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Abstract: 6 
Thermochemical heat storage system exhibits extraordinary properties compared with sensible or la-7 
tent heat storage system. Owing to the versatility of perovskite, Sr-based perovskites were investigated 8 
for redox-type thermochemical energy storage at medium-high temperature. In this study, SrCoO3-δ, 9 
SrFeO3-δ and SrMnO3-δ were prepared via a modified Pechini method. The oxidation enthalpy of each 10 
sample was measured using a combination of tubular furnace and DSC. Composition analysis, redox 11 
and cyclability tests revealed that SrFeO3-δ possesses favorable behavior validating the design princi-12 
ples. 13 
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 15 
1. Introduction 16 

Recently, due to the increasing global demand for energy and exhaustion of fossil fuel resources, 17 
there has been a greater focus on technology for solar and other renewable energy technologies. In the 18 
field of solar energy, concentrating solar power (CSP) plants represent the most effective form of solar 19 
energy conversion. Suffering from the problem of solar energy intermittency, excellent storage sys-20 
tems are needed to make continuous operation possible. As for now, the heat storage systems can be 21 
classified into sensible, latent, and thermochemical heat storage (TCS) system1, of which TCS exhibits 22 
the most favorable properties, such as improved energy storage density, a wider range of operational 23 
temperature2 and theoretically unlimited distance of transportation3. 24 
  Redox type TCS system is based on reduction-oxidation reaction of metal oxide, as seen in Eq. (1). 25 
Driven by thermal energy, reduction (charge) process was conducted. When energy is later required, 26 
the metal oxides in their reduced state could re-oxidize in oxygen and release heat. Theoretically, it 27 
does not require a tank for the storage of gaseous products as oxygen can be extracted or released from 28 
the atmosphere.  29 

MO௢௫௜ௗ௜௭௘ௗ ௦௧௔௧௘ ൅ ∆𝐻௥ ⇌ MO௥௘ௗ௨௖௘ௗ ௦௧௔௧௘ ൅ 𝑂ଶ ሺ1ሻ 30 
Unlike traditional redox pairs, such as BaO2/BaO4, CuO/Cu2O5, Co3O4/CoO6,7,8, Fe2O3/Fe3O4

9 and 31 
Mn2O3/MnO10, perovskite oxides (ABO3) do not encounter a discrete structural phase change during 32 
the redox process [Eq. (2)].  33 
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where 𝛿௜ ሺ𝛿௜ ൏ 0.5ሻ is the initial oxygen nonstoichiometric, and 𝛿௙ ሺ𝛿௙ ൑ 0.5ሻ is the nonstoichio-35 
metric value when the predetermined temperature is reached. 36 

Crystal phase transformation implies severe lattice reorganization will occur, potentially damaging 37 
the long-term recyclability of the material. Therefore, perovskites are more appropriate for TCS sys-38 
tem than traditional redox pairs. Furthermore, the reduction and oxidation of perovskites occur faster 39 
than traditional redox pairs mentioned above, which can be attributed to the faster O2- diffusion in 40 
nonstoichiometric oxides. Typically, perovskite oxides can re-oxidize in the air within a few seconds11. 41 
However, the heat storage density of perovskite material might be restricted by the absence of obvious 42 
crystal phase change.  43 

Pioneering this work, Babiniec et al. investigated LaxSr1-xCoyM1-yO3-δ (M=Mn, Fe) perovskite ma-44 
terials as thermochemical energy storage media for CSP system in 201512. Actually, LaxSr1-xCoyM1-45 
yO3-δ can be regarded as SrCoO3-δ doped by La, Mn and Fe. Increasing La concentration resulted in a 46 
lattice distortion away from the ideal cubic structure, which represented the highest redox capacity. 47 
Later, they reported the highest storage capacity (ΔH=390 kJ/kg) of perovskites until now, by using 48 
doped calcium manganites (CaBxMn1-xO3-δ, B=Al, Ti)13. 49 

Recently, Mastronardo et al. investigated CaFexMn1-xO3-δ (x = 0.1, 0.3) for thermochemical heat 50 
storage14. The introduction of 0.1 Fe prevented the decomposition of CaMnO3 up to 1200 °C at pO2 = 51 
0.008 atm and increased the heat storage capacity into 344 kJ/kg. While CaFe0.3Mn0.7O3-δ exhibits a 52 
higher oxygen exchange capacity, they claimed that the lower enthalpy accompanying the change in 53 
oxidation state resulted in a diminished heat storage capacity of 221 kJ/kg. 54 

Zhang et al. reported Ba and Sr series perovskites for thermochemical energy storage15. They 55 
claimed that oxygen monoatomic ion of perovskites released from the crystal lattice is not subjected 56 
by a single energy threshold and results in an inconspicuous DSC peak during reduction and oxidation. 57 
Although Sr-based perovskites are already reported by Zhang et al.15, detailed studies on energy stor-58 
age density are lacking due to the limitation of DSC apparatus. 59 

Currently, TCS technology is primarily applied for solar energy utilization and recycle. However, 60 
other thermal technology fields, such as steel industry, electric vehicle, and seasonal indoor heating, 61 
also require advanced TCS technology. In practice, such applications cannot be operated under exces-62 
sively high-temperature condition and volume restrictions for heat storage equipment may exist. Alt-63 
hough most researches in this filed focus on the high temperature, the development of medium-high 64 
temperature heat storage technology remains stagnant, resulting in wasted energy resources as well as 65 
gaps in TCS research. The utilization of thermal energy is always a challenge in the field of renewable 66 
energy; in particular, the exergy of thermal energy is limited as the temperature decreasing, making 67 
that energy is more difficult to capture. 68 

A few principles for medium-high temperature redox-type thermochemical energy storage deign are 69 
summarized below: 70 



 
 

I. Fast reaction kinetics; either reduction or oxidation. 71 
II. Can be operable in the medium-high temperature range. 72 
III. Appropriated operational oxygen partial pressure (A high or low pO2 requires more energy 73 

input). 74 
IV. Sufficient thermochemical heat storage capacity. 75 
V. Cyclability and durability. 76 
VI. Affordable raw materials. 77 
VII. Low toxicity.  78 

Herein, the composition analysis, redox ability and cyclability of Sr-based perovskite were investi-79 
gated. Oxidation enthalpy was investigated in particular by a combination of tubular furnace and DSC 80 
analysis. 81 

 82 
2. Experimental approach 83 
2.1 Synthesis 84 
  SrBO3-δ (B=Mn, Fe, Co, Ni, Cu) perovskite was synthesized by a modified Pechini method16. Stoi-85 
chiometric amounts of nitrate salts Sr(NO3)2 (98%, FUJIFILM Wako Pure Chemical Corporation), 86 
Mn(NO3)2·6H2O (98%, FUJIFILM Wako Pure Chemical Corporation), Fe(NO3)3·9H2O (99%, FUJI-87 
FILM Wako Pure Chemical Corporation), Co(NO3)2·6H2O (98%, FUJIFILM Wako Pure Chemical 88 
Corporation), Ni(NO3)2·6H2O (98%, FUJIFILM Wako Pure Chemical Corporation), and 89 
Cu(NO3)2·3H2O (98%, FUJIFILM Wako Pure Chemical Corporation) were dissolved in deionized 90 
water, then citric acid was added to the solution at a ratio of 1:2 (cation : citric acid). Ethylene glycol 91 
was introduced as a reactant with citric acid, then adjusted the pH value to around 9 with ammonia 92 
solution subsequently. The solution was dried and pre-calcined at 500 °C for 1h in air to remove all 93 
the organic components. After grounding, these powders were pelletized with a 25 mm die at 30 MPa, 94 
then pellets were heated to 1200 °C for 5 hours in air. In order to preserve the metastable brownmil-95 
lerite (reduction state) phase of perovskite until XRD analysis was performed, a few samples were 96 
quenched by liquid N2. The remaining samples were cooled at room temperature. For convenience, 97 
the quenched samples are denoted as Q-ABO3-δ and the samples without quenching are denoted as 98 
NQ-ABO3-δ. 99 
2.2 Structural characterization 100 
  The pre-calcined sample, Q-ABO3-δ and NQ-ABO3-δ sample were investigated using X-ray diffrac-101 
tion (XRD) (SmartLab, Rigaku) with Cu Kα radiation (λ = 0.15418 nm, 40 kV – 25 mA). Crystalline 102 
phases were analyzed using PDXL2 (Rigaku Data Analysis Software). 103 
2.3 TG analysis and SEM morphology 104 

Three thermogravimetric analysis programs were performed for this study. For the first program, 105 
the redox capacity and mass change of the NQ-ABO3-δ and Q-ABO3-δ families were evaluated. The 106 



 
 

primary redox characterization of the NQ-ABO3-δ and Q-ABO3-δ families was tested using pellet frag-107 
ments (~20mg) in a HITACHI STA7300. This experiment could not determine the absolute δ values 108 
of each sample, but provided an appropriate standard for comparing different families. The first pro-109 
gram consisted of two cycles. The “break-in” cycle aim to removing any impurity (i.e. adsorbed spe-110 
cies on the surface of the sample) 12,17,18 and eliminating the quenching effect. The initial mass was 111 
recorded at 100 °C, and the sample was heated up to 1000 °C holding for 1 h then re-oxidized in the 112 
air while cooled to 100 °C for 90 min. This investigation was vital for screening the best candidates 113 
for further study. The second program acted as a “pre-experiment” aims to obtaining an oxidation rate 114 
of the reduced perovskites at room temperature. This ensured the validity of combining a tubular fur-115 
nace and DSC analysis. The third program was set up for cyclability and durability tests. The SEM 116 
morphology was also studied using as-prepared, 1 cycle and 10 cycles samples. Details on each TG 117 
program will be presented in later section.  118 
2.4 Oxidation enthalpy measurement 119 
  To measure oxidation enthalpy, NQ-ABO3-δ samples were heated to 1000 °C in an argon flow using 120 
tubular furnace to obtain the most reduced ABO2.5 brownmillerite phase, then cooled down to the room 121 
temperature also in a protective argon flow. Isothermal oxidation method was performed for SrCoO3-122 
δ and SrFeO3-δ. After heating to the appropriate temperature under N2 protection, the gas was changed 123 
to air when target temperature was stable. The exothermic signal was detected using DSC apparatus 124 
(DSC-60, Shimadzu Corp.). The oxidation enthalpy of SrMnO3-δ was measured using a non-isothermal 125 
oxidation method. 126 
 127 
3. Results and discussion 128 
3.1 Synthesis mechanism and characterization of composition 129 

The preparation schematic of Sr-based perovskites via Pechini method was shown in Figure 1. 130 
 131 

 132 
Figure 1. Preparation schematic. 133 
 134 



 
 

Metallic cations were initially chelated with citric acid. With the aid of polyalcohol, the correspond-135 
ing metallic citrates were cross-linked to form a gel through esterification. The organic compositions 136 
were removed after pre-calcine process, and the cations were subsequently oxidized at high tempera-137 
ture to form a perovskite structure. 138 

Although SrNiO3-δ and SrCuO3-δ perovskite were also prepared using Pechini method, pure SrNiO3-139 
δ and SrCuO3-δ perovskite were not obtained in this study because of their instability in normal condi-140 
tion19,20. Moreover, the complex synthesis conditions do not satisfy the design principles and unsuita-141 
ble for practical application. Therefore, only SrCoO3-δ, SrFeO3-δ and SrMnO3-δ were considered for 142 
further study. 143 

To confirm the validity of Pechini methods, XRD analysis of pre-calcined, NQ-ABO3-δ and Q-144 
ABO3-δ samples were performed. The results are summarized in Table 1 and typical XRD pattern of 145 
NQ-ABO3-δ and Q-ABO3-δ samples are presented in Figure 2.  146 

 147 

Figure 2. XRD patterns of NQ-ABO3 and Q-ABO3 samples. 148 
 149 

The XRD results of pre-calcined samples coincide with the mechanism introduced in Figure 1, but 150 
interestingly, Sr tends to create two kinds of simple substance rather than oxides. Conversely, transition 151 
metal elements readily generated oxides with relatively high valences, which are very close to target 152 
perovskites. As temperature continually increases, these Sr simple substances have the ability to re-153 
duce the cationic position of certain transition oxides. Therefore, the Sr cation acts as the A-site and 154 
transition metallic cation settles at B-site of perovskites. 155 

The phase composition of the unquenched samples (NQ-SrCoO3-δ, NQ-SrFeO3-δ, and NQ-SrMnO3-156 
δ) were analyzed using XRD. After compared with standard PDF card, it was observed that instead of 157 
the predicted SrCoO3 phase, NQ-SrCoO3-δ exhibited a Sr6Co5O15 phase that the molar ratio of Sr and 158 
Co is not equal to 1:1. Previous evidence suggests that during room temperature cooling of SrCoO3-δ 159 
after the Pechini method, it will decompose into Sr6Co5O15 and a small amount of Co3O4. Based on 160 
the synthesis mechanism of pre-calcined samples, there are two possible explanations for this result: 161 



 
 

A. when cooling at room temperature, a small amount of Co was decomposed from SrCoO3-δ then 162 
slowly oxidized in air, while remaining SrCoO3-δ was evolved into more stable Sr6Co5O15 phase; B. 163 
during the cooling process, SrCoO3 was generated first, and a small amount of Sr was decomposed 164 
from SrCoO3-δ then reacted with the undecomposed SrCoO3-δ to form Sr6Co5O15. Irrespective of the 165 
mechanism, the XRD results suggested Sr6Co5O15 is more stable than SrCoO3 at room temperature, 166 
making it difficult to synthesize and use in practical applications. The Sr-Co-O phase diagram21 shows 167 
that when temperature was lower than 1150 K, it was impossible to form SrCoO3 perovskite even if 168 
the mole ratio of raw materials was 1:1. 169 

Conversely, SrFeO3-δ presented continued phase from high temperature to room temperature. None-170 
theless, even unquenched sample shows unsaturated phase mainly because the dense pelletization of 171 
sample may obstruct oxygen diffusion, the inner part cannot acquire enough oxygen. 172 

The metastable brownmillerite phase can be obtained using the quenching method. However, Q-173 
SrFeO3-δ also consists of SrFeO2.875, maintaining a relatively larger δ value. This suggested that even 174 
sample was “frozen” by the quenching method, but it will still slowly oxidize over time. It is interesting 175 
to notice that the quenching effect of SrMnO3-δ has not been detected, which can be attributed to 176 
stronger Mn-O bond that needs higher temperature to release lattice oxygen. Moreover, SrMnO3 shows 177 
hexagonal structure instead of standard ABO3 perovskite cubic structure, leading its redox behavior, 178 
viz. oxygen exchange capacity, which deviates from another two22. 179 
 180 
Table 1. Main phase, crystal structure and PDF-code of each sample. 181 
 182 

Sample Main phase Crystal Structure PDF-# 

Pre-calcined-SrCoO3-δ α-Sr, γ-Sr, Co2.62O4 (-) (-) 

Pre-calcined-SrFeO3-δ α-Sr, γ-Sr, Fe3O4 (-) (-) 

Pre-calcined-SrMnO3-δ α-Sr, γ-Sr, Mn2O3 (-) (-) 

NQ-SrCoO3-δ Sr6Co5O15 Trigonal, R32 (155) 00-060-0757 

NQ-SrFeO3-δ SrFeO3, SrFeO2.75 
Cubic, Pm-3m (221) 

Orthorhombic, Cmmm (65) 

01-070-6802, 

01-070-5777 

NQ-SrMnO3-δ SrMnO3 Hexagonal, P63/mmc (194) 01-084-1612 

Q-SrCoO3-δ SrCoO2.5 Orthorhombic, Ima2 (46) 01-078-5502 

Q-SrFeO3-δ 
SrFeO2.5, 

SrFeO2.875 

Orthorhombic, Icmm (74) 

Tetragonal, I4/mmm (139) 

01-070-0836, 

00-059-0638 

Q-SrMnO3-δ SrMnO3 Hexagonal, P63/mmc (194) 01-084-1612 

 183 
 184 
3.2 Redox behavior 185 



 
 

  The redox behavior of NQ-ABO3-δ and Q-ABO3-δ families were determined using TGA. Figure 3 186 
shows the profile of TGA program and mass change of each sample. SrCoO3-δ and SrFeO3-δ exhibited 187 
very similar redox behavior when heated to 1000 °C in the atmospheric ambient, while SrMnO3-δ 188 
showed inactivity under these conditions. Because some adsorbed species may remain on the surface 189 
of the sample, the first cycle is used to diminish the effect of impurities. The initial mass of the second 190 
cycle was used as the initial mass of each sample at a time of 210 min. 191 

Figure 3. Redox behavior of (a) NQ-ABO3-δ and (b) Q-ABO3-δ families. 192 
 193 
The changes in mass of unquenched SrCoO3-δ, SrFeO3-δ and SrMnO3-δ samples are 2.11%, 2.34% 194 

and 0.34%, respectively. The changes in mass of quenched SrCoO3-δ, SrFeO3-δ and SrMnO3-δ samples 195 
were slightly lower (1.72%, 2.11% and 0.33%, respectively). The change in δ, namely Δδ, can be 196 
calculated easily using Eq. (3):  197 

∆δ ൌ
∆𝑚 ⋅ 𝑀𝑊஺஻ைଷ

𝑚௜௡௜௧௜௔௟ ⋅ 𝑀𝑊ை
ሺ3ሻ 198 

where ∆𝑚 is the change in mass, 𝑚௜௡௜௧௜௔௟ is the initial mass, 𝑀𝑊஺஻ைଷ is the molecular weight of 199 
perovskite (δ = 0), 𝑀𝑊ை is the molecular weight of monoatomic oxygen. The results for Δδ are listed 200 
in Table 2. 201 
  It is interesting to notice that after quenching process the redox behavior of ABO3-δ was slightly 202 
worse than those unquenched samples. This is mainly due to irreversible damage caused to ABO3-δ 203 
during the quenching process; being unable to return to most oxidized state leads to a narrow range of 204 
mass change. In particular, the Q-ABO3-δ families show rapid mass change behavior in the first cycle, 205 
around 700 °C and 400 °C for SrCoO3-δ and SrFeO3-δ, respectively. By quenching, the perovskite sam-206 
ple can be “frozen” at reduced state until it returns to room temperature. When “frozen” perovskite 207 
was heated again, the oxidation rate was faster. As presented in Figure 3 (b), when a certain tempera-208 
ture was reached, around 800 °C for SrCoO3-δ and 500 °C for SrFeO3-δ, Q-ABO3-δ almost return to the 209 
initial mass. However, as temperature keeps increasing the reduction behavior was observed. Although 210 
the reduction reaction occurs during the entire heating process, the reduction rate is lower than the 211 



 
 

oxidation rate until a certain temperature is reached. Nonetheless, unlike the other perovskites, 212 
SrMnO3-δ did not exhibit an obvious quenching effect except for a slight variation in the mass change. 213 
 214 
Table 2. The value of Δδ (Mean value ± standard deviation) for No-Quench and Quenched families. 215 

Experiment Condition SrCoO3-δ SrFeO3-δ SrMnO3-δ 

No-Quench 0.266 ± 0.007 0.279 ± 0.003 0.049 ± 0.006 

Quenched 0.199 ± 0.008 0.262 ± 0.007 0.048 ± 0.007 

 216 
Actually, in the case of SrCoO3-δ and SrFeO3-δ, their redox behaviors are quite different in a sense 217 

due to their own property. The mass change of SrFeO3-δ seems like a linear function in the temperature 218 
range from 400 °C to 1000 °C either reduction or oxidation. This property can exist over two cycles, 219 
which can be demonstrated by cyclability test. SrCoO3-δ, on the other hand, represents more compli-220 
cated reduction behavior. This behavior can be classified into broken line function, with a change in 221 
slope at approximately 900 °C. It can be attributed to the variety of Sr-Co-O ternary component phase. 222 
Ondřej Jankovský et al.21 previously investigated the detailed phase composition of Sr-Co-O. Accord-223 
ing to Sr-Co-O phase diagram, at a temperature below 877 °C, Sr and Co can only create quasi-one-224 
dimensional Sr6Co5O15

23
 rather than the SrCoO3-δ perovskite structure. These results also show perfect 225 

consistency with ours. From another point of view, varied phase change during the redox process 226 
seems unfavorable to reactor design because of the instability of kinetics. Even when the SrMnO3-δ 227 
was heated up to 1000 °C, it remained in a relatively high oxidation state. In the supplementary exper-228 
iment performed by Zhang et al.15, despite heating SrMnO3-δ perovskite to 1150 °C in an Ar atmos-229 
phere, namely reduced in an extremely low oxygen partial pressure, it only exhibited a mass change 230 
of less than 2%. This indicates that SrMnO3-δ may possess a large reduction enthalpy; the estimated 231 
value was reported by other authors24,25, but in terms of heat storage at medium-high temperature, the 232 
rigorous operating conditions pose some problems. 233 
 234 
3.3 Oxidation enthalpy estimate 235 

To confirm that the oxidation rate in the ambient condition of the reduced sample was slow enough 236 
for DSC measurement, a pre-experiment was performed with the result shown in Figure. S1. The NQ-237 
ABO3-δ family was heated to 1000 °C in a N2 atmosphere to obtain reduced samples, then gas was 238 
changed into synthesized air while temperature was fixed at 100 °C to determine the oxidation rate 239 
under normal condition. The values of Δδ in N2 atmosphere and air are listed in Table S1. To study the 240 
thermochemical heat storage capacity per unit volume, the density of each sample was measured using 241 
helium pycnometer method, with results of 5.70 g/cm3 for SrCoO3-δ, 5.79 g/cm3 for SrFeO3-δ and 6.82 242 
g/cm3 for SrMnO3-δ. 243 
3.3.1 Oxidation enthalpy of Sr(Co,Fe)O3-δ 244 



 
 

According to the calculation results from Figure. S1, SrCoO3-δ and SrFeO3-δ can be almost reduced 245 
into ABO2.5 brownmillerite phase, and the changes in δ for SrCoO3-δ and SrFeO3-δ were so small that 246 
they can be ignored while gas was changed into air. Oxidation state samples were subjected to heat 247 
treatment using tubular furnace to obtain reduced samples. Then reduced samples were heated to ap-248 
propriate temperature in N2 protection, the gas was changed to air, and the DSC exothermic peak was 249 
monitored. This is known as the isothermal oxidation method. Typical DSC results were shown in 250 
Figure 4. 251 

 252 
Figure 4. The DSC curve for reduced Sr(Co,Fe)O3-δ with isothermal oxidation method. 253 
 254 

An appropriate oxidation temperature is crucial for each reduced sample due to the temperature and 255 
oxygen partial pressure sensitivity of perovskite materials. Excessively high oxidation temperature 256 
may result in incomplete oxidation, as high temperature also promotes reduction reaction. However, 257 
at insufficient temperature, the oxidation reaction may be too tardy to generate visible peak. Hence, 258 
the oxidation temperature for SrCoO3-δ and SrFeO3-δ are 450 °C and 400 °C (program temperature), 259 
respectively. 260 

Among the DSC results, only SrFeO3-δ showed the intact exothermic peak, while SrCoO3-δ repre-261 
sented semi-peak or vaulted peak. Interestingly, the DSC curve of SrCoO3-δ has two-level baselines 262 
before and after reaction, which suggested a change in the specific heat capacity of SrCoO3-δ. This can 263 
be attributed to the formation of Sr6Co5O15 we discussed previously. Despite the similarity of the redox 264 
behavior of SrCoO3-δ and SrFeO3-δ the oxidation enthalpy of SrCoO3-δ is 47.6 ± 5.7 kJ/kg-ABO3 (270.5 265 
± 32.3 kJ/L) which slightly smaller than 81.7 ± 3.4 kJ/kg-ABO3 (473.5 ± 20.0 kJ/L). In addition, it is 266 
worth noting that the exothermic peak measured by DSC is usually smaller than the real value, which 267 
is mainly due to the inevitable heat loss. 268 
 269 
 270 
 271 
3.3.2 Oxidation enthalpy of SrMnO3-δ 272 



 
 

  It was found that SrMnO3-δ appears to have a significant oxygen affinity. Even when the reduced 273 
SrMnO3-δ was heated to 500 °C in N2 atmosphere (extreme low oxygen partial pressure), the reduced 274 
SrMnO3-δ still re-oxidized in 30 min. As seen in Figure. S2, the reduced SrMnO3-δ exhibits similar 275 
oxidation behavior in N2 or Air. For this reason, a non-isothermal oxidation method was adopted. The 276 
reduced SrMnO3-δ was heated at a fixed heating rate (10°C/min) in air. After integrated the exothermic 277 
peak, the oxidation enthalpy was found to be 25.6 ± 5.8 kJ/kg-ABO3 (230.3 ± 39.4 kJ/L). A typical 278 
pattern is shown in Figure 5.  279 

Figure 5. The DSC curve for reduced SrMnO3-δ with non-isothermal oxidation method. 280 
 281 

Since it was found that SrMnO3-δ can only reach a small Δδ (from Figure. S2, Δδ only reached 0.1), 282 
even under high temperature and low pO2 condition, its oxidation enthalpy was not satisfactory. On 283 
the contrary, it shows an unusual stability, suggesting that SrMnO3-δ may possess the highest oxidation 284 
enthalpy among the all Sr-based perovskites while its Δδ is sufficiently large. Unfortunately, because 285 
the relationship of Δδ and enthalpy is not always linear, it is difficult to predict the complete oxidation 286 
value by DSC method from only a single point. Vieten et al.24 estimated the reaction enthalpy of 287 
SrMnO3-δ (373 ± 55 kJ/mol-O2) using Van’t Hoff approach, but this method poses severe measurement 288 
uncertainties since only small mass changes were detected. It is worth noting that the unit they used 289 
(kJ/mol-O2) means the amount of heat released when perovskite reacts with 1 mol of oxygen. In 2001, 290 
Rørmark et al.26 measured the oxidation enthalpy of SrMnO3-δ to be 293 ± 10 kJ/mol-O2 and 73.3 ± 291 
0.5 kJ/mol-Mn (~384.65 kJ/kg). Furthermore, comparing with the DFT-based data27, 28, 29, the reaction 292 
enthalpy of SrMnO3-δ is 340 kJ/mol-O2. From the literature, SrMnO3-δ does possess a larger reaction 293 
enthalpy, as expected from the design principles, but the high stability of SrMnO3-δ in the range of 294 
500-1000 °C results in practical difficulties. In conclusion, only SrFeO3-δ was found to be able to 295 
operate under medium-high temperature conditions. 296 
3.4 Cyclability test 297 



 
 

SrFeO3-δ was chosen for further cyclability test in 10 redox cycles, as shown in Figure 6. Aside from 298 
the first cycle not showing a satisfactory depth of reduction, the other cycles show an excellent cycla-299 
bility in air. The large mass loss seen in the first cycle can be attributed to the desorption of water 300 
vapor or other adsorbed species. From this perspective, SrFeO3-δ could return to the relatively high 301 
oxidation state, at a mass very close to the authentic initial mass, when temperature was cooled down 302 
to 100 °C.  303 

As shown in Figure 7 (a-b), some SrFeO3-δ agglomerated and generated relatively large particles 304 
whose size is over 20 μm. The agglomerated particles appear to have a terraced and exfoliated structure. 305 
In the magnified view, the terraced structure is distinct, with some small holes (about 1 μm) visible on 306 
the surface of particles. The point defects in crystal growth may play an important role in determining 307 
of surface morphology. For example, defects may accelerate the oxygen exchange rate due to the in-308 
crement of surface area. However, after two cycles, only a small amount of the terraced structure 309 
remains, and the point defect can no longer be detected, as seen in Figure 7 (c-d). The 10 cycles result 310 
shown in Figure 7 (e-f) indicate that SrFeO3-δ exhibits severe sintering, and the terraced structure no 311 
longer exists. Some holes can be distinguished, but they should be considered as incomplete sintering 312 
instead of point defects. Surprisingly, even suffer from the significant sintering, the redox behavior of 313 
SrFeO3-δ is still adequate. 314 

Figure 6. The 10 redox cycles test of SrFeO3-δ. 315 
 316 



 
 

 317 

 318 

Figure 7. SEM images of SrFeO3-δ: (a-b) for as-prepared sample, (c-d) for 2-cycles sample and (e-319 
f) for 10-cycles sample. 320 
 321 
4. Conclusions 322 

In this research, Sr-based transition metal perovskites were prepared for thermochemical energy 323 
storage at medium-high temperature. Owing to the instability of SrCuO3-δ and SrNiO3-δ, only SrCoO3-324 
δ, SrFeO3-δ and SrMnO3-δ were successfully formed via the modified Pechini method. The “frozen” 325 
samples were obtained using quenching method to investigate their crystal structure. The structure of 326 
SrMnO3-δ is deviate from the ideal perovskite cubic structure and shows diminished redox capacity at 327 



 
 

1000 °C, even in the N2 atmosphere. However, several reports have shown that SrMnO3-δ may possess 328 
the highest reaction enthalpy (300~400 kJ/mol-O2) among three candidates due to the stronger Mn-O 329 
bonds and non-cubic structure. 330 

Although SrCoO3-δ has very similar redox capacity to that of SrFeO3-δ, according to the phase dia-331 
gram of Sr-Co-O, its variant phase transition is unfavorable to the TCS system. SrCoO3-δ, SrFeO3-δ 332 
and SrMnO3-δ were heated to 1000 °C to obtain reduced phase. After DSC measurement, the oxidation 333 
enthalpies of each sample are 47.6 ± 5.7 kJ/kg-ABO3 (270.5 ± 32.3 kJ/L), 81.7 ± 3.4 kJ/kg-ABO3 334 
(473.5 ± 20.0 kJ/L) and 25.6 ± 5.8 kJ/kg-ABO3 (230.3 ± 39.4 kJ/L), respectively. Theoretically, if all 335 
samples reach the same Δδ, the oxidation enthalpy will increase in the increase of element metallicity, 336 
which may be related to the difference of M-O bonds strength (SrNiO3-δ and SrCuO3-δ could also be 337 
considered as their M-O bonds are too weak to form). 338 

Since SrFeO3-δ exhibited excellent redox capacity, further cyclability tests were performed and their 339 
morphology was investigated by SEM. The result showed a good cyclability for 10 cycles even after 340 
sintering. In conclusion, SrFeO3-δ meets the requirements for operation in moderate oxygen partial 341 
pressure and medium-high temperature range and possesses exceptional cyclability. However, the lim-342 
ited thermochemical energy storage capacity and reaction kinetics require further investigation. 343 
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Figure.S1 Oxidation behavior in air at 100 °C for reduced NQ-ABO3 428 
 429 
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 432 
 433 

Table S1. The value of Δδ for NQ-ABO3-δ reduced in N2 and oxidation in air at 100°C. 434 
Experiment Condition NQ-SrCoO3-δ NQ-SrFeO3-δ NQ-SrMnO3-δ 

Reduction in N2 0.439 0.459 0.119 

Oxidation in air at 100 °C 0.041 0.048 0.049 

Re-oxidation temperature 450 °C 400 °C (-) 

 435 



 
 

Figure.S2 Oxidation behavior of reduced SrMnO3-δ in air/N2 during heating 436 
 437 
 438 
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