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Abstract

A series of La;_ Sr TO; s (T=Fe, Co, Ni) with different elements at B-site and
Ba,;_,Sr,CoO;_s doped with Sr at A-site were prepared by sol-gel method. The sam-
ples were tested by synchronous thermal analyzer in air, and the effects of calcina-
tion temperature, B-site element type, Sr doping amount on the synthesis and ther-
mal chemical energy storage performance of perovskite oxides were investigated.
Through the experiment, we obtained the following main conclusions. (1) In the
series of perovskite oxides studied in this article, the higher the calcination tem-
perature required to prepare the samples, the higher the purity and crystallinity of
the samples. The samples prepared at higher calcination temperature showed bet-
ter cycle stability and reversibility in the redox reaction process. (2) La,_ Sr,NiO; 4
samples were not applicable to thermochemical energy storage system. In
La,_,Sr . FeO; s samples, La,,Sr,FeO; s exhibited the best energy storage effect.
However, compared with La,_, Sr CoO;_s samples, Co-based perovskite oxide exhib-
ited more advantages as energy storage materials for thermochemical energy storage
systems. (3) BaCoO; with single phase needed to be doped with Sr at the A-site to
improve its structural stability. Sr doping reduced the molecular weight of BaCoO;
and increased the energy storage density per unit mass of samples. Energy storage
performance of Ba,_ Sr,CoO;_; samples were the better in a series of A;_ Sr,TO; 4
(A=La, Ba, T=Co, Fe, Ni). When Sr doping amount was 0.5, the sample possessed
the best energy storage performance.
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Introduction

The fluctuating price of traditional fossil energy and the outstanding contradic-
tions between the environmental pollution problems caused by fossil fuel burning
and the goals of "carbon peaking, carbon neutralization" make the exploitation
and use of traditional energy questioned, and the consequent rise of low-carbon
green energy is widely concerned by people [1, 2]. Actively adjusting the energy
structure and promoting the development of renewable energy is an inevitable
choice for the sustainable development of human society [3]. Solar energy has
the advantages of rich reserves, wide distribution and renewable energy, which is
undoubtedly one of the clean energy sources to reduce fossil energy consumption.
Due to the influence of season, climate, weather and other factors, solar energy
is intermittent and unstable [4]. Heat storage technology is the key to achieving
efficient and large-scale storage of solar energy, ensuring sustainable supply of
solar energy, and solving the instability problem of solar thermal power genera-
tion technology [5-7].

Compared with sensible heat energy storage and latent heat energy storage,
thermochemistry energy storage is considered to be one of the most potential
high-temperature heat energy storage methods because of its greater energy stor-
age density [8]. When metal oxides are used as energy storage materials for the
system, high valence metal oxides are reduced to corresponding low valence
metal oxides and oxygen at high temperature and absorb heat. When the tem-
perature drops, the low valence metal oxides are oxidized and release heat to
realize the storage and release of solar energy [9, 10]. The reaction temperature
of the reaction system is relatively high. Therefore, the metal oxides system can
store solar energy at a higher temperature, and it is particularly suitable for high
temperature thermal energy storage [11]. In addition, thermodynamics, work-
ing temperature, energy storage capacity, material cost, reaction kinetics, toxic-
ity and cycling behavior are important factors for the selection of redox pairs of
thermochemical energy storage system. At present, the monomeric metal oxides
with application prospects mainly include Co;0,/CoO, CuO/Cu,0, Fe,0,/Fe;0,,
BaO,/BaO and Mn,0,/Mn;0,, etc. Scholars explored the redox reaction of these
monomeric metal oxides through experiments, the results shown that the mono-
meric metal oxides, as thermochemical energy storage media, had certain defects
in storage performance: Mn,0,/Mn;0, and CuO/Cu,O were easy to appear sinter-
ing phenomenon in the reaction, which led to the end of the reaction. The conver-
sion rate of CuO was low. The researches also shown that the heating and cooling
rates and reaction condition have influence on Co;0,/CoO and BaO,/BaO reac-
tion systems [12]. In order to further improve the heat storage and energy storage
performance of the monomeric metal oxides, scholars doped other metal elements
into the original metal oxides to change their crystal structure, which can over-
come the existing problems to a certain extent. Perovskite oxides are more attrac-
tive than Co;0,/CoO and doped manganese oxides in thermodynamics as redox
materials for Thermochemistry thermal energy storage systems. The general for-
mula for perovskite oxides is ABO; [13]. The A and B sites of this material can
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be improved by doping other elements to improve its physical and chemical prop-
erties [14, 15]. Therefore, perovskite oxides are widely used as solid electrolytes
[16], sensors [17], high-temperature heating materials [18], solid resistors [17],
solid fuel cells [18, 19], catalysts [20-23] and thermochemistry energy storage
materials [24, 25] due to their structural characteristics. When perovskite oxide
is used as the medium of metal oxide thermochemistry heat energy storage sys-
tem, the corresponding reversible chemical reaction is used to realize the storage
and release of heat. They are suitable for higher temperature thermochemistry
energy storage systems and require smaller storage tanks. Its structure contains
a large number of oxygen vacancies, and can absorb and release oxygen through
reversible redox at high temperature. In addition, before and after the Redox, the
crystal structure of the material basically remains unchanged, and there is no
phase change between different crystal structures, which leads to small volume
changes during the absorption and release of oxygen. Therefore, perovskite oxide
can show good redox cycle repeatability, and has certain potential as an energy
storage material for solar redox thermochemistry thermal storage system [26].
Laurie et al. [9] found some results by thermogravimetric experimental study of
CaMnO;_ 5v StMnO; 5+ Cag sSr; sMnO; 5 and Ca, sSr, sMn, sFe 505 5. CaMnO;
released oxygen when it was heated in Ar atmosphere at 1000 °C, which resulted
in a loss-weight of 4.75%. However, when the temperature cooled to 600 °C
under 20% O,, the oxidation process hardly absorbed oxygen, and the quality of
sample did not increase. For StMnO, s, the reduction of it in air can take place
when the temperature was raised. Ca Sr,_ MnO;_ 5 was produced by replacing part
of Sr with Ca, when x increased from 0.25 to 0.75, the reaction enthalpy of the
material increased from 102 kJ/kg to 266 kJ/kg. Ca, 5Sr;, sMnO;_5 can be used for
thermochemical energy storage, and the oxygen uptake and release of the mate-
rial were reduced when the reaction atmosphere changed from Ar to 20% O,.
Ca, 551y sMn, sFe(, ;05 s was obtained by doping Fe in B-site, but its redox ability
was not further improved. When the series of samples were used in the thermo-
chemical heat storage system, the reduction process needed to be carried out in
an inert atmosphere. Imponenti et al. [27] used TGA analysis to study materials
partially substituted at the A and B sites of Ca-Mn based perovskite oxides under
nitrogen and air exchange atmospheres. Compared with the undoped CaMnO; 4
samples, the materials doped at A and B sites exhibit good redox cycling ability.
Among them, the perovskite obtained by doping 5% Sr at the A site has the best
redox performance. The reason for this phenomenon may be that the cubic per-
ovskite structure of undoped CaMnOj; ; is partially decomposed into CaMn,0, s
and Ca,MnO, ;5 phases at a high temperature of 1000 °C [28]. A small amount
of Sr doping can inhibit its decomposition, allowing the doped material to be
reduced and oxidized more quickly. Bulfin et al. [29] conducted TGA analysis
on Ca; ¢Sry),MnO; and CaMnO;. They found that Ca¢Sr,,MnO; was easier to
be reduced than CaMnO;, and Ca,, ¢St ,MnO; showed faster reaction kinetics in
the reaction process. Sr doping may improve the cubic structure of perovskite,
and enhance the performance of Ca4Sr,,MnO;. The thermal chemical energy
storage of perovskite oxides has been studied mainly in vacuum, reduction or
inert atmosphere. To achieve corresponding reaction atmosphere, equipment and
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vacuum pump shall be added to blow inert gas into the system, which inevitably
complicates the system and increases operating costs. In order to solve the prob-
lem, to find perovskite oxides with good heat storage and energy storage effects
under air conditions is a main research direction in the field. Gokon et al. [30]
tested the thermodynamic performance of LajsSr,sMnO; 5 Lag 5Sr)sFeOs s,
La, 551, 5C00; 5 and La, 5Sr; sBB,0, 5 (B, B,=Al, Fe, Cr). The results showed
that the net weight change of Laj 5Sr, ;C00;_ 5 was the largest and its activity of
redox reaction was the best. The net weight changes of Laj sSr,sB,;B,05 5 (B,
B,=Al Fe, Cr) in the redox process were very small, indicating that the series
of materials had poor reactivity and slow reaction kinetics. Salles et al. [31] pro-
ceeded thermogravimetric analysis on the powder of CaTijoFe( 055 in air and
hydrogen, it was found that the weight loss of the sample in hydrogen was signifi-
cantly greater than that in air.

Bak et al. proposed that the functional properties of La,Sr;_ CoO; 5 series per-
ovskite oxide materials are determined by their defect chemical properties. Scholars
have studied and derived defect chemistry models suitable for specific properties of
La,Sr,_,CoOs;_4 series samples, and conducted in-depth research on the defect model
of the materials [32]. In this paper, the thermogravimetric analysis of perovskite
oxide and some characterization methods were used to explore the influence of dif-
ferent element composition and doping at A and B sites on the solar thermochem-
istry energy storage performance of the material. In previous studies, the thermo-
chemistry energy storage performance of a series of La,M;_,CoO5_s (M =Ba, Sr and
K) perovskite oxides was investigated in air. It was found that Ba and Sr doping
can improve the energy storage performance of LaCoO;, while Ba doped samples
exhibit better reaction rate and heat storage and release. And the effects of factors
such as the type of complexing agent and calcination temperature were explored
[33, 34]. On the basis of this research, in order to explore which kind of perovs-
kite oxides of composition of elements have better thermochemical energy storage
performance in air, A;_ Sr,TO; s (A=La, Ba, T=Co, Fe, Ni) were synthesized by
sol-gel method in this paper. The results and reasons of the effects of calcination
temperature, type of A-site and B-site elements, and doping amount of Sr on the
synthesis and energy storage performance of samples were studied by thermogravi-
metric test and characterization analysis.

Experimental section
Preparation method

Firstly, according to certain stoichiometric ratio, lanthanum nitrate hexahydrate,
barium nitrate, strontium nitrate, cobalt nitrate hexahydrate, ferric nitrate hexahy-
drate and nickel nitrate hexahydrate were weighed by electronic scales (0.001 g,
JA2003) and dissolved in deionized water. An appropriate amount of citric acid
and ethylene glycol were added in the mixed nitrate solution. The solution was
heated and stirred on a heat collection constant temperature heating magnetic
stirrer (DF-101S) to form gel. The gel is dried in an electric blast drying furnace
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(101-0A) to form a dry gel. Then put the dry gel into muffle furnace (STM-8-10,
STM-8-12) for calcination. Perovskite oxides of A;_.Sr TO,; (A=La, Ba,
T=Co, Fe, Ni) were obtained by grinding, and the abbreviations of the samples
were AS1-xxT (A=L, B, T=C, F, N). In AS1-xxT-800, 800 indicates that the
sample is prepared at 800 °C.

Thermal analysis

In this experiment, the oxidation and reduction performance of perovskite oxides
were evaluated by the synchronous thermal analyzer STA449F3. In each step, the
weight change cause by the release and absorption of oxygen is defined as:

m—m

0=— M

Here m, is the initial weight of the sample powder, and m is the weight at time
t. o is calculated from the measured weight of the sample in the instrument.

The principle of synchronous thermal analyzer testing is described as: the
sample to be tested is put into an alumina crucible. In the process of furnace tem-
perature rise, the sample occurs endothermic reduction reaction and releases oxy-
gen, which leads to the weight loss of the sample. During the cooling process, the
sample occurs exothermic oxidation reaction and absorbs oxygen, therefore, the
weight of the sample increases. The TG curve is obtained by plotting the relation-
ship between the weight change of the sample and time. The thermogravimetric
curve of the sample is obtained by mapping the weight change @ with time. The
DTG curve reflecting the reaction rate in the reduction and oxidation process is
obtained by the first derivative of the TG curve or the thermogravimetric curve.
For the data corresponding to the endothermic and exothermic peaks on the
DSC curve, integrate on the X axis (time axis) to get the area of the peaks, and
then obtain the heat absorption and release of the sample. By comparing the net
weight change, reaction rate and the areas of endothermic and exothermic peaks
of the samples, the thermochemical energy storage performance of the samples
can be reflected.

In this experiment, the reaction atmosphere is air. The pure oxygen and nitrogen
are mixed according to the ratio of 20% and 80%. The gas flow rates are 10 mL/min
and 40 mL/min. The reaction temperature program settings for this experiment are
consistent with those in reference [33, 34], and will not be elaborated in this article.

Sample characterization
X-ray diffractometer

In this paper, the crystal structure of perovskite oxide was analyzed by X-ray diffrac-
tometer (XRD, D8 ADVAHCE, Germany).
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Field emission scanning electron microscopy

By using field emission scanning electron microscopy (SEM/EDS, JEOL 7800F,
Japan) to qualitatively and quantitatively analyze the elements contained in the
tested sample, the micro external morphology of the sample can also be observed.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB Xi+, USA) can
be used to test the elemental composition, proportion, and valence distribution of
elements in samples. This article measures and analyzes the full spectrum of the
sample and elements such as Ols, Sr3d, Co2p, Cls, and Ba3d. After Cls correction,
the data is divided into peaks and calculated. The XPS testing of the sample in this
article involves the preparation process of the sample. The powder sample is made
into a dense and smooth tableting. The sample tableting is analyzed and tested. This
method can improve the signal strength of the test. The flat and uniform area in the
middle of the tableting is scanned to obtain reliable analytical data. The scanning
depth used in this test is within 10 nm of the sample surface.

Results and discussion

Effect of different B-site elements on energy storage performance of La,_,Sr,TO; 4
(T=Fe, Co, Ni)

Fig. 1 shows the XRD patterns of LS1-xxF. In Fig. 1a, the characteristic diffraction
peaks of the sample without Sr doping is LaFeO; perovskite oxide, which is con-
sistent with the standard card in MDI Jade 6.0 software. The characteristic diffrac-
tion peaks of Sr doped samples are similar to the XRD pattern of SrFeO; . LS19F
prepared at 700 °C also has the impurity of SrCO; in the sample because of the

(a) XRD patterns of LS1-xxF prepared at different

temperature.

Fig. 1 XRD patterns of LS1-xxF
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low calcination temperature. The presence of impurities may be an important reason
for why the loss-weight rate of LS19F-700 in the first reduction process is higher
than LS19F-900 in the thermogravimetric analysis experiment. There are very weak
SrCO; impurity peaks in the XRD spectra of SF and LS28F prepared at 900 °C,
which may be mixed in the sample preparation or testing process. The other samples
only contain a single perovskite oxide phase, and the corresponding characteristic
peaks are sharp. In a series of samples doped with Sr, compared with the position of
characteristic peak of SrFeO,_, since the radius of La®*is smaller than that of Sr**,
the characteristic peak of the sample shifts to a large angle with the increase of La
content. This can be ascribed to the successive replacement of smaller La*" cation
(1.36 A) by bigger Sr** cation (1.44 A), leading to the expansion of perovskite unit
cell [35]. In Fig. 1b, by comparing the XRD patterns of SF, LS37F, SC, and LS28C
before and after cycling experiment, we find that a small amount of impurities mixed
in the original samples disappear completely after cyclic thermogravimetric testing.
The characteristic peak intensity of perovskite oxide in the samples weaken, but no
new phase appears. This phenomenon indicates that these samples will not decom-
pose during cycling and have a stable structure. Further analysis by XRD reveals the
crystal structure and corresponding crystal lattice parameters of LS1-xxF, as shown
in Table 1. Through Sr doping, the orthorhombic crystal structure of LaFeO; gradu-
ally transforms into a cubic crystal structure of La,_,Sr . FeO; 5 (x=0.9, 1.0).

The synchronous thermal analyzer is used to determine the heat treatment tem-
perature of the dry gels. The thermal stability analysis curves of the dry gels of
La,_,Sr,TO;_ 5 (T=Fe, Ni) are shown in Fig. 2. It can be seen from Fig. 2a that the
weight loss of dry gel is mainly divided into four stages through analysis. The first
stage of dry gel is from room temperature to 124 °C. Due to the evaporation of free
water contained in the sample, the loss-weight rate at this stage is about 5%, and a
weak endothermic peak appeared at about 108 °C on the DSC curve, representing
the evaporation of water. The second stage is from 124 °C to 574 °C. There is 68%
of loss-weight rate on the TG curve. The first part is due to the intramolecular dehy-
dration of citric acid and nitrate. From the DSC curve, there is an exothermic peak
at 254 °C. The second part is due to the intense combustion of citric acid, which
decomposed and released CO, and H,O. At the same time, the DSC curve show
that the process is accompanied by a generous amount of heat release. Temperature
from 574 °C to 800 °C is the third stage. The weight loss at the stage is relatively
slow. There is a slight endothermic peak on the DSC curve, which may be due to the
fact that nitrate started to decompose violently to generate oxides at the temperature
and reacted with CO, generated by citric acid combustion to generate carbonates.
Then, various compounds interact with each other to lose oxygen and combine to
form perovskite type composite oxides. In other words, the stage is the process of
initial formation of crystal nucleus of LS1-xxF perovskite oxides. The fourth stage
occurred at 800~ 1200 °C, there is basically no weight loss and heat change, but the
baseline of the DSC curve kept moving up, corresponding to the constant increase
of the specific heat capacity of the product. It means that the perovskite structure of
LS1-xxF has been formed below 900 °C, and the lattice is gradually improved dur-
ing the stage. Therefore, 900 °C is the appropriate calcination temperature for the
series of LS1-xxF perovskite oxides. According to the analysis of Fig. 2b and the
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Table 1 Crystal structure and corresponding crystal lattice parameters of LS1-xxF

Crystal structure a(A) b(/&) c(zz\) o B Y

LaFeO,_ 5 5.560 7.860 5.560 90.00° 90.00° 90.00°

Orthorhombic crystal structure

Lay Sty oFeO; 5 3.880 3.880 3.880 90.00° 90.00° 90.00°

Cubic crystal structure
SrFeO5 5 S 3.860 3.860 3.860 90.00° 90.00° 90.00°

)

F ol ad

Cubic crystal structure

(The red, green, and blue axes in the crystal structure of samples represent the a, b, and ¢ axes)

literature [34], the process of weight loss of the dry gel of LS1-xxN and LS1-xxC
also can be divided into four stages, and the suitable calcination temperatures of
them are 800 °C and 1100 °C.

Fig. 3 shows the one cycle thermogravimetric TG curves of LS1-xxF-700 and
LS1-xxN-800. It can be seen from Fig. 3a that LF has almost no reduction and oxi-
dation processes, and there is no obvious weight change. The net weight changes of
LS19F, LS37F, LS73F and LS91F are 1.80%, 1.64%, 0.43% and 0.12%. It means
that Sr doping can enhance the redox activity of LaFeO;, and the net weight changes
of the doped samples increase with the increase of Sr doping amount. From TG
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Fig.3 TG curves of one cycle for LS1-xxF prepared at 700 °C and LS1-xxN prepared at 800 °C. (The
reaction atmosphere is air. The temperature of thermogravimetric test is between 500 and 1100 °C, and
the rate of rise and fall of temperature used in the experiment is 30 °C /min.)

curves of the one cycle for a series of LS1-xxN samples doped with Sr in Fig. 3b,
during the temperature rise and reduction process of LN, the TG curve has a slow
weight loss phenomenon from room temperature to 835 °C. When the temperature
continued to rise to 1100 °C, a loss-weight rate of LN is about 1.5%. In the cooling
stage, there is almost no gain-weight rate in the TG curve. TG curves of Sr doped
samples show that the loss-weight rates of the series of perovskite oxides in the
reduction process increase gradually with the increase of Sr doping amount. The
gain-weight rates of the samples after doping have not been improved, therefore, Sr
doping has no effect on the oxidation reaction of LS1-xxN samples.

Fig. S1 shows the TG curves of cycling experiment for LS1-xxF. By compar-
ing Figs. S1d and S1f, it can be seen that the loss-weight rate of LS19F-700 in the
first reduction process is greater than LS19F-900. The reason may be that the sam-
ples calcined at a lower temperature contain impurities. The impurities are decom-
posed by heating during thermogravimetric analysis, and a large loss-weight rate is
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generated in the first reduction process. For the samples calcined at 900 °C, LF still
unable to conduct redox reaction. The loss-weight rates of other samples decrease
in the first reduction process. In the subsequent cycling experiment, maintain rel-
atively stable loss-weight rates and gain-weight rates. During each cycle, the net
weight changes of the samples fluctuate within a small range because of the errors
of mass determination. The net weight changes of LS37F, LS28F, LS19F and SF are
1.53+0.01%, 1.57+0.02%, 1.72+0.01% and 1.10+0.03%, which means that the
samples prepared at 900 °C have good cycle stability and reversibility. Therefore,
when Sr doping amount is less than and equal to 0.9, with the increase of Sr doping
amount, the net weight changes of the series of samples show a trend of increasing.
However, the net weight change of SF is smaller than that of LS19F, in other words,
the presence of a small amount of La is instrumental in producing the greater net
weight change for LS1-xxF. By comparing the data of thermogravimetric analysis of
LS1-xxF and LS1-xxC [33], except that the net weight changes of the TG curves of
LS28C and LS19F are similar, the net weight changes of the TG curves of the series
of perovskite oxides with Co at B-site are greater than those of the samples with Fe
at B-site. Therefore, a series of perovskite oxides containing Co have more advan-
tages in thermochemical heat storage systems.

Fig. S2a is the reaction rate diagram of the cycling experiment for the sample
prepared at 900 °C. Except that the reaction rate diagram of SF has small reduction
reaction rate peak, there are no obvious redox reaction rate peaks in the reaction rate
curves of the other samples before and after Sr doping. These results indicate that Sr
doping has little positive effect on the reaction kinetics of the samples. As shown in
Fig. S2b, taking the DSC curve of SF as an example, the DSC curves of LS1-xxF
have no obvious endothermic and exothermic peaks. From the literature [33], we
know that the reaction rate diagram and the DSC curves of LS1-xxC are the simi-
lar with those of LS1-xxF. However, the reaction kinetics and heat absorption and
release capacity of LB1-xxC are better than LS1-xxC and LS1-xxF.

Fig. S3 shows the results of EDS qualitative and semi-quantitative analysis and
SEM test of LS19F prepared at 900 °C. The different colors in Fig. S3a represent
the distribution of La, Sr, Fe and O. The atoms are evenly dispersed and Sr ele-
ment is doped into the lattice of perovskite oxide. The percentages of La, Sr and Fe
atoms in the sample determined by EDS are 5.02%, 43.23% and 51.25%. The ratio
of (La+ Sr)/Fe is 0.94, which is close to the standard value of 1, indicating that the
components of the sample are uniformly mixed during the preparation process. The
SEM image of LSI9F is shown in Fig. S3b. The particles are in a block structure
with uniform size, and no agglomeration occurs between particles.

The XPS analysis results of SF, LS19F and LS28F are shown in Fig. 4. Fig. 4a
shows the C 1s XPS spectrum of LS1-xxF. Firstly, peak fitting is performed on C
Is. There is a low intensity peak at 288-290 eV, which may indicate carbonization
of the powder or non-uniformity of the material. Then, full spectrum carbon cor-
rection is performed and the spectra of other elements are analyzed. In Fig. 4b, the
samples contain lattice oxygen Og, adsorbed oxygen O,, and adsorbed water mol-
ecule O, (a kind of adsorbed oxygen). The relative contents of (O,+O,) of the three
samples are 62.32%, 87.09% and 80.29%. The higher the proportion of adsorbed
oxygen, the higher the concentration of oxygen vacancies, which is more conducive
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Fig.4 XPS spectrum of SF, LS19F and LS28F prepared at 900 °C
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to improving the transport performance of oxygen ions [36, 37]. Therefore, LS19F
exhibits a higher oxygen vacancy concentration, leading to the large net weight
change for LS19F. The conclusion is consistent with the results of thermogravi-
metric analysis of the sample. Fig. 4c shows the Fe 2p analysis of SF, LS19F and
LS28F. The samples have characteristic peaks of Fe** and Fe**. The corresponding
binding energies are 709.8 eV, 723.1 eV and 711.9 eV, 725.1 eV [38], and the other
two peaks represent satellite peaks. The relative content of Fe** in SF, LS19F and
LS28F are 65.37%, 39.84% and 53.95%. In perovskite oxides, the average electricity
price at A-site is reduced, when the high valence ion at A-site is replaced by the low
valence ion. In order to maintain the electricity neutrality, electricity price compen-
sation must be carried out. There are generally two ways to compensate for valence
states: increasing the valence state of B-site ions and increasing the concentration of
oxygen vacancies [39]. The increase of oxygen vacancy concentration in the mate-
rial can further increase the permeability of oxygen, which is conducive to the diffu-
sion and migration of oxygen in the crystal structure of the material. Therefore, the
process of releasing and absorbing oxygen in the reduction and oxidation process
of the material can be easier, and its redox activity can be improved. The reason
why the Fe*" content of LS19F is lower than that of LS28F may be that LS19F
mainly relies on increasing the concentration of oxygen vacancies to compensate
for the valence state. In theory, Fe exists tetravalent in SrFeO,, but the sample is
very easy to obtain electrons and reach a semi-filled stable structure. Therefore, the
coexistence of Fe>*and Fe** occur in the sample, and Fe** is dominant [40]. From
the Sr 3d XPS spectra in Fig. 4d, we find that the "surface" components of Sr**in
LS19F and LS28F are 84.76% and 68.88%, which indicates that the reactivity of
LS19F may be better than other samples in this series [41]. The XPS analysis results
indicate that the presence of a small amount of La is beneficial for the redox perfor-
mance of LS1-xxF samples.

The thermogravimetric analysis results of samples with different elements at
B-site and samples doping different elements at A-site [34] show that the element
combination of Sr and Ba at A-site and Co at B-site may have better thermochemical
energy storage performance.

Energy storage performance of Ba,_,Sr,C00; ;

The XRD patterns of Ba,_,Sr,CoO; 5 prepared at different calcination tempera-
tures are shown in Fig. S7. Fig. S4a shows that there is a characteristic diffraction
peak of BaCoO; in the patterns of the samples prepared at 800 °C, however, due
to the low calcination temperature, many impurities existed in the sample, such
as BaCOj;, Co;0,. The presence of impurities may be an important reason for the
large loss-weight rate in the first reduction process of the sample prepared at the
temperature in the thermogravimetric analysis experiment. As shown in Fig. S4b,
when the calcination temperature of the samples is increased to 1100 °C, there
may still be very weak SrCO; impurity peaks in the XRD spectra of some BS1-
xxC samples prepared at 1100 °C by operational errors during sample preparation
or testing. The pattern of undoped BaCoO; is consistent with the standard card
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in Jade 6 software. Since the radius of Sr’*is smaller than that of Ba?*, Sr dop-
ing makes the cell parameters of the samples smaller and the crystal plane spac-
ing smaller. Therefore, with the increase of Sr doping amount, the characteristic
peaks of the samples shift to a large angle, which means that Sr enters the lat-
tice of perovskite. When x is greater than or equal to 0.9, the interaction between
Sr and Co formed a new phase named SrCoQO, 5 perovskite oxide. In Fig. S4b,
by comparing the XRD patterns of BC, BS55C and SC before and after cycling
experiment, these three samples are still perovskite oxides before and after the
cycling experiment, which means that the structures of the series of samples
are stable. Table 2 shows the crystal structure and corresponding crystal lattice
parameters of BS1-xxC. When the A-site is entirely occupied by Ba, a hexagonal
crystal structure is more likely to appear. The doping of Sr can transform this
series of perovskite oxides into a more stable cubic crystal structure [42].

Table 2 Crystal structure and corresponding crystal lattice parameters of BS1-xxC

Crystal structure a(d) b@A) cA) «a p Y

BaCoO; 5 5.610 5.610 4.770 90.00° 90.00° 120.00°

A4
Hexagonal crystal structure

Bay 58ty sC00; 5 5540 5540 4.240 90.00° 90.00° 120.00°

Hexagonal crystal structure
SrCo0; 4

Cubic crystal structure

(The red, green, and blue axes in the crystal structure of samples represent the a, b, and ¢ axes)
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Sr element is doped at A-site of BaCoO; to form BS1-xxC. We explored the influ-
ence of calcination temperature and Sr doping amount on the thermochemical energy
storage performance of BS1-xxC. Fig. S5 shows the thermal stability analysis curve of
dry gel of BS1-xxC, and the analysis process of BS1-xxC is similar to that of LS1-xxF,
the proper calcination temperature of BS1-xxC is 1100 °C.

Through the cycling experiment on the samples prepared at 800 °C in Figs. S6a—d,
we find that the loss-weight rates in the first reduction process of all samples are much
larger than the gain-weight rates in the oxidation process, and the net weight changes
of BC increases after several cycles. The reason for the phenomenon may be the inter-
ference of external factors on the instrument or the instability of the structure of these
samples, which leads the decomposition of the samples during the cycling experi-
ment. The net weight changes of BS73C, BS46C and BS37C do not increase with the
increase of the number of cycles, but decrease from 2.08% to 1.95%, from 1.94% to
1.68%and from 1.83% to 1.72%. The reason may be that the existence of Sr can stabi-
lize the structure of BS1-xxC. The phenomenon that there are large loss-weight rates of
samples in the first reduction process and the net weight changes of them decrease with
the increase of the number of cycles may be caused by the decomposition of impurities.
Fig. S6 also shows that the loss-weight rates of the samples prepared at 1100 °C in the
first reduction process of the cycling experiment are much smaller than those of the
samples prepared at 800 °C, and the loss-weight rates and gain-weight rates of the sam-
ples in the subsequent cycle process remained relatively stable, which means that the
perovskite oxides of BS1-xxC have good redox stability and reversibility. The existence
of quality measurement errors results in small fluctuations in the net weight changes
during sample cycling. The net weight changes of BC, BS73C, BS55C, BS37C, BS19C
and SC are 1.93+0.03%, 1.98+0.01%, 2.00+0.01%, 1.89+0.03%, 1.81+0.02% and
1.39+0.01%. When the Sr doping amount x are 0.5 and 0.3, the net weight changes of
the samples are larger than that of the undoped sample. On the basis of the same net
weight change, since the relative molecular weight of Sr (87.62) is less than Ba (137.3),
the doping of Sr can reduce the molecular weight of perovskite oxide and increase the
energy storage density per unit mass. For the perovskite oxides of BS1-xxC, Sr*Tand
Ba**are divalent cations. In theory, Sr doping does not increase the oxygen vacancy
concentration in perovskite oxides.

Table 3 shows the calculation results of tolerance factor ¢ of BS1-xxC sam-
ples prepared at 1100 °C before and after doping. Generally, when the value of
t is greater than 0.75 but less than 1.00, the perovskite structure can exist sta-
bly. Some studies show that the stability range of cubic perovskite structure is
0.95 <1< 1.04. When the A-site is occupied by Ba’*, and the value of ¢ is greater
than 1.04, therefore, it is more likely to have a structure similar to hexagonal
phase. With the increase of Sr doping amount, ¢ gradually approaches 1, which
shows that the difference in ion radius between Sr** (1.44 A) and Ba’* (1.61 A)

Table 3 Tolerance factor rfor g, J1o" e BS73C  BSS5C  BS37C  BSI9C  SC
the BS 1-xxC samples prepared

at 1100 °C

t 1.048  1.031 1.019 1.007 0.995 0.989
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Fig.5 DTG diagram of thermogravimetric cycling experiment for BS1-xxC prepared at 1100 °C. (The
reaction conditions are the same as Fig. S1.)

can reduce the lattice distortion of BaCoOj;, and improve the structural stability
of BaCoO;, which induces the absorption or release of oxygen [30].

From the DTG curves of the series of samples prepared at 1100 °C in Fig. 5,
it can be seen that the redox reaction rates of the samples containing Ba have
obvious peaks, indicating that the reaction kinetics of these samples is good.
With the increase of Sr doping amount, the reaction rates of the series of samples
first accelerate and then slow down. Among them, the reduction reaction rate of
BS37C is the fastest and slightly faster than that of BS55C. The sample contain-
ing only Sr has almost no peak of reduction reaction rate. The oxidation reaction
rate of BS55C is obviously faster than that of other samples.

Take the DSC measurement results of BS37C, BS19Cand SC prepared at
1100 °C for example, as shown in Fig. S7. By integrating the areas of heat absorp-
tion and release peaks, it can be seen that the average heat absorption amount of
BC, BS73C, BS55C, BS37C, BS19C and SC in the series of perovskite oxides
are 10.2 J/g, 8.4 J/g, 21.6 J/g, 16.2 J/g, 12.6 J/g and 10.4 J/g. BS55C has the larg-
est heat absorption amount. The average heat release amount of these samples are
14.41/g,3.6 J/g, 9.6 J/g, 13.8 J/g and 15.6 J/g, but there is no corresponding exo-
thermic peak in the DSC curve of SC. BS19C has the largest heat release amount.

In general, BS1-xxC series samples exhibit positive redox reactivity, reaction
cycle stability and repeatability, reaction kinetic characteristics, and heat storage
and release capacity, which are suitable for using as energy storage materials for
thermochemical energy storage systems.

Table 4 lists the percentage of metal atoms in BS1-xxC determined by EDS.
By analyzing the atomic ratios at three different positions in the samples, the
average atomic ratios of the samples are obtained. Due to human factors such
as operational errors during sample preparation, the atomic ratio in the sample
is not completely consistent with the standard atomic ratio, but the content of

@ Springer



2374 Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2359-2378

Table 4 Compositional analysis of BS1-xxC by SEM/EDS analysis

Samples Atomic ratio (%) Average atomic ratio (%)
Ba Sr Co (Ba+Sr)/Co (Ba+Sr)/Co
BC-1100 Nominal  50.00 0.00 50.00 1.00 1.00
EDS 52.9052.21  0.00 47.10  1.12 1.10
52.03 0.00 4779  1.09
0.00 4797  1.08
BS73C-1100  Nominal  35.00 15.00 50.00 1.00 1.00
EDS 38.03 1584  46.12 1.17 1.17
38.40 1574 4586 1.18
37.96 15.67 4637 1.16
BS55C-1100 Nominal  25.00 25.00 50.00 1.00 1.00
EDS 23.12 25.56  51.31 095 0.94
22.43 2479 5278  0.89
24.63 2521  50.19  0.99
BS37C-1100  Nominal  15.00 35.00 50.00 1.00 1.00
EDS 12.40 35.82 51.78 093 0.94
16.34 3197 51.69 093
14.88 3420 50.92 0.96

each element is similar to the proportion of elements added during the prepara-
tion process.

Fig. S8 shows the microscopic morphology characteristics of BS1-xxC series
perovskite oxides prepared at 1100 °C by SEM. It can be seen from Fig. S8a that
the particle size of the undoped BC sample is very uneven, and it presents two forms
as blocky and needle. The existence of needle particles can provide a larger specific
surface area, which may be one of the reasons for their better redox reactivity and
reaction kinetics compared with LS1-xxC samples. After Sr doping, the needle-like
structure disappears. The particles of BS73C have smooth surface and uniform size.
The particles of BS55C and BS37C exhibit an irregular coral structure, and there is
adhesion between the particles. The pores of BS55C particles are rich, and the effec-
tive specific surface area is large, which is conducive to full contact between gas and
particles. Therefore, the sample presents good redox reactivity in a series of doped
samples.

From the XPS analysis results of BC, BS55C and BS73C in Fig. S9. Peak fit-
ting and full spectrum carbon correction are performed on C 1s. Then the spectra of
other elements are analyzed. The O 1s spectra of the three perovskite samples show
two obvious characteristic peaks, which are lattice oxygen Oy and surface adsorbed
oxygen O,. The relative contents of O, reflecting oxygen vacancy concentration are
89.43%, 90.79% and 89.80%, which is consistent with the results of thermogravi-
metric analysis. The Co 2p spectrum shows that the Co ions of the three are triva-
lent. The reason is that the doping will not cause the change of the valence state of
the B site element, since Sr and Ba are both bivalent ions. In the XPS spectra of Sr,
the "surface" components of Sr** in BS55C and BS73C are 78.11% and 71.06%,
which may be one of the reasons for BS55C with good reactivity.
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Conclusion

1. In the series of perovskite oxides prepared in this article, there were impurities
in the samples prepared at a lower calcination temperature, which led to a large
loss-weight rates in the first reduction process in the thermal analysis TG curves
of the samples. The purity and crystallinity of the samples calcined at higher tem-
perature were higher. The samples shown better cycle stability and reversibility
in the redox reaction process.

2. The comparison of three groups of perovskite oxides with elements of Fe, Co and
Ni at B-site shown that the reduction process of LS1-xxN samples had a corre-
sponding loss-weight rates, but the oxidation capacity was very poor. The cycling
TG curves of LS1-xxF and LS1-xxC obtained by Sr doping maintained stable
loss-weight rate and gain-weight rate. With the increase of Sr doping amount, the
net weight changes of samples increased first and then decreased. Among them,
the relative contents of adsorbed oxygen of LS19F and LS28C were the larger,
which led to better energy storage performance for LS19F and LS28C. The net
weight changes of other perovskite oxides with Co at B-site were greater than
those of samples with Fe at B-site. Therefore, a series of perovskite oxides con-
taining Co possessed more advantages in thermochemical heat storage systems.

3. The structural stability of single-phase BaCoO; was improved by doping at the A
and B sites. Although Sr doping did not increase the oxygen vacancy concentra-
tion in perovskite oxides, it reduced the lattice distortion of BaCoOj. The struc-
tural stability of BaCoO; was improve by Sr doping, which induced the absorption
or release of oxygen. In addition, since the relative molecular weight of Sr was
less than Ba, the doping of Sr reduced the molecular weight of perovskite oxide
and increased the energy storage density per unit mass. Energy storage perfor-
mance of BS1-xxC samples were the better in a series of A;_,Sr,TO; 5 (A=La,
Ba, T=Co, Fe, Ni). When Sr doping amount was 0.5, the sample exhibited the
best energy storage performance.

In this paper, the research on the thermochemistry energy storage performance
of perovskite oxides in air is still in the stage of laboratory research. The next step
of research should be to build a test bench. Through the design of thermochemistry
energy storage reactor and other devices, the pilot test research of this material is
carried out. It is also necessary to conduct technical and economic feasibility study,
safety assessment, cost/benefit analysis on the perovskite oxides thermal energy
storage system. The potential of perovskite oxides for thermochemistry energy stor-
age is reflected by integrating the results of various analyses.
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