Mn3O4 sys-
tem [50]. Compared with the Mn2O3/Mn3O4 system, the Fe-substituted manganese oxides
improved the oxygen production rate, as shown using a 30-cycle test at constant air flow.
In particular, 20% Fe-substituted Mn2O3 exhibited the highest chemical energy storage
density (∆Hred = −219 kJ/kg; ∆Hox = +203 kJ/kg). Block and Schmücker examined the re-
action enthalpy, temperature, and time for the 33%, 67%, and 83% Fe-substituted Mn2O3 at
atmospheric pressure with an air flow [53]. The manganese-rich composition of the 33% Fe-
substituted Mn2O3 system was reported as an interesting thermochemical storage material
from the viewpoint of the highest enthalpies (∆Hred = −233 kJ/kg; ∆Hox = +162 kJ/kg),
together with the low material costs. The kinetics and cyclic repeatability of 20% Fe-
substituted Mn2O3 for HC and HD modes were investigated using a thermogravimetric
analysis (TGA) [65]. The reaction enthalpy was ∆Hox = +171 kJ/kg at an average of
75 cycles. The master plots were used to analyze the kinetics of the HC mode using a
non-isothermal heating mode under an inert Ar gas stream. Subsequently, the kinetics of
the HD mode were analyzed in isothermal mode at constant temperatures under air flow.
Woken et al. investigated the thermodynamics and kinetics of granular 25% Fe-substituted
Mn2O3 prepared from technical-grade raw materials. The repeatability and reactivity
were examined over 100 cycles in air using TGA. The kinetic models of the HC and HD
modes were derived from experimental data under different oxygen partial pressures [66].
The reversible redox reaction of a granular technical-grade manganese–iron oxide was
investigated for TCES at the laboratory scale by means of a packed-bed tube reactor [67].
André et al. experimentally studied the effect of Fe substitution in Mn2O3 in powder form
using TGA, and compared this with thermodynamic calculations. The addition of Fe to
Mn2O3 allows for the enhancement of the cycling stability above ~15 mol% Fe, with the
suppression of any transition involving this tetragonal spinel phase [68]. Marziyeh et al.
studied the reduction kinetics of submillimeter-sized spherical granular 67% Fe-substituted
Mn2O3. The kinetics were analyzed in the non-isothermal heating mode, under both inert
Ar gas and an air stream, using TGA. The thermal analysis of the HC mode showed a
reaction enthalpy of 200 kJ/kg under both atmospheres. A three-step shrinking core model
has been proposed and used to describe the effective kinetics of the HC mode [69].

The authors studied the TCES thermal performance in terms of improving and evaluat-
ing non-substituted and 10–50% Fe-substituted manganese, as well as the perovskite family
of redox oxides, by means of a TGA reactor at the laboratory scale [52]. The impacts of
the operating temperature for Fe-substituted Mn2O3/Mn3O4 redox oxides were examined
for two-step thermochemical cycles from the perspective of the redox temperatures and
thermochemical storage capacity. In addition, certain Fe-X-substituted manganese oxides
were examined to improve the reaction rate, short-term cycling stability, storage capacity,
and redox temperatures [52]. However, the effects of the long-term thermal cycling stability
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on TCES to assume 1-year operation have not been studied and evaluated for Fe-substituted
Mn2O3. It is considered that long-term thermal cycling may cause a morphological change
in the sample in comparison to the as-prepared sample, affecting the kinetics of the HC–HD
modes with oxygen release and absorption. In this study, the long-term thermal cycling
stability of 20 mol% Fe-substituted Mn2O3 in 360 runs of HC–HD modes was evaluated in
terms of the repeatability and stability from the perspective of the microstructural charac-
teristics and thermodynamic phase transitions. The kinetic analysis of the HC mode for the
sample subjected to the long-term thermal cycling test with a temperature swing under
constant oxygen partial pressure was studied and compared with that of the as-prepared
sample. Finally, the kinetic results in the present study were compared with the kinetic
equations formulated under various test conditions in previous reports.

2. Materials and Methods
2.1. Preparation and Evaluation of Redox Material

The reagents Mn(NO3)2·6H2O (98.0%) and Fe(NO3)3·9H2O (99.0%) were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and Kanto Chemical Co., Inc.
(Tokyo, Japan), respectively, and used without further purification. The oxide was prepared
using these reagents via a modified Pechini process [52]. Briefly, stoichiometric quantities
of metal nitrate reagents (0.04 mol) were dissolved in deionized distilled water (200 mL).
Ethylene glycol (99.5%; Wako Pure Chemical Industries, Ltd.) and citric acid (98.0%,
0.02 mol; Wako Pure Chemical Industries, Ltd.) were added to the aqueous solution. The
solution was stirred and heated at 80 ◦C for 1 h in an oil bath. Ethylene glycol (0.02 mol)
was then added to the solution. The resulting solution was stirred and heated to 170 ◦C
for 0.5 h in an oil bath for gel formation. The gel was moved to an alumina crucible and
dried at 180 ◦C for 4.5 h using an electric heater. The resulting samples were ground using
a mortar and pestle. The resulting black powder (precursor) was calcined at 900 ◦C for 8 h
in an air stream (200 mL/min) heated using an electric heater.

The crystallographic phases were identified using powder X-ray diffraction (XRD;
D2Phaser, Bruker, MA, USA) with Cu-Kα radiation (2θ = 20–80◦). The step size and rate
were fixed at 0.02◦ and 1 s per step, respectively. The crystalline phases were identified by
comparison with standard reference patterns in an open-access repository (Crystallography
Open Database, COD). The lattice parameters were evaluated through Rietveld refinement
of the structural models using the whole-pattern fitting method from the FullProf package.

The morphology and particle size of the synthesized and long-term cycled samples
were observed using a scanning electron microscope (SEM; JCM-6000, JEOL, Tokyo, Japan)
operated at 15 kV. Before the SEM observation, a small amount of sample was coated as a
pretreatment via gold evaporation to enhance the conductivity and avoid charge build-up
during the observation.

2.2. Long-Term Thermal Cycling Stability Test in Non-Isothermal Charge/Discharge Modes

The Fe-substituted manganese oxide was tested for the thermochemical cycle, which
comprised an HC mode to release oxygen from the oxide into the gas stream and a subse-
quent HD mode to absorb oxygen into the oxide from the gas stream containing oxygen.
The experimental setup for the HC and HD modes of the thermochemical cycle was as fol-
lows. Approximately 50 mg of sample was packed into a platinum–rhodium cup (5.2 mm in
diameter and 5.1 mm deep) and mounted on the balance point in the tubular ceramic cham-
ber of the reactor. The sample mounted in the TGA reactor (STA2500 Regulus, NETZSCH,
Selb, Germany; weight resolution of 0.03 µg, temperature resolution of 0.3 K) equipped for
the differential thermal analysis (DTA) with a type S thermocouple (temperature resolution
of ±0.0025 × |t| ◦C) was first heated to 1050 ◦C at a heating rate of 15 ◦C/min using an
electric furnace, while passing a gas mixture (PO2 = 0.168 bar) of synthetic air and high
purity N2 (99.999%, 5 N) through the reactor at a 250 sccm flow rate (standard cm3 min−1),
controlled by a digital mass flow controller, in order to perform the HC mode. The synthetic
gas was passed through the balance of the TGA reactor, whereas high-purity N2 gas was
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flowed into the control port of the balance mechanism to protect it from oxidation. The
sample was cooled to 700 ◦C to perform the HD mode. The change in the mass of the
sample caused by O2 release during the HC mode and absorption during the HD mode
were measured with respect to time. The HC and HD modes were alternately repeated
for 360 runs, composed of three sets of 120 runs between 700 and 1050 ◦C to evaluate the
long-term cyclability and thermal stability of the sample.

2.3. Kinetic Analysis of Non-Isothermal HC Mode for the Long-Term Cycled Sample

A kinetic analysis of the non-isothermal HC mode for the sample obtained after the
long-term cycling stability test was performed using a TGA reactor. The sample mounted
in the TGA reactor was first heated to 800 ◦C and then maintained at this temperature for
2 h to eliminate adsorptive species on the surface of the sample, such as water, CO2, and O2.
Subsequently, the sample was heated to 1100 ◦C at different heating rates of 5–20 K/min
using an electric furnace, while passing the gas stream through the reactor at a 250 sccm
flow rate (standard cm3 min−1) controlled by a digital mass flow controller to perform the
HC mode. To complete the HC mode, the sample was maintained at 1100 ◦C for 20 min.
After the HC mode, the sample was cooled to 800 ◦C at a cooling rate of 20 K/min and
then maintained at this temperature for 2 h to proceed the oxidation reaction as much as
possible and approach the reduction extent of the sample to zero (HD mode). The HC–HD
mode was continuously performed at different heating rates of the order of 5, 10, 12, 15,
and 20 K/min and a cooling rate of 20 K/min to acquire kinetic data for the HC mode of
the sample.

The kinetics of the HC mode were analyzed and evaluated using non-isothermal mas-
ter plots for various constant heating rates

(
dT
dt

)
. The characteristic feature of this method

is the identification of appropriate reaction models from the actual reaction mechanisms by
determining the activation energy using Arrhenius plots.

The fractional conversion of α in the solid reactant over the course of the reaction is
defined as follows:

α =
mi −mt

mi −m f
, (3)

where mi and m f are the initial and final masses, respectively, and mt is the mass of the
sample at time t. In the TGA, the value of α for the thermochemical cycle of the HC mode
was calculated using the measured change in the mass of the sample.

An isoconversion method was used to determine the Arrhenius parameters for the HC
mode involving O2 release from TGA data [70]. The isoconversion method is known for its
reliability and wide applicability because the two prerequisites required for its formulation
are independent of the reaction mechanism. The prerequisites for the rate of a chemical re-
action are generally described using a fundamental equation for the isoconversion method:

dα

dt
= A· exp

(
− Ea

RT

)
· f (α) = k(T) f (α), (4)

where A and Ea correspond to the Arrhenius pre-exponential factor and apparent activation
energy for the reaction, respectively; R is the gas constant; k(T) is the rate parameter at
temperature T; and f (α) is a function of α, representing the so-called reaction model, which
depends on the reaction mechanism.

The generalized time θ, which is the basic parameter for determining α, is defined
as follows:

θ =
∫ t

0
exp

(
− Ea

RT

)
·dt. (5)

In the non-isothermal kinetic analysis involving the O2 release process, different
heating rates (HC mode) were applied. The same generalized time θ with different rate
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conditions corresponds to the same value of α for the reaction, and vice versa. Thus, the
generalized time of θ depends on α, and the time derivative of Equation (5) leads to:

dθ

dt
= exp

(
− Ea

RT

)
. (6)

The following Equation (7) can be obtained from Equations (4) and (6):

dα

dθ
=

dα

dt
× dt

dθ
=

dα

dt
× exp

(
Ea

RT

)
= A× f (α). (7)

Thus, the analytic equation for non-isothermal master plots leads to:

dα/dθ

(dα/dθ)α=0.5
=

f (α)
f (α)α=0.5

, (8)

where f (α)α=0.5 represents a series of data plots at the given value of α = 0.5, which is the
control point of the reaction. The theoretical and experimental values of dα/dθ

(dα/dθ)α=0.5
were

plotted against α. These values were compared to identify the theoretical reaction model
for the HC mode with increasing temperature.

The analysis equation for the Friedman method [71], which is known to be the dif-
ferential isoconversion method for determining the Arrhenius parameters, Ea and A, is
derived from Equation (4):

ln
dα

dt
= ln [A· f (α)]− Ea

RT
. (9)

Because the logarithmic term ln [A· f (α)] is constant for a given value of α, the plot of
ln dα

dt vs. 1
T can be used to derive a value for Ea from the gradient and a value for A from

the intercept.
The sample temperature, T, at various reaction times t, can be determined using:

T = T0 + βt, β =
dT
dt

, (10)

where T0 and β correspond to the initiation temperature of the reaction and the constant rate
of heating, respectively. Equation (4), under the conditions in Equation (10), is expressed in
terms of the heating rate β as follows:

dα

dT
=

A
β
· exp

(
− Ea

RT

)
· f (α), (11)

ln
(

β
dα

dT

)
= ln[A· f (α)]− Ea

RT
(11a)

The integration of Equation (11) leads to:

g(α) =
∫ α

0

dα

f (α)
=

A
β

∫ T

T0

exp
(
− Ea

RT

)
dT =

[
AEa

βR
p(x)

]T

T0

, (12)

p(x) =
exp(−x)
x(x + 2)

, x =
Ea

RT
, (13)

where p(x) is a function of Schlomilch series expansion. This is applicable for the condition
x � 15, which is a first-order rational approximation [72]. Thus, the fraction conversion
based on the model prediction can be estimated from Equations (12) and (13) and compared
with that based on the experimental results.
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3. Results and Discussion
3.1. Structural, Thermodynamic, Thermochemical, and Long-Term Thermal Stability

Figure 1a shows the XRD patterns of the long-term thermally cycled sample in the
2θ range. The black vertical bars below the XRD patterns indicate the peak positions of
the samples. The peak positions were compared with the XRD data of the phase obtained
from the COD standard database, and the phase of the sample was identified. A series of
peaks corresponded to the bixbyite-type structure (COD ID 96-901-4249) (as denoted by
the red vertical bars below the XRD pattern). No other peaks were observed in the pattern.
This result indicates that after long-term thermal cycling, the sample was successfully
maintained as a solid solution of (Mn0.8Fe0.2)2O3 without impurities or thermodynamically
unstable phases.

Figure 1. (a) XRD pattern of the Fe-substituted Mn2O3 sample obtained after the long-term cycling
test. The green curve below the XRD patters is a difference of intensity between experimental and
Rietveld refinement of the structure model. (b) SEI images of the as-prepared sample. (c) SEI images
of the sample obtained after the long-term test (360 runs of HC–HD cycle). (d) Phase diagram of the
Mn-Fe-O system with an oxygen partial pressure of PO2 = 0.168 bar.

Pure α-Mn2O3 and α-Fe2O3 have bixbyite- and corundum-type structures, respectively.
Thus, not all possible solid solutions over all chemical compositions in the Mn2O3-Fe2O3
system are proportionally formed. However, the XRD results indicate that 20 mol% Fe2O3
can be successfully incorporated into the bixbyite-type structure as a solid solution, forming
(Mn0.8Fe0.2)2O3. The incorporation of Fe2O3 into Mn2O3 allows the Fe3+ ionic radius (low
spin 0.55 Å; high spin 0.645 Å, with a coordination number of 6 with O2− ions) to be
equivalent to the Mn3+ ionic radius (0.58 Å, with a coordination number of 6 with O2−

ions) [73]. All diffraction peaks assigned to the solid-solution (Mn0.8Fe0.2)2O3 phase were
indexed, and the lattice cell parameters of the solid phase were evaluated via Rietveld
refinement of the structure model. All peaks assigned to the solid-solution phase were
indexed to cubic unit cells (space group I 21 3 (199)). The lattice parameters (a = 9.421(1) Å)
for the solid-solution phase were higher than those (a = 9.410(0) Å) obtained in a previous
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report for non-substituted αMn2O3 (COD ID 96-901-4249)). The results indicated that the
Fe3+ ion in the solid solution of the long-term cycled sample was in the high-spin state. This
is in good agreement with the fact that a series of peaks corresponding to the long-term
cycled sample shifted to a lower diffraction angle than that of the non-substituted α-Mn2O3.

The morphologies and particle sizes of the samples obtained after the as-prepared
and long-term cycling tests were observed and evaluated in the secondary electron images
(SEI; Figure 1b,c). As can be seen in Figure 1b, plate- and particle-like morphologies with
angular and irregular shapes and widely dispersed particle sizes of 1–50 µm are shown for
the as-prepared sample. The sample obtained after the long-term cycling test (Figure 1c)
was compared with the as-prepared sample to confirm the coagulation and sintering of
the particle-like samples subjected to high temperatures during the HC–HD cycle. The
photograph at low magnification (×500, left side) shows that multiple round particles
appear in the sample in the long-term cycling test. In addition, the particles coarsened and
connected, similar to the three-dimensional shape of the porous body, compared to the
as-prepared sample. In other words, the as-prepared sample did not change to a dense
and hard mass after the long-term cycling tests. The morphological features allowing
the passage of the gas phase in the 3D structure of the long-term cycled sample may
provide long-term thermal stability at high temperatures during the HC–HD cycle. The
photograph at high magnification (×5000, right side) shows that the coarsened small
particles were fused, and large round-shaped secondary particles without micron-sized
pores were formed in the long-term cycled sample. The size of the secondary particles was
almost the same as that of the as-prepared samples. The results indicate that sintering of
the primary particles during the HC–HD cycle was induced without the formation of dense
and congested secondary particles.

A thermodynamic phase diagram of the Mn-Fe-O system (oxygen partial pressure of
PO2 = 0.168 atm) is shown in Figure 1d. The phase diagram was theoretically calculated
using the thermodynamic equilibrium software program FactSage [74]. According to
Figure 1d, (Mn0.8Fe0.2)2O3 has a bixbyite structure with a thermodynamically stable phase
at a low temperature (T < 950 ◦C) at a total pressure of 1 bar, while at a high temperature
(950 ◦C < T) a structural phase transition takes place to the cubic spinel structure of
(Mn0.8Fe0.2)3O4. The characteristic feature of this chemical composition indicates that it is
thermodynamically possible for the reversible phase transition between the two structures
described above to occur without a region (or with a very narrow region) where the two
phases co-exist. This was achieved using the swing temperature method in a gas stream
with a constant oxygen partial pressure. The phase diagram indicates that the phase
transition in the temperature range of 1050–700 ◦C (a lower limit temperature of 700 ◦C was
installed from the viewpoint of transient rate change according to the course of time during
the HC mode) can completely proceed, with both phases remaining thermodynamically
stable. The reversible chemical reaction is expressed as follows:

3(Mn0.8Fe0.2)2O3(s)→ 2(Mn0.8Fe0.2)3O4(s) +
1
2

O2(g), ∆rH > 0 (HC mode), (14)

2(Mn0.8Fe0.2)3O4(s) +
1
2

O2(g)→ 3(Mn0.8Fe0.2)2O3(s), ∆rH < 0 (HD mode), (15)

where (Mn0.8Fe0.2)2O3 was thermally reduced to produce (Mn0.8Fe0.2)3O4 in HC mode.
Oxygen is released through the external absorption of high-temperature heat in the en-
dothermic process, whereas the reduced (Mn0.8Fe0.2)3O4 is oxidized in an environmental
atmosphere (oxygen) to return to (Mn0.8Fe0.2)2O3, releasing the chemically stored heat to
the gas stream. The gas stream plays two important roles, as the oxidant and HTF in the
TCES system.

The reliability and long-term thermal stability of the HC–HD cycle for the sample
were evaluated with a temperature swing of 1050–700 ◦C using TGA. The results are
shown in Figure 2. As shown in Figure 2a, the signal of the DTA during the temperature
swing decreases from the initial state by 5%, 7%, and 10% at the end of the 1st, 2nd, and
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3rd sets, respectively. The DTA variation shifted toward relatively small variations as
the run number increased during the 1st–3rd sets. The results indicate that the HC–HD
performance of the sample gradually became stable and repeatable without significant
degradation during temperature swings. The most likely reason for the weakening of the
DTA signal may be one of the phenomena that evoke the sintering and coagulation of
particles over cyclic HC and HD modes. A series of DTA hysteresis curves were compared
to evaluate the variation in thermal performance, as shown in Figure 2b. The hysteresis
curves for the 100th–360th cycles reveal that the endothermic and exothermic peaks lie
in the ranges of 1264–1268 K and 1022–1026 K, respectively. Compared to those in the
other cycles, the DTA hysteresis curves were stable and repeatable, showing identical
peak positions in the HC–HD cycle. The results suggest that the sample can contribute
to repeatable HC and HD modes over a long period during the temperature swing. To
evaluate the oxygen release and uptake behavior, the mass change and mass change rate
were plotted against the time in Figure 2c. The mass change was lower by 0.5%, 0.9%,
and 1% at the end of the 1st, 2nd, and 3rd sets, respectively, whereas the mass change rate
decreased from the initial value of 0.75%/min by 0.19%/min, 0.26%/min, and 0.30%/min
for the 1st, 2nd, and 3rd sets, respectively. Both measures of change stabilized and became
repeatable after the 1st set. The results show that the sample can provide repeatable HC
and HD capacities over a long period.

Figure 2. Long-term thermal stability of the HC–HD cycle with an oxygen partial pressure of
PO2 = 0.168 bar for the sample: variations in the (a) DTA signal, (b) hysteresis curve, and (c) mass
change and mass change rate for the temperature swing.

3.2. Kinetic Analysis of HC Mode for Long-Term Cycled Sample

Figure 3a shows the variation in α with temperature during the HC mode. The HC
mode was performed at five different heating rates (5–20 K/min) under a gas stream. As
seen in Figure 3a, the phase transition of (Mn0.8Fe0.2)2O3 to (Mn0.8Fe0.2)3O4 at a heating
rate of 5 K/min varies at a full-scale value of fractional conversion α, while that at the
heating rates of 10–20 K/min changes in the range of α = 0.05–1.0. These results indicate
that the temperature program of the TGA reactor can successfully acquire kinetic data
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for the sample in the range of α = 0.05–1.0 during the HC mode with different heating
rates. The lack of kinetic data for α = 0–0.05 may be due to the incomplete oxidation of the
long-term cycled sample during the HD mode. As previously described, the sample had
a morphological feature with a three-dimensional porous body, whereas the as-prepared
sample formed an aggregation of fine and small particles (Figure 1). The structure of the
long-term cycled sample enhances the thermal stability and repeatability of the HC–HD
modes; however, it requires a long period of time (>2 h at 1073 K) for the complete oxidation
of the sample during the HD mode.

Figure 3. (a) Temperature variations in the fractional conversion of the long-term cycled sample
during the HC mode. (b) Friedman plot of the long-term cycled sample to calculate the apparent
activation energy against each value of the fractional conversion.

As shown in Figure 3a, the phase transition of (Mn0.8Fe0.2)2O3 to (Mn0.8Fe0.2)3O4 at
heating rates of 5–20 K/min proceeds to completion in the gas stream until the temperature
reaches 1300 K. In addition, the heating rates of 10–20 K/min did not affect the onset
temperature of the HC mode, whereas the termination temperature of the HC mode shifted
toward higher temperatures as the heating rate increased. These results indicate that the
transition of (Mn0.8Fe0.2)2O3 to (Mn0.8Fe0.2)3O4 proceeds in a non-equilibrium state under
the heating rates of the HC mode. Thus, the kinetic data for the mass change involved in
the phase transition (with the release of O2) during the HC mode were analyzed under
heating rates to evaluate the thermochemical storage performance of the redox oxides.
Figure 3b shows the Friedman plots of (Mn0.8Fe0.2)2O3 for various values of α in order
to determine Ea during the HC mode. The Friedman method was used to determine Ea
according to Equation (9), without any assumptions regarding the reaction model function
f (α), which represents the reaction mechanism. As seen in Figure 3b, all of the plots satisfy
an approximately linear regression in the temperature range and follow the Arrhenius law.
The tentative activation energies (Ea values) calculated from a set of straight lines are listed
in Table S1 along with their correlation coefficient constants (R2 values). The squares of
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the correlation coefficient, R2, for the linear regression of the activation energy are in the
range of 0.97–0.99. Figure 4 shows the variations in the apparent activation energy, Ea, with
∆α = 0.01 plotted against the α values. It appears that the value of Ea tends to gradually
decrease with the increasing value of α in the first half of α = 0.20–0.48 and stabilizes at
almost the same level in the second half of the HC mode at α = 0.49–1.0. The values of
the average activation energy were estimated to be 430.77 kJ·mol−1 in the full range of
α = 0.11–1.0, 466.78 kJ·mol−1 in the first half and 389.22 kJ·mol−1 in the second half for the
HC mode. The initial stage of α = 0–0.20 was excluded from the estimation of the activation
energy because of the large Ea fluctuation and relatively small R2 values. The variations in
Ea values indicate that the rate-determining step of the HC mode changes in the first and
second halves of the HC mode. Thus, the authors attempted to verify the transition of the
reaction mechanism during the HC mode and to examine the reaction model function f (α).

Figure 4. Variations in the apparent activation energy, Ea, of the long-term cycled sample against
the fractional conversion of α during the HC mode. The values were calculated and plotted with
∆α = 0.01 to check the transition of the reaction model with progress of the reaction extent of the
HC mode.

Several attempts have been made to determine the physicochemical mechanisms of
solid-state reactions using the master plot method. Master plots refer to the theoretical
reaction model function, f (α), which represents the reaction mechanism but is generally
independent of the kinetic parameters (Ea and A) of the HC mode. In addition, theoretical
master plots can be compared to experimental master plots calculated from kinetic data,
allowing for the determination of an appropriate kinetic mechanism for the process. By
combining a reaction model function f (α) that describes an appropriate kinetic mecha-
nism with one of the kinetic parameters determined by the model-free method described
above, the overall reaction rate equation can be formulated for the estimation of the HC
performance in a thermochemical storage system.

Various theoretical reaction models based on the Arrhenius kinetic law have been
proposed for the kinetic analysis of solid-state reactions [75,76]. These reaction models are
listed in Table S2. In the present study, to determine the reaction model function f (α), mas-
ter plots based on the differential forms of the generalized kinetic equation were applied.
Figure 5 shows the master plot analysis of the sample during the HC mode when heated at
(a) 5 K/min, (b) 10 K/min, (c) 12 K/min, (d) 15 K/min, and (e) 20 K/min. The theoretical
master plots of dα/dθ

(dα/dθ)α=0.5
against α are compared with the experimental master plots of

dα/dθ
(dα/dθ)α=0.5

, calculated from the experimental data in Figure 3a. The general principle for
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determining the reaction model function of the HC mode is to minimize the difference
between the experimental and calculated kinetic data for the given reaction model function
f (α) listed in Table S2. As shown in Figure 5, the possible theoretical models to fit the
experimental data for all heating rates are the R2, A2, A3, and A4 models. As shown in
Figure 5a, the experimental data appear to fit the A2 model at an initial stage of α = 0–0.20
using visual pattern fitting, lying between the A2 and R2 models in the middle stage of
α = 0.20–0.50 and positioned on the A3 and R2 models in the middle–final stage of
α = 0.50–1.0. Alternatively, for heating rates of 10–20 K/min, it appears that the experimen-
tal data lie on the A2 model in the middle stage, while those on the R2 model lie in the
middle–final stage. These results indicate that a method of visual pattern fitting is available
for the selection of a possible model among the many candidates; however, it suffers due
to the quantitative determination of the reaction model. Thus, we attempted to identify a
well-described theoretical model using a statistical technique for making a simultaneous
comparison between the theoretical and experimental models throughout the fractional
conversion. The residual sum of squares (RSS) method was applied to quantitatively
evaluate the difference between the experimental and estimated models:

RSS =
n

∑
i=1

(yi − ŷi)
2, (16)

where n, yi, and ŷi are the number of data points, value of the ith variable, and predicted
value of the ith variable, respectively. A low RSS value indicates that the estimation model
fits to the experimental model relatively well. The RSS values for several theoretical models
at heating rates of 5–20 K/min are shown in Figure S1. As shown in Figure S1a, the RSS
value for the A2 model for all heating rates is minimal and less than RSS = 0.01 in the range
of α = 0.20–0.80. As seen in Figure S1b, the RSS value for the R2 model for all heating rates
decreases with increasing α values in the range of α = 0.20–0.40, with minimal values in the
range of α = 0.80–1.0. In the range of α = 0.40–0.80, both models can describe the reaction
mechanism of the HC mode. Therefore, in terms of the variations in activation energy and
the quantitative analysis of the model fit, it is concluded that the best estimates for the
theoretical reaction model are the A2 and R2 models in the ranges of α = 0.20–0.48 and
α = 0.49–1.0, respectively, in the HC mode.

From the results estimated for the activation energy Ea and the reaction model function
f (α) mentioned above, the pre-exponential factor A can be calculated from the intercept
of Equation (11a). Figure S2 shows the plots of the estimated pre-exponential factor A of
the (a) A2 and (b) R2 models together with the standard deviation (SD, shown as error
bars) against α for heating rates of 5–20 K/min during the HC mode. As shown in Figure
S2a, the values of A for the heating rates of 10–20 K/min are almost the same regardless
of the heating rate, and 8.38 ×1018 (1/min) on average. The value of A for a heating rate
of 5 K/min was excluded from the estimation of A because of large deviations (17% from
the average value) without a constant plateau (deviation of <0.4%) against the variation
in heating rate. For the R2 model (Figure S2b), the estimated average of A for all heating
rates was estimated as 3.15 × 1015 (1/min) as an independent function of the heating rate.
Therefore, the rate equation for the thermal reduction kinetics of (Mn0.8Fe0.2)2O3 during
the HC mode in the gas stream is:

A2 model; dα
dt = vHC = A exp

(
− Ea

RT

)
× 2(1− α)[−ln(1− α)]

1
2

= 8.38× 1018 exp
(
− 4.67×105

RT

)
× 2(1− α)[−ln(1− α)]

1
2 .

(17)

2 model; dα
dt = vHC = A exp

(
− Ea

RT

)
× 2(1− α)

1
2

= 3.15× 1015 exp
(
− 3.89×105

RT

)
× 2(1− α)

1
2 .

(18)
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Figure 5. Master plots of the long-term cycled sample during the HC mode at heating rates of
(a) 5 K/min, (b) 10 K/min, (c) 12 K/min, (d) 15 K/min, and (e) 20 K/min. Comparison of the
experimental kinetic data (red circles) for the long-term cycled sample and possible reaction model
(curves) against variations in the fractional conversion of α.

Figure 6 shows a comparison of the experimental fractional conversion and the frac-
tional conversion estimated from the rate equation formulated in Equations (17) and (18),
respectively. As seen in Figure 6a, it appears that for a heating rate of 5 K/min, the formu-
lated A2 model fits well in the range of α = 0–0.20, while the formulated R2 model is in
the range of α = 0.20–1.0. For the heating rates of 10–20 K/min, the A2 model in the initial
stage of α = 0–0.20 shows similar behavior to the experimental data, while the difference
between the experimental and theoretical conversion becomes smaller with increasing α
values. However, the R2 model for all heating rates fits well with the experimental con-
version in the middle–final stage of α = 0.50–1.0. These results indicate that the estimated
predictive models for the heating rates in the gas stream are in good agreement with the
experimental data. This proves the validity of the applied reaction model for describing the
reductive kinetics of (Mn0.8Fe0.2)2O3. The small deviation of the predicted conversion from
the experimental data in the initial stage of α = 0–0.20 may be governed by the variable
release behavior of the oxygen gas released from the surface of the sample and the diffusion
mechanism of oxygen transportation in the sample due to the fluctuating activation energy.
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Figure 6. Temperature variation of the fractional conversion, α, of the long-term cycled sample during
the HC mode for experimental (blue curve) and predicted reaction models (black and red curves for
A2 and R2 models, respectively); the data of heating rate (a) 5 K/min, (b) 10 K/min, (c) 12 K/min,
(d) 15 K/min, (e) 20 K/min. The curves are compared in these figures for the validation of the
predicted reaction model.

3.3. Kinetic Analysis of the HC Mode for the As-Prepared Sample

The as-prepared Fe-substituted Mn2O3 was kinetically analyzed for the HC mode us-
ing the same methodology as that for the long-term cycled sample in Section 3.2. Figure 7a
shows the variation in α with temperature during the HC mode. The phase transition
of (Mn0.8Fe0.2)2O3 to (Mn0.8Fe0.2)3O4 at heating rates of 5–20 K/min proceeded to com-
pletion at temperatures of 1220–1300 K. In addition, the heating rates did not affect the
onset temperature of the HC mode, whereas the termination temperature of the HC mode
shifted toward higher temperatures as the heating rate increased. These results indicate
that the transition of (Mn0.8Fe0.2)2O3 to (Mn0.8Fe0.2)3O4 in the as-prepared sample pro-
ceeds in a non-equilibrium state under the heating rates of the HC mode. The results in
Figures 3a and 7a indicate that the heating rates tested in this study are a rate-determining
step for the reaction rate of the HC mode, although the different morphologies of the
samples due to their gas–solid contact may affect the extent of the HC mode. This may
have been due to the configuration of the TGA equipment, which was composed of an
upward gas stream and a solid sample mounted in the non-porous metallic cup.

Notably, except for the heating rate of 5 K/min, the data for α were initiated from
α = 0.01 (Figure 7a), whereas the values started from α = 0.05–0.06 in the long-term cycled
sample (Figure 3a). The results indicate that in comparison to the long-term cycled sample,
the as-prepared sample has a suitable gas–solid contact and reversible reactivity during the
HD mode in the TGA configuration.
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Figure 7. (a) Temperature variations in the fractional conversion of the as-prepared sample during
the HC mode. (b) Variations in the apparent activation energy of the as-prepared sample against the
fractional conversion. For comparison, the apparent activation energy of the long-term cycles sample
is shown in this figure.

The kinetic data for the mass change involved in the phase transition with the release of
O2 during the HC mode were analyzed under heating rates to evaluate the thermochemical
storage performance of the sample. Figure 7b shows a comparison of the activation energy
variations between the as-prepared and long-term cycled samples. The Ea values of the
as-prepared sample were higher over the entire range of α than those of the long-term
cycled sample. The Ea value for the as-prepared sample tended to gradually decrease with
increasing value of α in the first half of α = 0–0.45 and plateaued in the second half of the
HC mode of α = 0.46–1.0. The variations were similar for both samples. The values of
the average activation energy were estimated to be 600.61 kJ·mol−1 in the full range of
α = 0–1.0, 651.36 kJ·mol−1 in the first half and 560.40 kJ·mol−1 in the second half of the
HC mode.

Figure 8a shows the master plot analysis of the as-prepared sample during the HC
mode when heated at different rates of 5–20 K/min. Notably, in an initial stage of α = 0–0.15,
all theoretical models are not fitted in the experimental data for all heating rates in the as-
prepared sample. A considerable reason is that a variation occurred in the morphology of
the sample due to the coagulation and sintering of particles subjected to high temperatures
during the initial stage of the HC mode, then multiple pathways of oxygen release within
the sample were formed. This means that an oxygen release mechanism is not possible
for a certain model in this stage of the HC mode. This assumption is supported by the
results of the master plot for the long-term cycled sample, in which the morphology of
the sample was stabilized at high temperatures. For the long-term cycled sample, the A2,
A3, and A4 models were fitted to the experimental data with different heating rates in
the initial stage (Figure 5). Except for the initial stage, the theoretical models needed for
the as-prepared sample to fit the experimental data for all heating rates are the R3 and
F1 models. To quantitatively evaluate the suitability of the experimental data against the
fraction conversions for the estimated models, the RSS values for the R3 and F1 models
are shown in Figure 8b,c. As seen in Figure 8b, the RSS value for the R3 model for heating
rates of 10–20 K/min is in good agreement with the experimental data in the range of
α = 0.15–1.0. The experimental data for a heating rate of 5 K/min were fitted in the range of
α = 0.30–1.0. As shown in Figure 8c, the RSS values for the F1 model for all heating rates are
less than RSS = 0.01 in the range of α = 0.35–1.0. The results indicate that both models can
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describe the reaction mechanism of the HC mode in the range of α = 0.30–1.0. In addition,
the experimental data in the range of α = 0.15–0.3 desirably correspond to the R3 model.

Figure 8. (a) Comparison of experimental kinetic data (circles) for the as-prepared sample and
predicted reaction model (curves) against variations of fractional conversion of α. To estimate which
reaction model fitted the experimental data, all possible theoretical models were examined. The RSS
values of estimated (b) R3 and (c) F1 reaction models against variations of fractional conversion for
all heating rates.

The pre-exponential factor A for the estimated R3 and F1 models can be calculated
from the intercept of Equation (11a). Figure S3 shows the plots of the estimated pre-
exponential factor A of the R3 and F1 models, together with the SD (shown as error bars)
against α for all heating rates during the HC mode. As seen in Figure S3a, the values of
A for the R3 model fluctuate with a large SD but are almost the same for all heating rates,
with 7.28× 1023 (1/min) on average. For the F1 model, the estimated average of A for
all heating rates was estimated as 2.92× 1024 (1/min) as an independent function of the
heating rate (Figure S3b). Therefore, the rate equations for the HC mode of the as-prepared
sample are:

R3 model;
dα

dt
= A exp

(
− Ea

RT

)
f (α) = 7.28× 1023 exp

(
−5.60× 105

RT

)
× 3(1− α)2/3 (19)

F1 model;
dα

dt
= A exp

(
− Ea

RT

)
f (α) = 2.92× 1024 exp

(
−6.51× 105

RT

)
× (1− α) (20)

Figure 9 shows the validation of the estimated R3 and F1 models of the rate equation
formulated in Equations (19) and (20) compared with the experimental fractional conver-
sions. It appears that in comparison to the F1 model, the formulated R3 model for all
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heating rates fit well in the range of α = 0.15–0.30. In the range of α = 0.3–1.0, both models
can equally describe the experimental data. These results indicate that the estimated pre-
dictive models of the HC mode are in good agreement with the experimental data for the
as-prepared samples. This proves the validity of the applied reaction model for describing
the reductive kinetics of (Mn0.8Fe0.2)2O3. The small deviation in the predicted conversion
from the experimental data in the initial stage of α = 0–0.15 may be due to the higher
activation energy than the average value and fluctuating pre-exponential factor, as well as
the slow internal diffusion of the oxygen gas that was released in the sample mounted on
the TGA equipment.

Figure 9. Temperature variation in the fractional conversion, α, of the as-prepared sample during
the HC mode for experimental (black curve) and predicted reaction models (red and blue curves for
R3 and F1 models, respectively); the data of heating rate (a) 5 K/min, (b) 10 K/min, (c) 12 K/min,
(d) 15 K/min, (e) 20 K/min. The curves are compared in these figures for validation of the predicted
reaction model.

From the viewpoint of the variation in the activation energy and the RSS values, it
appears that for the as-prepared sample, the R3 model could describe the kinetics of the
HC mode in the initial–middle stage of α = 0–0.45, while the models of both R3 and F1
could be explained in the range of α = 0.46–1.0.

3.4. Comparison with the Previous Kinetic Analysis of the HC Mode

The results of the kinetic analysis of the HC mode for the long-term cycled and as-
prepared samples are compared with the previous kinetic analysis in Section 3.4. The
chemical composition of the sample, the test conditions, and the previous kinetic data
(estimated reaction model, activation energy, Ea, and pre-exponential factor, A) reported in
the literature [65,66,77–80] are summarized in Table S3. The kinetic equations of the HC
mode in the present and previous studies [68,69,80–83] are listed in Table 1. The kinetic
data and equations for the non-substituted Mn2O3 samples were cited for comparison. The
reaction models were estimated using different Fe substitution levels and atmospheres in
previous studies. In the present study, the kinetics of (Mn0.8Fe0.2)2O3 were formulated
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and evaluated under an oxygen-containing gas stream (PO2 = 0.168 bar), assuming that
the samples were utilized as a thermochemical storage medium in a temperature swing
process during the thermochemical HC and HD modes. The results for both samples in this
study show that (1) the morphology of the sample can affect the kinetic behavior of the HC
mode and (2) the rate-determining step of the HC mode can change with the progression of
the reductive chemical reaction with the phase transition. Notably, the kinetic equations of
the HC mode were evaluated under a specific gas–solid contact in the TGA equipment. In
comparison with the results listed in Table S3, the chemical composition of the sample and
test conditions (chemical composition and flow rate of the passing gas, PO2, temperature,
and gas flow direction in the test equipment) are important factors governing the kinetics
of the HC mode, releasing oxygen gas from the solid sample in a gas stream with an oxygen
partial pressure at high temperatures.

Table 1. Kinetic equations of the HC mode for the present and previous studies using Fe-substituted
Mn2O3. The kinetic data for non-substituted Mn2O3 samples are listed as a comparison.

Material Atmosphere Reaction
Model Equation (dα/dt) References

As-prepared
sample

(Mn0.8Fe0.2)2O3
Air:N2 = 4:1

R3 (α = 0–1.0) dα
dt = 7.28× 1023 exp

(
− 5.60×105

RT

)
× 3(1− α)2/3

Present
studyF1 (α = 0.46–1.0) dα

dt = 2.92× 1024 exp
(
− 6.51×105

RT

)
× (1− α)

Long-term cycled
sample

(Mn0.8Fe0.2)2O3
Air:N2 = 4:1

A2
(α = 0.20–0.48)

dα
dt = 8.38× 1018 exp

(
− 4.67×105

RT

)
× 2(1− α)[− ln(1− α)]1/2

Present
studyR2 (α = 0.49–1.0) dα

dt = 3.15× 1015 exp
(
− 3.89×105

RT

)
× 2(1− α)1/2

Mn2O3 N2 F1 dα
dt = 8.71× 109 exp

(
− 2.54×105

RT

)
(1− α) [77]

(Mn0.8Fe0.2)2O3 Ar
Sestak-

Berggren
(A3→A4)

dα
dt = 4.2× 1019 exp

(
− 3.71×105

RT

)
α1.75 × (1− α)0.7[− ln(1− α)]−0.75 [65]

(Mn0.33Fe0.67)2O3 Ar D3 dα
dT = 3.15×1015

β exp
(
− 426.13±0.04

RT

)
3(1−α)2/3

2[1−(1−α)
1
3 ]
× (1− PO2

PO2,eq
)

25.01 [69]

(Mn0.75Fe0.25)2O3 N2

A
(n = determined

by exp)

dα
dt = 2.74× 1013/s exp

(
− 3.56×105

RT

)
×

1.95(1− XRed)[− ln(1− XRed)]
(1− 1

1.95 ) × (1− PO2
PO2, eqll (TRed)

)
4.55 [66]

Mn2O3

N2 A2 dα
dt = (1.72− 1.80)× 1018 /s exp

(
− (2.68−2.81)×105

RT

)
×2(1− α)[− ln(1− α)]1/2

[79]
Air A1.2 dα

dt = (8.09− 9.12)× 1018/s exp
(
− (1.03−1.37)×106

RT

)
×1.2(1− α)[− ln(1− α)]1.2

Mn2O3 Ar D1 dα
dt = 1.39× 109/s exp

(
− 3.62×105

RT

)
× 1

2α
[80]

In the long-term cycle sample, the A2 model could explain the reductive kinetics of
(Mn0.8Fe0.2)2O3 in the initial–middle stage, whereas the R2 model fit in the middle–final
stage of the HC mode. The An model assumes a series of nucleation–growth processes as
follows: (1) the formation of nuclei in a nucleation site; (2) growth and further nucleation;
(3) an overlap of the nuclei; (4) ingestion of the nucleation site; (5) continued growth. The
orders of nucleation are classified as A2, A3, or A4 to reflect the exponential terms in the
reaction models shown in Table S2. The values of the exponent n for the An model indicate
the different types of reaction mechanisms, as cited from the literature [81]. The A2 model
obtained from the long-term cycled sample can be formally interpreted as an instantaneous
random nucleation and two-dimensionally spread reductive reaction in the initial–middle
reductive stage.

The geometric contraction models (R1–R3) assume that nucleation occurs rapidly
on the surface of the solid. The reaction is controlled by the resulting reaction interface,
progressing toward the center of the solid. Thus, different mathematical models have
been derived for different solid shapes. When the solid particle was assumed to have a
cylindrical shape, the contracting area (R2) model was employed, whereas when a spherical
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or cubic shape was assumed, the contracting volume (R3) model was employed. The R2
model for the long-term cycled sample can be construed as the middle–final stage of the HC
mode as follows: the nucleation and reaction proceed and spread within the contracting
area of the cylindrical network structure with three-dimensionally connected particles.

In contrast, in the as-prepared sample, the R3 model could account for the reductive
behavior over a very wide range of α = 0.15–1.0. In addition, the F1 model can explain in
the range of α = 0.3–1.0. Owing to the morphology-forming agglomeration of particles
with a spherical or cubic shape, nucleation occurs on the surfaces of the particles and the
reductive reaction spreads inside the agglomeration (R3 model). In the reaction-order
models (F0–F3), the reaction rate is proportional to the value of α, raised to a power that
represents the reaction order. These types of models are the simplest of all kinetic models
and are similar to those used in the homogeneous kinetics [75,76]. The F1 model is the
simplest model, and it is similar to the homogeneous kinetics. The first-order model (F1),
also called the Mampel model, is a special case of the An model, with n = 1. The solid–gas
reaction processes involved in the thermal oxidation of porous silicon and desorption from
the silica surface were reported to follow a first-order model [82,83].

4. Summary

The long-term thermal cycling stability of 20 mol% Fe-substituted Mn2O3 over 300 runs
of thermochemical energy storage was studied using a temperature swing process to evalu-
ate the repeatability and stability of the sample from the perspective of the microstructural
characteristics and thermodynamic phase transitions. The kinetic analysis of the HC mode
for the sample subjected to the long-term thermal cycling test with a temperature swing
under a constant oxygen partial pressure was studied and compared with that of the
as-prepared sample. Finally, the kinetic results in the present study were compared with
the kinetic equations formulated under various test conditions in previous reports.

All of the diffraction peaks assigned to the (Mn0.8Fe0.2)2O3 phase were indexed, and
the lattice cell parameters of the solid phase were evaluated via Rietveld refinement of
the structure model. The SEI photographs show a plate- and particle-like morphology
with angular and irregular shapes for the as-prepared sample. In contrast, multiple round
particles appeared in the sample used in the long-term cycling test. The particles coarsened
and connected, similarly to the three-dimensional shape of the porous body, as compared
to the as-prepared sample. The morphological features allowing the passage of the gas
phase in the 3D structure of the long-term cycled sample may provide long-term thermal
stability at high temperatures during the HC–HD cycle. According to the thermodynamic
phase diagram of the Mn-Fe-O system, samples of the chemical composition enable the
reversible phase transition between the bixbyite and spinel structures to occur without
a region (or with a very narrow region) where the two phases co-exist. This is achieved
using the swing temperature process in a gas stream containing oxygen. The reliability and
long-term thermal stability of the HC–HD cycle for the samples were evaluated using TGA.
These results imply that the sample can provide repeatable endothermic and exothermic
capacities over a long duration.

The kinetics of the HC mode for the long-term cycled and as-prepared samples were
analyzed using a combination of the Friedman and non-isothermal master plot methods to
formulate the kinetic equation and describe the reaction mechanism by determining the
appropriate reaction model. The RSS method was applied to identify the reaction model
for both samples by evaluating quantitative differences between the experimental and
estimated models. The RSS value for the long-term cycled sample was minimized for the
A2 and R2 models at all heating rates. Therefore, from the viewpoint of the variations in
the activation energy and quantitative analysis of model fitting, it is concluded that the best
estimates for the theoretical reaction model are the A2 model in the range of α = 0.20–0.48
and the R2 model in the range of α = 0.49–1.0 during the HC mode.

The fractional conversions predicted from the rate equations formulated for both samples
using the temperature swing method were in good agreement with the experimental data.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15134812/s1, Table S1. Tentative values of apparent activation
energy of Ea and coefficient determination of R2 for the long-term cycles sample during the HC
mode. Table S2. Various theoretical reaction models for kinetic analysis of solid-state reactions. Table
S3. Chemical composition of test material, test atmosphere, and kinetic data of HC mode for the
present and previous studies using Fe-substituted Mn2O3. The kinetic data for non-substituted
Mn2O3 samples are listed as a comparison. Figure S1. The RSS values of estimated (a) A2 and (b) R2
reaction models against variations in fractional conversion during the HC mode at all heating rates.
The experimental kinetic data of the long-term cycled sample are fitted to the estimated A2 and R2
reaction models. The RSS values are calculated. Figure S2. Relationship between pre-exponential
factor, A, of (a) A2 model and (b) R2 model and heating rate, β, for the long-term cycled sample.
Error bar of all plots is standard deviations in all fractional conversion ranges of α = 0–1.0. Figure S3.
Relationship between pre-exponential factor, A, of (a) R3 model and (b) F1 model and heating rate, β,
for the as-prepared sample. Error bar of all plots is standard deviations in all fractional conversion
ranges of α = 0–1.0.
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