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A thermochemical energy storage (TCES) system can adjust problems of unstable energy supply for solar

concentrating power plants. Mn2O3/Mn3O4 system is a promising TCES system, but it has the problem of

a difficult reoxidation process. In this paper, TiO2 was doped into the manganese oxide TCES system to

solve this problem and the factors which influence the performance of this method were analyzed. The

different performances between commercial Mn2O3 (Mn) and Mn2O3 synthesized by the Pechini method

(PCMn), and different scales of doping agents (25Ti, 100Ti) were compared. Because of the formation of

the Mn2TiO4, adding TiO2 into the manganese oxide TCES system could improve its reoxidation process

obviously. During single complete redox process, PCMn had better performance than Mn whether

doped with TiO2 or not, but Mn had a higher optimum oxidation temperature and a narrow temperature

range of the redox reactions after adding TiO2. Adding 25Ti could bring higher energy storage density

than adding 100Ti, and the optimal doping ratio was 0.05. As the doping ratio of 25Ti was increased, the

activation energy (Ea) was increased and then decreased. The Ea of the samples doped with 25Ti was

higher than that doped with 100Ti. Moreover, the Ea of the 25Mn0.05 was decreased firstly and then was

increased in the later stage of the reaction. The doped Mn samples exhibited better performance and

lower attenuation than the doped PCMn samples after 30 cycles. During cyclic tests, the Mn2TiO4 was

initially formed at the boundary between Mn2O3 and TiO2, and it was generated continuously with the

extension of operating time. Therefore, the operating temperature, morphology of the Mn2O3, the

doping agents, the doping ratio, and the phase change with the operating time should be all considered

when doping TiO2 into the Mn2O3/Mn3O4 TCES system to improve its performance. Moreover, the

results obtained from Mn–Ti systems would make a lot sense when other similar systems are

considered, such as Mn–Fe, Mn–Si, Mn–Cr, etc.
1. Introduction

With the continuous population growth, the energy demand of
human beings is on the rise. Direct burning of fossil fuels is one
of the main ways to obtain energy, but it causes a lot of prob-
lems, such as environmental pollution and greenhouse gas
emissions. Hanif et al.1 investigated the effects of burning fossil
fuels on the triggered CO2 emissions in emerging Asian econ-
omies. They demonstrated that most of the environmental
degradation in Asia is caused by fossil fuels rather than other
factors. Therefore, replacing fossil fuels with green renewable
energy is very important for the sustainable development of
human society, and renewable energy sources have become of
main interest for clean energy production in recent years. Due
to its green and renewable characteristics, solar energy has been
University of Shanghai for Science and
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3758
widely studied as an alternative to fossil fuels. With the devel-
opment of technology, the efficiency of solar energy equipment
is higher. Gradually, solar power generation can be divided into
two types – solar photovoltaic power generation and solar
thermal power generation. A concentrating solar power (CSP)
plant is a kind of solar thermal power generation scheme, which
transforms sunlight to electrical energy involving sunlight to
heat and heat to electricity. However, it exhibits the inherent
disadvantages of the instability of power generation, which is
varied with the season, weather, and many other factors.2

Therefore, heat storage systems are commonly implemented in
CSP to improve efficiency. Nowadays, the percentage of
concentrating solar power plants with heat storage systems has
been reached around 70%, and the most used heat storage
system includes molten salt, the concrete and steam systems
followed.3,4 Molten salt and steam systems belong to latent heat
storage technology, the concrete system belongs to the sensible
heat storage system. The heat storage technology can be divided
into three types according to the physicochemical phenomena
involved in the process: latent heat storage, sensible heat
© 2021 The Author(s). Published by the Royal Society of Chemistry
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storage, and thermochemical energy storage (TCES). Compared
with sensible heat storage and latent heat storage, thermo-
chemical energy storage presents advantages of longer trans-
portation distance of energy, no attenuation, and higher energy
storage density.5 The thermochemical energy storage system
can be further divided into hydrides, hydroxides, carbonates,
and metal oxide systems. Due to the advantages of no need of
gas storage, air can be used as heat transfer uid and reactant,
fast kinetics, and easily tenable composition for metal oxide
TCES system, it had attracted wide attention recent years.6 For
TCES process, the thermal energy is stored during the endo-
thermic reaction step and released in a subsequent exothermic
reaction. Taking Mn2O3/Mn3O4 system as an example, Mn2O3 is
heated above 950 �C in the charging step, triggering the endo-
thermic reaction, and the heat is used to dissociate Mn2O3 to
products Mn3O4 and O2. In the discharging step, the reduced
Mn3O4 is oxidized to Mn2O3 in the exothermic reaction when
the temperature is below 840 �C, releasing heat corresponding
to the reaction enthalpy. The reversible reaction of the manga-
nese oxide system used for thermochemical energy storage is as
follows (eqn (1)):

Mn2O3 4 M3O4 + O2, DH ¼ 202 kJ kg�1 (1)

The materials used in thermochemical energy storage
mainly include redox oxides, hydroxides, hydrides, and
carbonates, which can be applied under different applied
temperature ranges and scenarios regarding the cost, the energy
storage density, the reversible reactions occurring at the oper-
ational temperature of the CSP plant and the feasibility in
chemical modication to attain the thermochemical redox
properties. The system based on metal oxides presents the
advantages of utilizing ambient air simultaneously as the
carrier of the reaction gas O2 and heat transfer uid (HTF)
which generally operated at the temperature range of 800–
1200 �C at ambient pressure. Meanwhile, the direct contact heat
transfer between the gas (air) and the solid storage material
(metal oxide) is very convenient, and the additional high-
temperature heat exchanger is therefore not necessary. In
metal oxide systems, the most attractive are those based on
CoO/Co3O4, Mn2O3/Mn3O4, Fe2O3/Fe3O4, CuO/Cu2O, and
perovskite oxides. Among them, the manganese oxide system is
kind of relatively more researched TCES material system.
Manganese oxide mainly consists of four kinds of metal oxides
depending on the valence of manganese: MnO2, Mn2O3, Mn3O4,
and MnO. Among them, MnO2 and Mn2O3 are irreversibly
converted at ambient pressure while Mn3O4 can only be con-
verted to MnO at about the temperature above 1700 �C. The
transformation between Mn2O3 and Mn3O4 is reversible at
about 500–1050 �C, which is highly in accordance with the
temperature range of the high-temperature thermochemical
energy storage used for the concentrated solar plants.7 More-
over, because the abundance of manganese in nature, less
toxicity to human health in contrast to cobalt oxide, lower price,
and its relative mature technology. The Mn2O3/Mn3O4 TCES
system was regarded as the most promising TCES material
system at present. Even though Mn2O3/Mn3O4 system exhibited
© 2021 The Author(s). Published by the Royal Society of Chemistry
a lower energy storage density (�202 kJ kg�1) compared with
other material systems, it still has twice or more energy storage
density compared with other energy storage systems.3,8

However, pure manganese oxide presents the obvious
disadvantage of the slow reoxidation kinetics of the Mn3O4. So,
further modications of manganese oxide are always needed for
the usability of the Mn2O3/Mn3O4 couple. These modication
methods can be mainly divided into four aspects: the regulation
of the physical properties of Mn-based oxide powders, the
incorporation of other transition metals, the adjustment of the
reaction gas atmosphere, and shaping the oxide powders into
honeycomb or pellets.3,5,7,9 Carrillo et al.10 explored the inuence
of the initial particle size of manganese oxide on its redox
reaction. It was found that the degradation of the redox
behaviour was greatly affected by particle size. The decrease in
the size led to a shi of oxidation temperature to lower values
and slowed down the reduction/oxidation reactions. Further-
more, particles followed different sintering mechanisms, which
is depended on the particle size. During the sintering process,
the particles with small size tended to densify while large
particles were mainly affected by coarsening. Finally, smaller
particles suffered more from a higher degree of densication,
which hindered the transfer of oxygen and caused a total loss of
cyclability. However, there is still no effective method to solve
the problem of the reoxidation process from point of view of
manganese oxide itself. Müller et al.11 found that Mn3O4 can be
completely oxidized to Mn2O3 in a pure oxygen atmosphere.
However, the conversion rate can only reach 72.8% in the air
atmosphere. Shaped pelleting refers to pressing the powders
into bodies with a specic structure, such as globule and
extruded honeycomb, or depositing the powders on the surface
of cordierite directly.7 Compared with oxide powders, the Mn-
based material with specic shape and structure can effec-
tively reduce the ow pressure drop. Besides, the reaction
process further is enhanced due to the improved thermal
conductivity of the structured body.9 However, there was still no
obvious improvement in the reoxidation process by using both
of the above methods.

The chemical modications based on the incorporation of
second cations into manganese oxide have aroused great
interest in the eld of the improvement of materials during the
reoxidation process for thermochemical energy storage (TCES).
In this way, higher reoxidation rates, better long-term cycling
stability, and narrowed thermal hysteresis of the redox Mn2O3/
Mn3O4 couple can be obtained.5 For example, Fe-doped
manganese oxide had been widely reported to present
increased performance of reoxidation in comparison to the
corresponding transition from pure Mn3O4 to Mn2O3. The
improved kinetic characteristics are attributed to an enlarge-
ment of Mn–O lengths of Mn2+ cations induced by the forma-
tion of Mn–Fe spinel, which thus enhances the transport of
oxygen species through the lattice during oxidation.12,13

However, the Mn–Fe system still has the problem of degrada-
tion of performance aer several cycles. Therefore, the intro-
duction of TiO2, ZrO2, CeO2, and copper nitrate into the Mn–Fe
system are applied to obtain a lower sintering degree, narrower
thermal hysteresis, and maintain the better TCES capacity aer
RSC Adv., 2021, 11, 33744–33758 | 33745
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multiple cycling tests.14–16 In addition to Fe doping, some other
Mn-based thermochemical energy storage materials also have
been studied. For example, Bielsaa et al.17 and Yilmaz et al.18

found that doping SiO2 to manganese oxide also can form
a kind of oxygen carrier to improve the performance of reox-
idation. Beyond that, Bielsaa et al.17 found that because of
a higher chemical valence of Si4+ and smaller size of SiO2

doping Mn2O3 system, the sintering of materials system could
be inhibited from the point of view of solid-phase sintering and
liquid-phase sintering. Solid-phase sintering can be divided
into densication and grain growth, both of which depend on
the mass transport rate on the grain boundary. Doping SiO2 can
reduce the mass transport rate on the grain boundary to retard
the solid-phase sintering; liquid phase sintering is caused by
the incomplete transformation of Mn2O3 to Mn3O4. When the
temperature exceeds the melting point of Mn2O3 (around 1080
�C), some Mn2O3 turned into the liquid phase. The addition of
SiO2 will promote the transport of oxygen species in the system
and improve conversion efficiency, thus inhibiting the occur-
rence of liquid phase sintering. Unfortunately, although this
method can inhibit sintering, it cannot be completely avoided.
In addition to examining the effects of different types of
dopants, Carrillo et al.19 further investigated the effect of the
doping ratio of Cr on the manganese oxide TCES system. The
optimal doping amount of 5% was found while the addition of
more than 10% was reported to have a negative effect in the
temperature range of 600–1000 �C because of the formation of
Mn–Cr spinel. Carrillo et al. also found that 20.8% of doping
content of Fe2O3 into Mn2O3 is the optimum doping ratio, and
the temperature difference between reduction and oxidation
could decline to 113 �C.20 Therefore, the doping ratio of the
dopant also should be considered. In addition to the doping
systems mentioned above, the doping of TiO2 whose chemical
valence of Ti4+ was higher than Mn3+ used for the chemical
looping processes was studied by Abad et al.21 The author tested
the oxygen transport capacity of the Mn–Ti system at 850 �C and
940 �C. As the MnTiO3 (pyrophanite) is going to be generated at
a high temperature which has excellent oxygen transport
capacity.22 Therefore, doping TiO2 could improve the oxygen
transport performance of the system, and they thought the best
performance of oxygen transfer can be reached at the weight
ratio between 0.15 and 0.2. Combining it with the previous
researches about Mn2O3/Mn3O4 TCES system, doping TiO2 to
manganese oxide TCES system may also have an effect on
improving the performance of reoxidation and avoid the prob-
lems of sintering like that in the Mn–Si system aer multiple
cycles under TCES process. Therefore, we further explored the
reactivity and cyclic performance of the Mn–Ti system in this
paper. Considering the results of previous research, the effect of
different doping ratios of TiO2 also was investigated. Specially,
we further explored the inuence of nanoscale of the dopants
and the morphology of Mn2O3 on the TCES process which was
not mentioned in the previous research.

Expect for simple comparisons of performance, we also
performed kinetic calculations to further reveal the difference
in reactivity among different samples. Generally, the reaction
process of TCES is a gas–solid non-catalytic reaction. In the eld
33746 | RSC Adv., 2021, 11, 33744–33758
of the TCES system, the activation energy of the reaction could
exhibit the energy barrier of the reaction, higher activation
energy means that the reaction could happen at a higher
temperature. The addition of the dopant could change the
activation. For example, Carrillo et al. found that the activation
energy during reduction would increase aer adding Cr in the
material, and Na Shao found that the activation energy during
oxidation reaction will decrease dramatically with the deep-
ening of the reaction degree.21,23 Therefore, we also did similar
research about the activation energy during the oxidation
reaction of the Mn–Ti TCES system.

The studies regarding the mechanisms of the gas–solid non-
catalytic reactions of metal oxides redox systems are still not
clear. Therefore, the empirical models are generally applied to
describe the reaction process. The widely used model of the
non-catalytic reaction rate can be written by eqn (2).24

r ¼ kf(a) (2)

In the TCES process, k(T) is represented by a rate constant,
which is empirically described based on the Arrhenius formula
in general. f(a) is related to the extent of the conversion and the
applied partial pressure of the reaction gas (pO2). It has been
widely reported that thermogravimetric measurements analysis
can provide the basis for the kinetic analysis of the redox
reaction.25–27 In this way, the multiple rate scanning method is
generally applied to obtain the reaction activation energy
directly while the solution of the reaction mechanism function
is not necessary. Thus, the error effect from the assumed
mechanism function is avoided.26,27

By now, the redox Mn2O3/Mn3O4 couple has been widely
studied in the thermochemical energy storage system. A variety
of approaches have also been investigated to improve the
kinetic characteristics and cycle performance. However, there
was still no solution to balance the oxidation performance with
the cyclic performance. Abad et al. have done a comprehensive
job of adding TiO2 to Mn2O3 to improve its oxygen transport
performance during chemical looping processes.21 Based on
their results, we further investigated the reoxidation perfor-
mance and cyclic performance of the Mn–Ti system during the
TCES process in this paper. Additonally, we further researched
the inuence of different morphology of dopant and manga-
nese oxide on TCES process, and the relevant kinetic analysis
was also made. This work can provide helpful information for
further investigating the material behaviour of the Mn2O3/
Mn3O4 couple.
2. Experiment
2.1. Materials preparation

Mn2O3 powder was taken as our raw material which was
synthesized by the modied Pechini method (PCMn).28 The raw
materials of PCMn were Mn(NO3)2$4H2O (Damas-beta, 99%),
citric acid (General-reagent, 99.5%), and ethylene glycol
(Damas-beta, 99%). The molar ratio of Mn(NO3)2$4H2O : citric
acid : ethylene glycol was 3 : 15 : 10. The three ingredients were
dissolved in deionized water rstly, then the solution was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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stirred and dried in a magnetically heated blender at 80 �C to
form a sol. And then the sol was put into the drying oven under
100 �C for 12 hours to get the gel. Finally, the gel was calcined at
450 �C and 700 �C for 4 hours respectively to get the powder. For
comparison, the manganese oxide powder from the commercial
source was also used (Damas-beta, 98%). The as-received TiO2

nanoparticles of 25 nm and 100 nm (99.8%, Sigma Aldrich) were
used as doping agents. The doped samples were prepared by
mixing the TiO2 nanoparticles and Mn2O3 powders mechan-
ically with the Ti : (Ti + Mn) molar ratios of 0.05, 0.1, 0.15, 0.2,
and 0.25, respectively. To obtain a homogeneous mixture, the
mixing process lasted 30min. The composition and Ti/(Ti + Mn)
molar ratios of the doped samples are listed in Table 1.

2.2 Materials performance and oxidation kinetics studies

The performance tests of samples were performed in a ther-
mogravimetric analyzer (Shanghai Innuo, Q-TGA-1250C) with
a Sartorius thermobalance in the air atmosphere of 100
ml min�1. The redox reversible reaction of the manganese oxide
involved two steps: reduction and reoxidation. In the endo-
thermic reduction step, the Mn2O3 sample was reduced to
Mn3O4 and the temperature was increased from 600 �C to
1000 �C at a heating rate of 10 �C min�1. Then in the following
exothermic reoxidation step, the reduced sample was oxidized
when the temperature was decreased to 600 �C at a cooling rate
of 10 �C min�1. The temperature was maintained at 600 �C for
30 min to complete the oxidation step.

The reoxidation kinetics was studied by thermogravimetric
analysis using multiple scanningmethods.19,23 In this paper, the
characteristics of reaction kinetics of the material system were
considered only in the air atmosphere. The multiple heating
and cooling rate scanning method was used for thermal anal-
ysis kinetics. Arrhenius type law was used to describe the non-
isothermal chemical process in this paper,29,30 shown as:

da

dt
¼ KðTÞf ðaÞ ¼ A

b
exp

�
� E

RT

�
f ðaÞ (3)
Table 1 The material composition of the experimental group

Sample Materials
Ti/(Ti + Mn)
molar ratio

PCMn0 PCMn 0
25PCMn0.1 PCMn + 25Ti 0.1
25PCMn0.05 PCMn + 25Ti 0.05
25PCMn0.15 PCMn + 25Ti 0.15
25PCMn0.2 PCMn + 25Ti 0.2
25PCMn0.25 PCMn + 25Ti 0.25
Mn0 Mn 0
100PCMn0.05 PCMn + 100Ti 0.05
100PCMn0.1 PCMn + 100Ti 0.1
100PCMn0.15 PCMn + 100Ti 0.15
100PCMn0.2 PCMn + 100Ti 0.2
100PCMn0.2 PCMn + 100Ti 0.2
100PCMn0.25 PCMn + 100Ti 0.25
25Mn0.05 Mn + 25Ti 0.05

© 2021 The Author(s). Published by the Royal Society of Chemistry
a ¼ m0 �mt

m0 �mf

(4)

where t is the time, T is the temperature, A is the pro-
exponential, E is the activation energy, R is the gas constant,
f(a) is the reaction model, a is the conversion rate, m0 is the
initial weight of material before reaction, mt is the weight of
reactant during the reaction, mf is the nal weight of reactant
aer the reaction. Ozawa and Friedman methods were used to
calculate the activation energy of the reaction between 400 �C
and 1000 �C.31,32 The heating and cooling rates of 5 �C min�1,
10 �C min�1, and 15 �C min�1 were applied for calculation. The
methods are as follows:

For the Ozawa method,

lg b ¼ lg

�
AE

RGðaÞ
�
� 2:315� 0:4567

E

RT
(5)

where b is heating and cooling rate, G(a) is a function of a, and
T is temperature, E is the activation energy.

For the Friedman method,

ln

�
b
da

dT

�
¼ lnðAf ðaÞÞ � E

RT
(6)

where T is the temperature, a is the conversion rate, b is heating
and cooling rate, E is the activation energy.

During cyclic performance tests which are without the
thermostatic phase, the upper and lower temperatures were
600 �C and 1000 �C respectively. The rate of temperature rising
and cooling was 10 �Cmin�1. A total of 30 cycles was performed.
The weight gain ratio of the last cycle was used as the
comprehensive performance evaluation standard.

To avoid the effects of zero dri of dynamic balance (0.1 mg
each 2 hours) and thermogravimetric noise, especially for the
samples which has a low weight change ratio, around 200 mg of
materials was placed in the crucible and the height of the
material was controlled within 5 mm during the performance
tests.
2.3 Materials characterization

The structural analysis of the powders was characterized by X-
ray powder diffraction (XRD) using a Siemens™ D5000 X-ray
diffractometer using Cu-Ka radiation (l ¼ 1.5406 Å) at the
scanning rate of 0.2� s�1 and the 2-theta range was 10–80�.
Transmission Electron Microscope (TEM) images were taken
using a JEOL JEM-2100F microscope operated at 200 kV. Before
themeasurement, samples were previously dispersed in ethanol
and sonicated for 5 min. Then the solution was transferred onto
a holy carbon lm xed on a 3 mm copper grid.
3. Results and discussion
3.1 Reactive performance of the TiO2 doped samples

The morphologies of PCMn and commercial Mn2O3 powder
obtained by the Transmission Electron Microscopy are shown
in Fig. 1. It can be seen that the manganese oxide obtained by
the modied Pechini method has the microporous structure.
Therefore, the doping agent may cannot equally distribute in
RSC Adv., 2021, 11, 33744–33758 | 33747
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Fig. 1 Morphologies of Mn2O3 powders. (a) TEM images of commercial Mn2O3 powder. (b) TEM images of Mn2O3 powder synthesized by
modified Pechini method.
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the porous structure, especially for the larger dopant powder.
This may cause that the optimal doping amount deviates from
the theoretical value. Therefore, two kinds of dopants (25 nm,
100 nm) were investigated in this paper. The name and
composition of the selected experimental samples as Table 1
shows. The XRD patterns of 25PCMn0.1, 100PCMn0.1,
25Mn0.05 before and aer the reactivity test are shown in Fig. 2.
It can be conrmed that manganese oxide powder was synthe-
sized by the Pechini method used in this paper. The obvious
diffraction peaks of TiO2 were detected in three samples before
the test, which means that no other phases were formd between
Mn2O3 and TiO2. Aer the test, diffraction peaks of Mn2O3,
Mn3O4, and TiO2 were detected in the materials. The formation
of Mn3O4 in the tested material was due to the incomplete
reaction of Mn3O4 during the oxidation stage. It was important
to emphasize that TiO2 was still detected in the testedmaterials,
and there was no obvious diffraction perk of MnTiO3 or some
similar phases (e.g., Mn2TiO4). However, it can be found that the
Fig. 2 XRD patterns of 100PCMn0.1, 25PCMn0.1, and 25Mn0.05. (a) The
the test of reactive performance.

33748 | RSC Adv., 2021, 11, 33744–33758
oxidation process was signicantly enhanced as the TG results
shown in Fig. 3. Therefore, the reason for enhancing the reox-
idation process by adding TiO2 into Mn2O3 may be different
from the chemical looping process which explored by the
previous research,20 and we will further explore this by TEM in
Section 3.3.33 In this paper, Mn3O4 absorbed heat by being
oxidized and thus plays the effect of releasing energy. Its
percentage of weight gain was closely related to the heat release.
Therefore, the change of the weight gain ratio in the reoxidation
process indicates the change of the density of energy storage as
the previous research did.17,18 The energy storage density which
was represented as the heat absorb of materials was calculated
from the theoretical enthalpy according to the proportion of
weight gain in this paper.

Fig. 3 exhibits the TGA curves of materials under TCES
process among PCMn0, Mn0, 25PCMn0.05, and 25Mn0.05.
Table 2 exhibits the percentage of weight gain, the corre-
sponding theoretical energy storage density of the samples
samples before the test of reactive performance. (b) The samples after

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Performances of TCES of the commercial Mn2O3 and PCMn2O3

material systems doped with 25Ti.
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during reoxidation, and onset temperatures during reduction
and reoxidation processes. It could be seen that the PCMn
exhibits a good reaction rate and higher percentage of weight
gain than commercial Mn2O3 whether the TiO2 was added or
not during reoxidation process. However, the commercial
Mn2O3 system exhibited a lower attenuation than the PCMn
system aer adding TiO2 during reoxidation process. Further-
more, whether adding TiO2 or not had almost no effect on the
onset temperature during reduction process. But adding TiO2

will make the onset temperature of the oxidation process rise
signicantly, especially for the 25Mn0.05. Its temperature range
of redox was narrowed from 156.1 �C to 71 �C. In addition, as
the oxidation temperatures of 25Mn0.05 and Mn were higher,
the reoxidation of PCMn0 and 25PCMn0.05 could be nished at
600 �C, and that of the Mn0 and 25Mn0.05 was nished aer
Table 2 The percentage of total weight gain during reoxidation proce
commercial Mn2O3 and Pechini Mn2O3 doped with 25Ti systems

Sample

Percentage
of
weight gain

Theoretical energy
storage density
(J g�1)

Oxidation-
onset
temperature
(�C)

Reduction-
onset
temperatur
(�C)

Mn0 1.74 104.5 772.3 928.4
25Mn0.05 1.67 100.3 855 926

Fig. 4 Thermogravimetric curves of the doped 25PCMn samples in a re

© 2021 The Author(s). Published by the Royal Society of Chemistry
the temperature rised again. This meant that there is difference
in the optimum oxidation temperatures between PCMn and
Mn.

Fig. 4 shows the change rule of DTG (Fig. 4(b)) and TGA
(Fig. 4(a)) data of ve experiment groups of PCMn doped with
TiO2 of 25 nm (25Ti) powder. For TGA curves, the maximum
ratio of weight gain and weight loss which is corresponding to
the heat release and heat storage respectively. DTG curves could
indicate the reaction rate during the reaction process and the
temperature corresponding to the maximum reaction rate. The
temperature which is corresponding to the maximum reaction
rate from DTG curves was recognized as the optimal tempera-
ture of the reaction. Table 3 shows the maximum percentage of
weight gain, corresponding theoretical enthalpies, and the
optimal temperature during reoxidation. The optimum
temperature is the temperature corresponding to the maximum
rate of mass change. It was found that the optimal temperature
and onset temperature were increased and the peak intensity
corresponding to the optimal temperature also was enhanced
aer adding TiO2. Furthermore, the optimal and onset
temperatures showed a uptrend rst and then a downtrend with
the increasing the content of TiO2. The change of the temper-
atures can also reect the change of reaction kinetic to some
extent during reoxidation process. The specic analysis about it
would be discussed in Section 3.2. According to the previous
study,19 the range of the doping weight ratio which was con-
cerning for the best performance of oxygen transport was
between 0.15 and 0.2 under chemical looping process. However,
when the molar ratio was arrived to 0.05, the materials system
had revealed a good reaction rate and the best amount of weight
gain during TCES reoxidation process in this paper. With
ss and onset temperatures on oxidation and reduction processes for

e
Sample

Percentage
of
weight gain

Theoretical
energy
storage density
(J g�1)

Oxidation-
onset
temperature
(�C)

Reduction-
onset
temperature
(�C)

PCMn0 2.91 174.7 809.8 903.8
25PCMn0.05 2.63 157.9 816 904.7

dox cycle. (a) TGA curve; (b) DTG curve.
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Table 3 The optimal temperatures, onset temperatures and weight gains during reoxidation process of the doped 25PCMn samples

Sample

Percentage
of
weight gain
(%)

Theoretical
energy
storage density
(J g�1)

Optimum
temperature
(�C)

Onset
temperature
(�C) Sample

Percentage
of
weight gain
(%)

Theoretical
energy
storage density
(J g�1)

Optimum
temperature
(�C)

Onset
temperature
(�C)

PCMn0 2.91 174.7 697 809.8 25PCMn0.15 1.84 110.5 738 821
25PCMn0.05 2.63 157.9 735 816 25PCMn0.2 1.15 69.0 721 800.7
25PCMn0.1 2.03 121.9 743 827.4 25PCMn0.25 1.07 64.2 720 804.5
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further addition of TiO2, the energy storage density would
decrease enormously and periodically when the ratio of TiO2

exceeded 0.05 and 0.15 respectively. This kind of period
decrease also was reected in Fig. 5(b). Moreover, the reaction
rate decreased obviously when doping ratio exceeded 0.15.
Therefore, the optimal ratio of doping Mn2O3/Mn3O4 system
with 25Ti is 0.05.

Fig. 5 exhibits the TGA (Fig. 5(a)) and DTG (Fig. 5(b)) data of
PCMn doped with TiO2 of 100 nm (100Ti) powder. Table 4
indicates the relevant data during reoxidation process. It could
be seen that the samples doped with 25Ti has a higher energy
storage density corresponding to the same molar ratio of TiO2

compared with the sample doped with 100Ti from Fig. 4 and 5,
especially for the molar ratio of 0.1 and 0.15. The maldis-
tribution of 100Ti in the system may cause a decline of perfor-
mance in some particular regions of the reaction. Moreover,
both two groups revealed a good reaction rate aer adding TiO2

during reoxidation process as DTG cures shows. When the mole
ratio of the doping agent was 0.05, the optimal energy storage
density also is reached. As DTG curves shows, only
Fig. 5 Thermogravimetric curves of the doped 100PCMn samples in a r

Table 4 The optimal temperatures, onset temperatures, and weight gai

Sample

Percentage
of
weight gain
(%)

Theoretical
energy
storage density
(J g�1)

Optimum
temperature
(�C)

Onset
temperature
(�C) S

PCMn0 2.91 174.7 697 809.8 1
100PCMn0.05 2.33 139.9 737 827 1
100PCMn0.1 1.47 88.3 736 810 1

33750 | RSC Adv., 2021, 11, 33744–33758
100PCMn0.05 exhibited an appreciable peak during reoxidation
process, and the intensity of peaks of 100PCMn0.1 and
100PCMn0.15 was not high which were adjacent with
100PCMn0.2 and 100PCMn0.25. As Table 4 shows, the optimum
temperature also was increased aer adding TiO2, and the
optimum temperature was decreasing with the further addition
of 100Ti. Beyond that, the energy storage density also shows
a periodic decline trend with the increase of doping ratio which
is same as the samples doped with 25Ti. Moreover, this also
meant that this particular trend is not caused by the size of the
doping agent.

Above all, PCMn exhibited better performance than Mn
whether adding TiO2 or not during reoxidation process.
Comparing the TGA and DTG data between sample groups
doped with 25Ti and 100Ti respectively, the size dimension of
TiO2 and the amount of doping agent affected the performance
of TCES obviously during reoxidation process. It was clear that
the molar ratio of 0.05 (weight ratio of 0.025) exhibits the best
density of energy storage and good reaction rate for both of two
doping agents during reoxidation process. Moreover, adding
edox cycle. (a) TGA curve; (b) DTG curve.

ns during reoxidation process of the doped 100PCMn samples

ample

Percentage
of
weight gain
(%)

Theoretical
energy
storage density
(J g�1)

Optimum
temperature
(�C)

Onset
temperature
(�C)

00PCMn0.15 1.38 82.8 720 798
00PCMn0.2 0.93 55.8 710 790.1
00PCMn0.25 0.83 49.8 709 785.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The activation energy of oxidation reaction for different
samples solved by Ozawa method

Sample Activation energy R2

25PCMn0.05 450.18 0.9957
25PCMn0.1 637.76 0.9749
25PCMn0.15 416.09 0.9814
100PCMn0.1 451.94 0.9521
25Mn0.05 441.78 0.9829
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25Ti can bring higher density of energy storage than adding
100Ti, and there was little difference of reaction rate between
adding 25Ti and 100Ti from the DTG curves. Beyond that, the
energy storage density of Mn–Ti system exhibit a periodic
downward trend with the increase of doping ratio, and this is
not caused by the size of the doping agents. From the TGA tests,
different samples exhibit different reaction kinetics during
reoxidation process. Moreover, because there was no obvious
diffraction peak of new phase which was deemed to the reason
for a higher oxygen transport capacity of the Mn–Ti system, we
will further explore whether there is new phase formation in the
material system in Section 3.3.
Table 6 The activation energy of oxidation reactions for different
samples solved by Friedman method

Sample Activation energy R2

25PCMn0.05 431.57 0.9916
25PCMn0.1 621.97 0.9586
25PCMn0.15 425.41 0.9555
100PCMn0.1 430.13 0.9632
25Mn0.05 456.11 0.9894
3.2 Kinetic analysis

In Section 3.1, it can be seen that different experimental groups
have different thermodynamic behaviors. Therefore, to further
explore the difference among each sample on thermodynamic
behaviors, the kinetics calculation was conducted to show the
change in activation energy (Ea) aer adding the TiO2 powder
under different conversion rates in this section, which can help
us to nd a more suitable redox temperature range. Because the
sample groups of the 25PCMn had better energy storage density
and 25Mn0.05 exhibited a narrow temperature range of redox.
So, in this section, 25PCMn0.05, 25PCMn0.1, 25PCMn0.15 were
chosen to explore the inuence of the molar ratio of TiO2 on
activation energy. 100PCMn0.1 was selected to analyze the
effects of different morphology scales of the dopant on activa-
tion energy. Furthermore, 25Mn0.05 was explored to comparing
the difference between commercial Mn2O3 and Mn2O3 synthe-
sized by the Pechini method on activation energy (Ea). As the
reduction process of Mn2O3/Mn3O4 was mainly controlled by
heat transfer,10 and the addition of TiO2 did not affect the onset
temperature of reduction process in Section 3.1.21 Therefore, we
only analyzed the change of activation energy during oxidation
reaction with adding TiO2 in this paper.

The multiple rate sweep method was used to calculate acti-
vation energy during reoxidation process. Ozawa method, as an
integration method, has the advantages of avoiding the error
caused by reaction mechanism function (G(a)) to solve the E
compared with other methods. In the Ozawa method, the Ea
could be solved by the linear relationship between lg bi and 1/
Tpi. The activation energies of oxidation reactions for different
samples were solved by the Ozawa method as Table 5 shows.
According to the previous study, Friedman method which is
a differential method can give more accurate values of activa-
tion energy than Ozawa method.32 Therefore, Friedman method
was used to verify the accuracy of the calculation. The Ea was
solved by the liner relationship between ln(bda/dT) and 1/T. To
avoid the measurement error at the beginning and the end of
the reaction, the conversion rate (a) range was between 0.2 and
0.8, the step size is 0.1.

As Tables 5 and 6 show, the activation energy solved by
Ozawa and Friedman methods demonstrated an acceptable R2,
and the difference between Ea solved by Ozawa and Friedman
methods is very small which proving the accuracy of the
calculation. Tables 5 and 6 indicate that activation energy was
© 2021 The Author(s). Published by the Royal Society of Chemistry
increased with the rising of the molar ratio of TiO2 from 0.05 to
0.1 during the whole reaction process. However, the activation
energy was decreased when the molar ratio of TiO2 arrived at
0.15. Beyond that, activation energy of 100PCMn0.1 was lower
than 25PCMn0.1 which means that the reoxidation reaction of
the 25PCMn0.1 can be excited at a higher temperature. Beyond
that, the apparent activation energy of 25Mn0.05 was similar to
25PCMn0.05.

Fig. 6 exhibits the activation energy changed as the reaction
goes deepen. It indicates that the activation energy continues to
decline as oxidation reaction goes deepen for 25PCMn0.05,
25PCMn0.1, 25PCMn0.15, and 100PCMn0.1 whose trend is
similar to the result from the previous research,22 and the
activation energy at the end of the reaction was less than half
what it was at the beginning. For the samples basing on the
PCMn, activation energy of 25PCMn0.1 was larger than other
samples on the whole reaction process, especially at the
beginning. This meant that the oxidation reaction of
25PCMn0.1 can be excited at a higher temperature, but the
activation energy of it at the conversion rate of 0.8 was still very
low. Furthermore, it was found the change of activation energy
over conversion rate of 25Mn0.05 is different from that of other
samples. It shows that its activation energy decreases rst and
then increases, and the activation energy of 25Mn0.05 at the
conversion of 0.8 is signicantly higher than other samples,
which means the oxidation reaction of 25Mn0.05 needs to be
nished at a higher temperature than other samples. This also
could be recognized from the TGA curves in Fig. 3. The similar
phenomenon also could be found in the cyclic tests which will
be discussed in Section 3.3.

Fig. 7 indicates the TGA curves of PCMn and Mn at two
different oxidation temperatures (600 �C, 700 �C). It could be
seen that the weight gain ratio and reaction rate of PCMn at the
oxidation temperature of 600 �C are higher than that at the
RSC Adv., 2021, 11, 33744–33758 | 33751
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Fig. 6 The change of activation energy (Ea) at different conversion rates (a). (a) Ozawa method. (b) Friedman method.
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oxidation temperature of 700 �C. On the other hand, Mn
showed a completely opposite rule to PCMn at the oxidation
temperature of 600 �C and 700 �C respectively. Therefore, to get
the best reoxidation performance, the oxidation temperature of
PCMn was higher than that of Mn.

To sum up, the doping amount of TiO2 will signicantly
affect the reaction kinetics of the materials system, and the two
main materials have completely different reaction kinetics
trends with the deepening of the reaction. Although
25PCMn0.05 exhibits the best TCES performance in Section 3.1,
the reoxidation reaction of 25PCMn0.1 can be excited at a higher
temperature than that of 25PCMn0.05. Moreover, the samples
based on the Mn was more suitable to be used under higher
temperature.
3.3 Cyclic performance test

According to the current research and reports on large-scale
thermochemical energy storage reactor, the form of TCES
reactors was mainly packed bed.34,35 Hence, due to the high-
temperature condition of the TCES process and accumulation
of materials in the packed bed, sintering was very serious which
would degrade the TCES performance. Inhibition of sintering
by doping the additive is a common method. Bagherisereshki
added an inert diluent into the SrO/SrCO3 TCES system and
Bielsaa used SiO2 as the dopant in the Mn2O3/Mn3O4 TCES
system to inhibit the sintering of the particle to ensure the
energy storage performance of the material in a long-time
Fig. 7 The TGA curves of Mn and PCMn under different isothermal con

33752 | RSC Adv., 2021, 11, 33744–33758
operation.17,36 Therefore, in this section, we mainly analyzed
the effect of adding titanium dioxide on the anti-sintering
property from the TGA data of different samples under a test
of 10 cycles and the TEM images. In our research, tests were
conducted by the TGA analyzer and the highest temperature
operating condition is 1000 �C. Therefore, we thought solid-
phase sintering dominated the sintering process. According to
the previous research, solid-phase sintering of Mn2O3 is mainly
manifested as coarsening and densication. Moreover, the
ability to resist sintering is also increasing in the process of
sintering. This is because the sintering atmosphere in the
closed void is gradually compressed, and this pressure nally
makes the pore stable, thus preventing further densication.10,37

According to analysis in Section 3.1. Doping 25Ti shows
a higher energy storage density than doping 100Ti, and the
optimal doping ratio is 0.05. Furthermore, 25Mn0.05 exhibited
a different characteristic of reaction kinetic compared with
25PCMn0.05. Therefore, we selected 25PCMn0.05, 25PCMn0.1,
25PCMn0.15, 100PCMn0.1, and 25Mn0.05 to compare their
difference in cyclic performance. In this section, 10 cycles were
conducted totally for all samples, the temperature range was
between 600 �C and 1000 �C with a cooling and heating rate of
10 �C min�1.

Fig. 8 indicates the TGA data of ve samples obtained from
the test of 30 cycles. Table 7 reveals the percentage of weight
gain of the material in the last cycle and the degree of attenu-
ation of the percentage of weight gain during the cyclic test. It
ditions (600, 700). (a) Mn. (b) PCMn.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The TGA curves of five samples during cyclic tests.
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could be seen that the performance of materials was gradually
degraded and became more and more stable as the cyclic tests
continue, the reason for this is that the ability to resist coars-
ening of materials is increasing in the process of sintering. In
the sample based on PCMn, it indicated that 25PCMn0.05
exhibits the best performance. Moreover, the attenuation of the
performance of the materials exhibited little difference with the
Fig. 9 SEM images of five samples after test of 30 cycles.

Table 7 The final weight gain ratio and performance attenuation range

Sample
Ratio of weight
gain (%)

Attenuation
(%)

25PCMn0.05 0.70 62.8
25PCMn0.1 0.51 53.8
25Mn0.05 0.82 53.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
increase of the molar ratio of 25Ti, which meaning that the
addition of TiO2 has little effect on the performance of resist
sintering. Comparing 25PCMn0.1 and 100PCMn0.1, doping
25Ti in the material demonstrate similar performance at the
end of the cyclic test, and the attenuation between the
100PCMn0.1 and 25PCMn0.1 is similar. As for 25Mn0.05, as the
activation energy of it increased at the later stage of the reaction,
an obvious step was shown in the reoxidation process of the
TGA curve in Fig. 8. This phenomenon further veried the
conclusion made in Section 3.2. Moreover, 25Mn0.05 exhibits
a lower attenuation and higher weight gain ratio than that of
25PCMn0.05. So, although the 25PCMn0.05 had higher energy
storage density in Section 3.1, the 25Mn0.05 has better stability
and it can maintain a higher energy storage density aer a long-
time operation.

Fig. 9 shows the SEM images of each samples aer 30 cycles.
It can be seen that each sample displayed a similar phenom-
enon of sintering. The samples based on PCMn exhibits
a macroporous structure, the 25Mn0.05 exhibits an obvious
agglomeration. However, although the 25Mn0.05 has worse
performance in single complete redox process and serious
of the measured samples after 30 cycles

Sample
Ratio of weight
gain (%)

Attenuation
(%)

100PCMn0.1 0.54 53.7
25PCMn0.15 0.32 56.0

RSC Adv., 2021, 11, 33744–33758 | 33753
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Fig. 10 The XPS spectrum of 25PCMn0.05 after test of 30 cycles. (a) Mn. (b) Ti.
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agglomeration aer 30 cycles, it exhibits a better performance
under long-time operation.

Because the XRD test did not identify the new phase
formation in the material system in Section 3.1. Therefore, the
phase composition of the used 25PCMn0.05 was discussed by
XPS and TEM in this section. Fig. 10 indicates the XPS spectrum
of used 25PCMn0.05. As Fig. 10(a) shows, the Mn 2p2/3 XPS
peaks can be divided into two peaks, the peak at 641.7 eV rep-
resented Mn3+, and the peak at 644.1 eV corresponded to the
satellite peak of manganese. The Mn 2p1/2 XPS peak only
consists of one peak at 653.6 eV which indicates the exist of
Mn2+.38,39 Fig. 10(b) display the XPS spectrum of Ti, a total of 4
peaks were detected. The peak at 464.13 eV represented the Ti4+,
and the peaks at 458.53, 460.92, and 457.88 represented Ti3+.40

Therefore, because the new Ti3+ was detected in the materials
which existing in TiO2 as Ti

4+ originally, there should has a new
phase formed.

The lattice fringes of particles were further identied by TEM
images for 25PCMn0.05 aer the cyclic test so as to explore the
phase composition in the system. The HRTEM images for
25PCMn0.05 aer 10 and 30 cycles were used to investigate the
Fig. 11 TEM images of the 25PCMn0.05 after test of 10 cycles. (a and b
images for the specified locations.

33754 | RSC Adv., 2021, 11, 33744–33758
formation process of the new phase. Fig. 11 shows the HRTEM
images of 25PCMn0.05 aer 10 cycles. Fig. 11(c)–(e) present the
5 nm scale picture of the material, the black area in the gures
is Mn2O3. TiO2 (002) was detected according to the lattice
fringes in Fig. 11(d), the corresponding number of the PDF and
diffraction width are 76-1935 and 2.584 nm respectively. Besides
that, the Mn2TiO4 spinel on the boundary between TiO2 and
Mn2O3 which is wrapped by Mn2O3 and TiO2 was detected in
Fig. 11(e) and (c), thus it is hard to be detected by XRD test. The
variable temperature condition of the TCES process which leads
to the incomplete formation of the Mn–Ti–O phase may be the
reason for this phenomenon. The detected crystal faces were
104 and 211 of Mn2TiO4, the corresponding diffraction widths
are 2.167 nm and 2.638 nm respectively. The reference PDF
number was 73-0521. Fig. 12 indicates the HRTEM images of
25PCMn0.05 aer 30 cycles. There were obvious crystal faces of
TiO2, Mn2O3, Mn2TiO4, and Mn3O4. It shows that the TiO2 only
was observed at the edges of the particles, and it can be known
from the distribution of the lattice fringes that more Mn2TiO4

was formed. Fig. 13 shows the elements distribution of Mn, Ti,
and O in 25PCMn0.05 aer 30 cycles where new phases are
) The boundary between Mn2O3 and TiO2. (c–e) High resolution TEM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 TEM images of the 25PCMn0.05 after test of 30 cycles. (a and b) The boundary between Mn2O3 and TiO2. (c and d) High resolution TEM
images for the specified locations.
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formed. It can be seen that the Mn, Ti element were staggered.
Because the TiO2 is introduced into the material system by
means of mechanical mixing, this can demonstrate that the Mn
and Ti were fully merged to form the new Mn–Ti–O phase. To
sum up, the Mn–Ti–O phase will only exist at the boundary
between Mn2O3 and TiO2 at rst, and more Mn2TiO4 phase will
be formed with the extension of operating time. Beyond that,
the formation of Mn2TiO4 phase in Mn–Ti TCES system can be
Fig. 13 Elements distribution of Mn–Ti–O phase in used 25PCMn0.05.

© 2021 The Author(s). Published by the Royal Society of Chemistry
attributed to the reason of why the reoxidation process was
enhanced.
4. Conclusions

Themodied Pechini method was used to get the porousMn2O3

as our one kind of raw material. In this paper, the difference in
TCES performance between commercial Mn2O3 and PCMn was
RSC Adv., 2021, 11, 33744–33758 | 33755
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compared. Then, the different effects on TCES performance on
doping 25Ti and 100Ti into the both materials systems were
investigated.

Doping TiO2 into the Mn2O3/Mn3O4 system can improve the
performance of reoxidation process and increase the onset
temperature of oxidation obviously. Due to the different struc-
ture of materials, PCMn showed higher density of energy
storage than Mn weather doped with TiO2 or not, but Mn
exhibited a narrow temperature range of redox aer adding
TiO2 in the case of only one complete redox process. Moreover,
doping 25Ti into the manganese oxide system can bring higher
density of energy storage than 100Ti during rst complete
reoxidation process. The better dispersion of smaller size of
TiO2 in the porous Mn2O3 system might be the reason for this
phenomenon. The optimal doping ratio is 0.05 for both doping
agents. With the increase of doping amount, the energy storage
density decreased in stages, and this is not affected by the size
of doping agents. PCMn and commercial Mn2O3 exhibit
different characteristics of reaction kinetic. Compared with
25PCMn0.05, the Ea of 25Mn0.05 decreased rstly and then
increased in the later stage of the reaction. By synthesizing the
TGA curves of PCMn and Mn under different oxidation
temperatures, 25Mn0.05 is more suitable for operating condi-
tions of a higher reoxidation temperature. The data of the test of
the cyclic performance also veried this. According to the
analysis of kinetics for the 25PCMn samples group, the addition
of TiO2 could improve the activation energy when the molar
ratio of TiO2 improved from 0.05 to 0.1, but it declined when the
molar ratio of TiO2 arrived at 0.15. Moreover, the reoxidation
reaction of 25PCMn0.1 can be excited at higher temperature.
Nevertheless, the activation energy was decreased dramatically
as the reaction went deepen for all samples basing on the
PCMn. For cyclic test, 30 cycles were conducted in this paper. It
does not improve the phenomenon that the properties of the
material decline with the extension of use time aer adding
TiO2 into the materials. Aer cyclic test, all samples had similar
sintering phenomenon, and the structure of PCMn changed
from microporous structure to macroporous structure. As for
samples based on commercial Mn2O3, the obvious densication
was observed aer 30 cycles. Although the agglomeration of
25Mn0.05 was serious, but it still shows a better performance
aer 30 cycles. The phase of Mn2TiO4 spinel was identied at
the boundary between Mn2O3 and TiO2 in 25PCMn0.05 aer 10
cycles, the variable temperature condition of TCES process may
lead to the incomplete information of Mn–Ti–O phase. With the
increase of the number of cycles, more Mn2TiO4 phase was
formed. The formation of Mn2TiO4 spinel can be attributed to
the reason for the improvement of Mn–Ti TCES performance.

To sum up, 25PCMn0.05 exhibited the best TCES perfor-
mance under single redox process; the reoxidation reaction of
25PCMn0.1 can be excited at higher temperature; 25Mn0.05 is
more suitable for higher oxidation temperature and had better
performance aer a long-term operation; Mn2TiO4 phase will be
formed at the boundary between Mn2O3 and TiO2, and more
Mn2TiO4 will be formed with the extension of operating time.
Therefore, the operating temperature, morphology of the
Mn2O3 and the doping agents, the doping ratio, and the change
33756 | RSC Adv., 2021, 11, 33744–33758
of phase with the extension of use time should be considered
totally when doping TiO2 into theMn2O3/Mn3O4 TCES system to
improve its performance. Moreover, these experiences obtained
for Mn–Ti systems are worthy of attention in other similar
systems, such as Mn–Fe, Mn–Si, Mn–Cr, etc.
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