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Abstract. Solar thermochemical CO2 splitting (STCS) cycles provide the promising routes to 
generate renewable fuel, fuel precursors, or chemical feedstocks by the utilization of 
renewable resources like solar thermal energy and CO2 relating to current energy as well as 
climate change. Perovskites have been proposed as the potential oxygen exchange redox 
materials for the two-step STCS process due to their greater oxygen release and redox 
stability. Herein, the oxygen release and redox stability were investigated for the cobalt-based 
perovskites (SrCoO3-δ and SrCo0.9Zr0.1O3-δ) as the potential STCS candidates. Consequently, 
the XRD, FT-IR, and Raman confirmed the dual-phase perovskite constitutions of 
SrCo0.9Zr0.1O3-δ (i.e. SrCoO2.29 and SrZrO3) compared to SrCoO3-δ. The thermogravimetric 
analysis indicated the incorporation of Zr could facilitate the oxygen release and enhance the 
phase stability. The near-equilibrium lattice oxygen release and uptake at high temperatures 
could be observed through the redox performance of SrCo0.9Zr0.1O3-δ at different heating and 
cooling rates. The results are noteworthy and demonstrate the potential of Zr-enhanced cobalt-
based perovskites as the oxygen exchange redox materials for practical solar thermochemical 
applications. 
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1. Introduction

The anthropogenic excessive CO2 emissions resulting from the conventional utilization of fossil 
fuels have caused adverse effects on the global climate, environment and energy (e.g., climate 
change, loss of biodiversity and energy insecurity). In this context, converting excess and 
nontoxic CO2 into high-value-added chemicals and green carbonaceous fuels at a large 
enough scale is an essential strategy for the ambitious global carbon neutrality goal and the 
sustainable development of the environment and energy [1-3]. Among many emerging CO2 
conversion technologies, chemical looping processes have attracted considerable amounts of 
attention due to the inherent CO2 capture, direct utilization and effective conversion process 
[4, 5]. Two-step solar thermochemical splitting of CO2 (STCS) into platform chemicals (CO and 
O2) involving the chemical looping principle provides an attractive route for the solar fuel 
production and CO2 recycling due to the key features including the intrinsic operation at high 
temperatures, utilization of entire solar spectrum, and simplifying gas separation [6-8].  

In the two-step thermochemical process, oxygen exchange redox materials (or oxygen 
carriers, OCs) are used to complete the reduction at high temperatures (Tred) and the re-
oxidation by CO2 at relatively lower temperatures (Tox). Due to the flexibility of electronic and 
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crystal structure, the chemical versatility, the excellent redox reversibility, and the tunable 
thermodynamic characteristics, perovskite oxides have gained enormous recognition as 
promising OC candidates for the STCS process [9-12]. As the potential perovskites systems, 
cobalt-Based perovskites (e.g., SrCoO3-δ, LaCoO3) was proposed as the OC candidate for the 
solar thermochemical application [13-15]. However, it is still imperative to further enhance the 
thermal stability, melting point, reaction kinetics and redox properties by various strategies in 
terms of the solar thermochemical application. Based on the reported works, Zr doping is 
beneficial to improve CO yield and thermochemical redox stability of material [16]. 

Herein, the Zr-doping SrCoO3-δ as typical OC has been designed for the STCS process. 
The phase composition and stability as well as oxygen exchange capacity of the obtained 
samples in N2 and air have been primarily comprehensively surveyed via various 
characterizations in the work. The observations demonstrated the optimized OC SrCo0.9Zr0.1O3-

δ which showed excellent thermal stability, and lattice oxygen release and uptake capacity.  

2. Materials & Characterization 

All OCs with the perovskite structure (SrCoO3 and SrCo0.9Zr0.1O3, denoted as SCO and SCZ91) 
were prepared by a typical sol-gel method in which adequate stoichiometric amounts of 
Sr(NO3)2, Co(NO3)2⋅6H2O, and Zr(NO3)4·5H2O were dissolved into distilled water with citric 
acid, followed by adding ethylene glycol until the formation of viscous gel. Finally, the pristine 
samples were obtained by calcination at 400 °C and 1000 °C in air.  

Subsequently, the crystal structures and chemical compositions of samples were 
investigated by XRD, FT-IR, and Raman in details. The thermodynamic equilibrium and 
reaction rate measurements were performed by adopting TGA procedures. For the TGA 
measurement, the optimal mass of sample (30.00 mg) was placed in an alumina crucible. An 
empty alumina crucible was used as the reference. The sample was purged with N2 (pO2 ≈ 
10-5 bar, 50 mL/min) at 30 °C under atmospheric pressure. Afterward, the sample was heated 
and cooled to perform all of the measurements. 

3. Results and discussion 

3.1 Physicochemical characterization of OCs 

The XRD patterns of as-prepared OCs are presented in Figure 1a. The pattern of the SCO 
powders can be indexed to a pure hexagonal structure (SrCoO2.52). The synthesized SCZ91 
adopts the cubic and orthorhombic mixed perovskite-type structure according to all peaks 
identified as the constituents of SrCoO2.29 and SrZrO3, and no other impurity phases are 
detected. According to the magnified view from 30° to 35° (2θ) in Figure 1d, it is noted that an 
obvious peak shift toward a lower diffraction angle is induced by the incorporation of Zr. 

The chemical structures and vibrational bonds of OCs were characterized by Fourier 
transform infrared spectroscopy (FT-IR) and Raman spectroscopy. In Figure 1b and e, the 
absorption bands at 400-450 cm−1 are allocated to metal cations bending and stretching 
vibrations of BO6 (CoO6 or ZrO6) octahedron. The typical peaks at 570 cm−1 assigned to the 
metal-oxygen bond (Co-O and Zr-O) antisymmetric stretching vibration in the BO6 octahedra 
of perovskite structure and the fingerprint of perovskite at 660 cm−1 can be observed [17,18]. 
Other absorption bands appearing around 857 cm−1, 993-1202 cm−1, and 1464 cm−1 indicate 
the twisting and stretching vibration of the corresponding carbonates and C-H bond emerging 
in the OCs (Figure 1e). Some other characteristic groups originating from the gaseous CO2 in 
the atmosphere as well as the water adsorbed on samples or KBr are also observed in the FT-
IR spectra (Figure 1b) [19]. All the above carbonates and adsorbed species could be neglected 
for the OCs. As shown in Figures 1c and f, SCO and SCZ91 show three different Raman 
modes in the displayed zone. The peaks at 110, 130 and 170 cm−1 are attributed to B2g mode 
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related to the rotation of CoO6 about the z-axis and CoO4 bending, and Sr out-of-phase 
vibrations in the yz-plane, etc [20]. The peaks at 469 and 510 cm−1 are ascribed to the CoO6 
and CoO4 bending vibrations, etc. The peaks at 628 and 677 cm−1 are assigned to the apical 
O(2) out-of-phase stretching in the yz-plane, CoO6 breathing, etc. The theoretical and 
experimental (25 °C) Raman modes for OCs are given in Table 1. The FT-IR and Raman 
analysis further confirmed the perovskite structure of pristine OCs. 

 

Figure 1. Characterizations of fresh OCs. (a, d) XRD patterns, (b, e) FT-IR spectra, (c, f) Raman 
spectra. 

Table 1. Theoretical and experimental Raman modes for OCs. 

Calc. (cm−1) [20] Expt. (cm−1) Assignment 
106 110 B2g (CoO6 rotation about the z-axis; CoO4 

bending; Co(1) and Co(2) out-of-phase vibrations 
along the x-axis; Sr out-of-phase vibrations 
along the x-axis) 

122 130 B3g (Sr out-of-phase vibrations in the yz-plane) 
169 170 Ag (CoO6 rotation about the x-axis; apical O(2) 

bending; Co(1) and Co(2) out-phase vibrations 
along the z-axis; Sr out-of-phase vibrations in 
the yz-plane) 

471 469 Ag (CoO6 and CoO4 bending vibrations; Co(1) 
and Co(2) out-phase along the z-axis); 

518 510 B3g (CoO6 bending; Co(1) and Co(2) out-phase 
vibrations along the z-axis) 

629 628 Ag (apical O(2) out-of phase stretching in the yz-
plane; Co(1) and Co(2) out-phase vibrations 
along the z-axis) 

644 677 B3g (CoO6 breathing; apical O(2) out-of phase 
stretching in the yz-plane; Co(1) and Co(2) out-
phase vibrations along the y-axis) 
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3.2 Phase transition and stability 

Simultaneous thermogravimetry and differential scanning calorimetry (TG-DSC) 
measurements were performed under N2 using a ramp rate of 10 °C/min to detect phase 
transitions and compare the mass change difference of OCs (Figure 2). For all OCs, mass loss 
behavior can be divided into three steps and performs the maximal variation in step III (Figure 
2a), suggesting the efficient oxygen release of cobalt-based perovskites. The DSC data 
(Figure 1b) further reveal three phase transitions of SCO and the phase stability of SCZ91 at 
high temperatures [21]. Furthermore, it is to be noted that mass loss occurs predominantly 
before the phase transition (Figures 2a and b), implying the profound influence of Zr on the 
properties of SCO. In comparison, the mass loss of SCZ91 is higher than SCO in all steps 
(Figure 2c), indicating the incorporation of Zr contributed to the oxygen release. Due to the 
importance of oxygen release performance at higher temperatures (step III), the oxygen 
content is further calculated for two OCs (Figure 2d and Table 2), indicating the excellence of 
SCZ91. Compared to Zr4+-doped CeO2, SCZ91 exhibits similar performances [22]. For the 
improvement of phase stability and oxygen content resulted from Zr doping, the possible 
mechanism is the decrease of oxygen vacancies and the crystallographic enhancement due 
to the introduction of quadrivalent doping ions Zr4+ [23]. Overall, based on the TG-DSC results, 
SCZ91 can be further evaluated as a potential oxygen carrier because this material not only 
stands to meet the oxygen release requirements for STCS applications due to the incorporation 
of Zr, but also benefits from a composition of cobalt-based perovskites. 

 

Figure 2. Thermal properties of fresh OCs. (a) mass profiles, (b) DSC profiles, (c) mass profiles of 
three measurements, (d) oxygen content change in step III (600 °C-1000 °C). Temperature ramp rate 

of 10 °C/min, about 30.00 mg in mass. 

Table 2. Comparison of mass and oxygen content for OCs according to the TG-DSC measurements. 

OC Mass loss (%) Mass loss in step III (%) Oxygen content in step III (mmol) 
SCO 2.6756 (± 0.4199) 1.9467 (±0.2108) 0.038 (±0.012) 
SCZ91 6.8717 (±1.0110) 3.7133 (±0.1250) 0.071 (±0.005) 
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3.3 Effects of heating and cooling rates on redox performance 

For the STCS process, the heating and cooling rates as the important parameters, which 
involves the oxygen evolution rate, material sintering, external heat input capacity and 
equipment life span etc., have been evaluated based on the reduction and oxidation rate 
analysis in the reduction and re-oxidation process, as shown in Figure 3. The reduction process 
of SCZ91 at different heating rates was divided into two stages, corresponding to a 
temperature-elevating stage from 30 to 1000 °C in N2 and an isothermal stage at 1000 °C in 
N2 (Figures 3a and c). The weight change is observed when the temperature increases from 
30 °C to 200 °C, which can be attributed to the change of water adsorbed on the surface of 
OC. As the temperature increase from 400 °C to 600 °C, weight loss could be ascribed to the 
surface oxygen desorption from the sample. At temperatures above 750 °C, two high-
temperature peaks are observed for OC, which is mainly concerned with the lattice oxygen. 
Based on the final isothermal stage, an average oxygen release content of 0.067 mmol is 
obtained for the lattice oxygen (600 °C-1000 °C, Figure 3b).  

The re-oxidation reaction of SCZ91 at different cooling rates in air was conducted from 
1000 to 500 °C (Figure 3d-f). It can be noted that the final re-oxidation degree with the cooling 
rates is about ∼ 0.034 mmol compared with the temperature-elevating stage (Figure 3e), which 
may be attributed to the fast decrease of temperature to inadequate oxygen replenishment. 
Thus, the rate of 10 °C/min may be an optimal cooling rate based on the re-oxidation time and 
the final re-oxidation degree. By differentiating the oxygen content with respect to time (Figure 
3f), the effect of temperature on the re-oxidation rate is obtained to further analyze the effect 
of the cooling rate on the re-oxidation degree. It could also observe two high-temperature re-
oxidation peaks at about 997 °C and 800 °C-750 °C. The re-oxidation at higher temperatures 
is fast, implying that oxygen partial pressure is an important factor in the rate. The re-oxidation 
at low temperatures is slow, suggesting the temperature is also important. Despite the 50 °C 
hysteresis at 800 °C-750 °C in comparison to the temperature-elevating stage, the oxygen 
content and re-oxidation rate profiles on heating and cooling are almost entirely coincident with 
one another (Tables 3 and 4), indicating near equilibrium lattice oxygen release and uptake, 
and the phase stability of OC. 

 

Figure 3. Redox performance of SCZ91 under different heating and cooling rates. (a) TG curves at the 
temperature-elevating stage, (b) variation of the lattice oxygen release content, (c) oxygen release rate 

of SCZ91 at different heating rates; (d) TG curves at re-oxidation stage, (e) variation of the oxygen 
uptake content, (f) oxygen uptake rate of SCZ91at different cooling rates. 
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Table 3. Summary of weight loss, oxygen release content and oxygen release rate involving two 
peaks at the temperature-elevating stage from 600 to 1000 °C.  

Rate (°C/min) 5 10 15 20 
TG (%) 2.64 3.65 3.00 3.15 
TG of peak I (%) 1.29 1.20 1.15 2.14 
TG of peak II (%) 1.35 2.45 1.85 3.12 
Oxygen release content 
(mmol) 

0.057 0.076 0.062 0.059 

Oxygen release content 
of peak I (mmol) 

0.024 0.025 0.021 0.019 

Oxygen release content 
of peak II (mmol) 

0.033 0.051 0.041 0.040 

Oxygen release rate of 
peak I (maximum, 
mmol/min) 

0.003 (823 °C) 
 

0.007 (836 °C) 
 

0.008 (834 °C) 
 

0.011 (938 °C) 
 

Oxygen release rate of 
peak II (maximum, 
mmol/min) 

0.004 (880 °C) 0.008 (936 °C) 0.009 (936 °C) 0.012 (946 °C) 

Table 4. Summary of weight gain, oxygen uptake content and oxygen uptake rate involving two peaks 
at re-oxidation stage from 1000 to 500 °C. 

Rate (°C/min) 5 10 15 20 
TG (%) 1.84 1.91 1.58 1.89 
TG of peak I (%) 0.75 0.71 0.65 0.75 
TG of peak II (%) 1.09 1.20 0.93 1.14 
Oxygen uptake content  
(mmol) 

0.035 0.037 0.030 0.036 

Oxygen uptake content 
of peak I (mmol) 

0.014 0.014 0.012 0.014 

Oxygen uptake content 
of peak II (mmol) 

0.021 0.023 0.018 0.022 

Oxygen uptake rate of 
peak I (maximum, 
mmol/min) 

0.045 (999 °C)  
 

0.048 (998 °C) 
 

0.049 (997 °C)  
 

0.048 (996 °C)  
 

Oxygen uptake rate of 
peak II (maximum, 
mmol/min) 

0.003 (795 °C) 0.006 (788 °C) 0.005 (784 °C) 0.008 (782 °C) 

4. Conclusion 

In summary, the oxygen release and redox stability of the cobalt-based perovskites, SrCoO3-δ 
and SrCo0.9Zr0.1O3-δ (SCZ91) as the potential STCS candidates, were investigated by XRD, 
FT-IR, Raman and TGA measurements. The XRD, FT-IR and Raman confirmed the dual-
phase perovskite of SCZ91, i.e. SrCoO2.29 and SrZrO3. The thermogravimetric analysis verified 
the incorporation of Zr could facilitate the oxygen release (0.071 mmol at step III) and enhance 
the phase stability compared to SCO, indicating the exceptional efficacy of SCZ91. The near-
equilibrium lattice oxygen release and uptake at high temperatures could be observed through 
the redox performance of SCZ91 at different heating and cooling rates in N2 and air. The results 
supported the further research for CO2 splitting step using SCZ91 as oxygen exchange redox 
material. 
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