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Perovskite-type oxides are promising oxygen carriers in producing oxygen-enriched CO2 gas stream for
oxyfuel combustion. In this study, a new series of SrCo1-xFexO3-δ (x = 0.2, 0.4, 0.6, 0.8) was prepared and used
to produce O2/CO2 mixture gas. The phase, crystal structure, and morphological properties of SrCo1-xFexO3-δ
were investigated through X-ray diffraction, specific surface area measurements, and environmental scanning
electron microscopy. The oxygen desorption performance of SrCo1-xFexO3-δ was studied in a fixed-bed reactor
system. Results showed that the different x values of SrCo1-xFexO3-δ have no obvious effects on crystalline
structure. However, the oxygen desorption performance of SrCo1-xFexO3-δ is improved by Co doping.
Moreover, SrCo0.8Fe0.2O3-δ synthesized via a new EDTA method has a larger BET surface area (40.396 m2/g),
smaller particle size (48.3 nm), and better oxygen production performance compared with that synthesized
through a liquid citrate method.
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Introduction
Combustion of fossil fuels contributes to the emission of
CO2 into the atmosphere, which consequently causes global
warming.1-3 Oxyfuel combustion is one way to achieve zero
CO2 emission. Oxyfuel combustion or O2/CO2 recycle combustion is the process in which oxygen is fed to the chamber
for combustion and most CO2-rich exhaust gas is recycled to
maintain the combustion temperature. Oxy-fuel combustion
has the following advantages: (1) up to 95% CO2 concentration in the dry flue gas; (2) improved boiler efficiency; (3)
reduced power consumption in flue gas treatment because of
the small amount of flue gas involved; and (4) saved denitrogenation equipment and process.4,5 However, the high cost
of oxygen production limits the implementation of oxycombustion. Therefore, significant reduction in the cost of
oxygen production is important for the viability of oxy-fuel
combustion power plants in the future when CO2 capture
becomes a necessity.6
Perovskite-type metal oxides have received considerable
attention due to their potential applications in photocatalysis,
oxygen-permeable membranes, energy storage, gas sensors, superconductivity, and magnetoresistance materials.7-11
Perovskite-type oxides are capable of acting as oxygen
carriers providing pure O2 or O2/CO2 gas streams for oxyfuel combustion.12-14 Such oxygen production consists of the
two main steps shown in Figure 1: oxygen adsorption and
oxygen desorption. In the first step, air is used as feed gas to
saturate the perovskite oxygen carrier with O2; in the second
step, CO2 is used as sweep gas to desorb O2 from the
perovskite to produce an O2-enriched CO2 flue gas stream.
The reversible adsorption/desorption processes based on the
perovskite-type oxygen carriers La0.1Sr0.9Co0.5Fe0.5O3-δ and

Sr0.5Ca0.5Co0.5Fe0.5O3-δ are described as follows:
La0.1Sr0.9Co0.5Fe0.5O2.6 + 0.9CO2 ⇔ 0.9SrCO3
+ 0.05La2O3 + 0.5CoO + 0.25Fe2O3 + 0.15O2

(1)

Sr0.5Ca0.5Co0.5Fe0.5O2.47 + CO2 ⇔ 0.5SrCO3
+ 0.5CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.11O2

(2)

Fundamental studies on perovskite-type oxides have focused
on selection and syntheses of materials and their structural
identity and stability, thermal properties, and O2 adsorption/
desorption performance.12-14 However, the relatively slow
oxygen desorption rate and poor regeneration capacity in
this process may be the major drawbacks for this type of
materials. This issue hinders the prediction of high O2 amount
in industrial air separation and the sufficient regeneration of
sorbent. Therefore, the development of perovskite-type
oxygen carrier materials with excellent oxygen desorption
performance and cyclic performance is necessary.

Figure 1. Simplified schematic of O2/CO2 production for oxyfuel
combustion.
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SrCo1-xFexO3-δ is a promising perovskite that has drawn
considerable attention because of its high oxygen permeation flux as dense perovskite ceramic membrane.15,16 However, only a few reports have evaluated the use of perovskite
as oxygen carrier for oxygen production.17 To the best of our
knowledge, the effects of micro-structure and Co doping of
SrCo1-xFexO3-δ on oxygen production performance remain
unknown. Moreover, the development of SrCo1-xFexO3-δ
powders needs further research. This study aims to develop
SrCo1-xFexO3-δ powders with improved O2/CO2 production
performance for oxyfuel combustion system and to investigate the improvement of oxygen desorption performance for
SrCo1-xFexO3-δ through micro-characteristic and fixed-bed
experiments measurements. The effects of Co doping and
different synthesis methods are also investigated and reported.
Experimental
The SrCo1-xFexO3-δ powders used in this study were synthesized via a liquid citrate method.12-14 The starting materials
were Sr(NO3)2·4H2O, Co(NO3)2·6H2O, Fe (NO3)3·9H2O, and
citric acid, all of which were of analytical purity. SrCo1-xFexO3-δ
powders were prepared through the following process.
Stoichiometric metal nitrate was dissolved in diluted nitric
acid aqueous solutions. The molar ratio between the total
amount of metal ions and the amount of citric acid was
1:1.5. The precursor solution was heated and stirred at 70 °C
until it gelled. The resulting viscous gel was dried at 105 °C
for 24 h. Self-ignition was performed at 400 °C to burn out
the organic compounds. Finally, the black ash was sintered
at 850 °C for 20 h and ground into fine powders for characterization.
Some SrCo0.8Fe0.2O3-δ samples were also prepared using
an ethylenediamine-tetraacetic acid (EDTA)–citrate complex
gel method for comparison to understand the effect of
synthesis method on the oxygen production properties of
SrCo0.8Fe0.2O3-δ.15,16,18,19 The detailed procedures to synthesize 0.1 mol of SrCo0.8Fe0.2O3-δ powders were as follows.
First, 0.1 mol of EDTA was mixed with 125 mL of 13 N
NH4OH solution to produce NH3–EDTA solution. Then,
0.05 mol of Sr(NO3)2·4H2O, 0.04 mol of Co(NO3)2·6H2O,
and 0.01 mol of Fe(NO3)3·9H2O were dissolved in the NH3–
EDTA solution. The solution was mixed and prepared, and
then 0.15 mol of citric acid was added to the mixed solution.
The mole ratio of EDTA: citric acid: total metal ions was
1:1.5:1. Then, the precursor solution was heated and stirred
at 70 °C until it gelled. The resulting viscous gel was dried at
105 °C for 24 h and self-ignited at 400 °C for 4 h to burn out
the organic compounds. Finally, the black ash was sintered
at 850 °C for 20 h and ground into fine powders for characterization. Except for some special notifications, all results
were based on the samples synthesized through liquid citrate
method in this study.
The phase composition of the samples was determined by
X-ray diffraction (XRD, PANalytical B.V.) with Cu Kα
radiation (λ = 0.1542 nm) and a 2θ range of 20-80° with a
scanning step of 0.02°. The Rietveld refinements20 were
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carried out with GSAS software, which is specially designed
to simultaneously refine both structural and micro structural
parameters using the least-square method. The peak profile
function was molded using the convolution of the ThompsonCox-Hastings pseudo-Voigt with the asymmetry function
described by Finger et al..20,21 The particle sizes and lattice
distortion of some samples were investigated based on
Fourier analysis of their XRD peaks using Eqs. (3) and Eqs.
(4), respectively.
k×λ
D = ------------------β × cosθ

(3)

β
ε = ------------4tanθ

(4)

where D is the average particle size in nm, λ is the CuKα
radiation wavelength (λ = 1.542 Å), β is the half-width of
the peak in radians and θ is the corresponding diffraction
angle. k is taken as 0.89 for half maximum line breadth and
if the integral line breadth is used, k increases to 0.94.
The morphologies of the synthesized powders were investigated by environmental scanning electron microscopy (ESEM,
QUANTA 200, FEI Inc.) A Gemini Micromeritics analyzer
(Micromeritics ASAP 2020 instrument, Micromeritics Instrument Corporation, Norcross, USA) was used for BrunauerEmmett-Teller (BET) surface area measurements.
Oxygen adsorption/desorption experiments were performed in a fixed-bed reactor system, as shown in Figure 2. This
system consisted of a gas feeding system, a tube furnace
with a quartz reactor, a gas analyzer (Gasboard 3100), and a
computerized data acquisition system. The oxygen concentration during desorption was recorded to investigate the
oxygen adsorption/desorption performance of the perovskite
powders. Approximately 0.5 g of powders was packed in the
middle of the quartz reactor. Air and CO2 were respectively
used as feed gas for adsorption and sweep gas for desorption.
In adsorption, the powders were heated to a desired adsorption temperature in a flow of air in 1 atm at a flow rate of
100 mL/min for 20 min. Adsorption was followed by desorption with a switch of the sweep gas from air to CO2 stream at
a flow rate of 50 mL/min. Then, the temperature was set to

Figure 2. Schematic of fixed-bed reaction system. (1) Gas
cylinder; (2) valve; (3) flow controller; (4) thermocouple; (5)
temperature controller; (6) quartz reactor; (7) horizontal tube
furnace; (8) gas analyzer; and (9) data acquisition system.
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the predetermined desorption temperature. The desorption
step was stopped when the O2 concentration nearly dropped
to zero. Then, the CO2 stream was switched to air to start the
next cycle of oxygen adsorption and desorption.
Results and Discussion
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Table 1. Results of Rietveld refinement and lattice parameters
Sample

Structure

SrCo0.8
Fe0.2O3-δ
SrCo0.6
Fe0.4O3-δ
SrCo0.4
Fe0.6O3-δ
SrCo0.2
Fe0.8O3-δ

Cubic
Pm3m
Cubic
Pm3m
Cubic
Pm3m
Cubic
Pm3m

a (Å)

Volume
(Å3)

Rp

Rwp

3.856593

57.360

0.0423

0.0625

3.858037

57.425

0.0408

0.0621

3.866531

57.805

0.0487

0.0790

3.876721

58.263

0.0497

0.0545

Sample Characteristics and Effects of Co Doping for
SrCo1-xFexO3-δ. X-ray diffraction (XRD) patterns of the
synthesized perovskite samples are shown in Figure 3. XRD
studies show that all samples are single phase and have
cubic perovskite-type structure with Pm3m space group. The
results of Rietveld refinement and lattice parameters are
given in Table 1. The different concentrations of Fe ions in
the B-site do not cause obvious changes in crystalline structure. However, slight changes are observed in the unit cell
parameters of SrCo0.8Fe0.2O3-δ, SrCo0.6Fe0.4O3-δ, SrCo0.4Fe0.6O3-δ,
and SrCo0.2Fe0.8O3-δ. This result can be attributed to the
different sizes between Fe ion radius (0.55 Å) and Co ion
radius (0.545 Å). Figures 4(a) and 4(b) compare the fresh
SrCo0.8Fe0.2O3-δ and the products of the sample that undergoes desorption with CO2 as desorption gas at 850 °C. The
XRD pattern of the fresh SrCo0.8Fe0.2O3-δ shows all the main
characteristic peaks of a perovskite phase. Meanwhile, the
XRD pattern of the solid products of the carbonation reaction of SrCo0.8Fe0.2O3-δ shows the main characteristic peaks
of SrCO3, along with the rest of CoO, Fe2O3, and basically
no perovskite phase. This result indicates that the conversion
of carbonation reaction for SrCo0.8Fe0.2O3-δ is relatively very
high. Figure 4(c) shows the XRD pattern of a reverted
product after 20 cycles of adsorption and desorption. The
XRD pattern of the reverted product shows all the main
characteristic peaks of a perovskite structure. This result
indicates that the solid product after desorption can revert
into a perovskite structure through adsorption.
Figure 5 shows oxygen desorption (adsorption and desorption temperatures were both 750 °C) curves of SrCo1-xFexO3-δ
(x = 0.2, 0.4, 0.6, 0.8) with different x values. As shown in
Figure 5, the Fe ion concentration in the B-site has a

significant effect on the oxygen desorption performance of
SrCo1-xFexO3-δ. The slope of the oxygen desorption curve
decreases as Fe concentration increases and as x increases
from 0.2 to 0.8. The slope of the curve demonstrates the
carbonation reaction rate between SrCo1-xFexO3-δ and CO2,

Figure 3. XRD patterns of SrCo1-xFexO3-δ (x = 0.2, 0.4, 0.6, 0.8).

Figure 5. Oxygen desorption curves for SrCo1-xFexO3-δ (x = 0.2,
0.4, 0.6, 0.8).

Figure 4. XRD patterns of (a) fresh SrCo0.8Fe0.2O3-δ calcined at
850 °C; (b) reaction products with CO2 as desorption gas at 850
°C; (c) reverted products of SrCo0.8Fe0.2O3-δ after carbonation at
850 °C.
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Table 2. Oxygen desorption amount of a unit mass of SrCo1-xFexO3-δ (x = 0.2, 0.4, 0.6, 0.8)
SrCo1-xFexO3-δ

x = 0.2

x = 0.4

x = 0.6

x = 0.8

Oxygen desorption amount
(mg O2 /g·sample)

25.27

21.93

21.04

19.25

Table 3. Twenty cycles of oxygen desorption amount of SCF
Cycle (N)

1

Oxygen desorp34.8
tion amount
(mg O2 /g·sample)

3

5

8

12

16

20

35.2

35.9

36.3

35.9

35.3

35.0

i.e., the oxygen desorption rate of SrCo1-xFexO3-δ during the
desorption process. The oxygen desorption amount was
calculated by the integral scheme based on the obtained
oxygen concentration distribution. The following equation
can be used:
ΣCO2 × Fout × MO2
mO2 = --------------------------------------(5)
Vm × m
where ΣCO2 is the integration of the entire oxygen
concentration during desorption and Fout (mL/s) is the flow
rate of desorption effluent. We suppose that Fout ≈ FCO2 ,
MO2 (g/mol) is the molecular weight of O2, m (g) is the mass
of perovskite sample, and mO2 (g/g·sample) is the oxygen
desorption amount for 1 g of perovskite sample.
The oxygen desorption amounts for SrCo1-xFexO3-δ (x
= 0.2, 0.4, 0.6, 0.8) are shown in Table 2. The values of
oxygen desorption amount increase from 19.25 mg/g to
25.27 mg/g with increasing Co doping. Compared with the
others, SrCo0.8Fe0.2O3-δ exhibits the highest oxygen desorption amount of 25.27 mg/g. Clearly, the optimum composition
for SrCo1-xFexO3-δ with the best oxygen desorption performance
is SrCo0.8Fe0.2O3-δ. Therefore, SrCo0.8Fe0.2O3-δ was used for
further research.
Cyclic Behavior of the Oxygen Carrier. As promising
oxygen carriers that provide stable O2/CO2 cycle gas for
oxyfuel combustion, perovskite-type oxygen carriers require
not only high oxygen desorption amount but also long life
and high durability. Figure 9 compares the oxygen desorption curves of 20 continuous cycles of SrCo0.8Fe0.2O3-δ. For
each cycle, the adsorption and desorption temperatures were
both 850 °C, and the adsorption time was 15 min. As shown

Figure 6. Comparison of 20 cycles of oxygen desorption curves
(adsorption at 850 °C, desorption at 850 °C).

Figure 7. Oxygen desorption amount of a unit mass of
SrCo0.8Fe0.2O3-δ, Sr0.5Ca0.5Co0.5Fe0.5O3-δ, and La0.1Sr0.9Co0.5Fe0.5O3-δ
with the number of cycles.

in Figure 6, the cyclic reaction ability of the SrCo0.8Fe0.2O3-δ
oxygen carrier does not decline sharply with the number of
cycles. As shown in Table 3, the oxygen desorption amount
increases to 36.3 mg/g during the first eight cycles and then
essentially maintains a constant value during cycles 12 to 20
with some random increase or decrease within the range of
experimental error. The oxygen desorption capacity does not
obviously decrease with the number of cycles. Therefore,
the perovskite-type oxygen carrier SrCo0.8Fe0.2O3-δ has excellent regeneration capacity in cyclic use, which is important for practical applications.
The comparison of cyclic performance between SCF182
and the reference oxygen carriers La0.1Sr0.9Co0.5Fe0.5O3-δ and
Sr0.5Ca0.5Co0.5Fe0.5O3-δ is shown in Figure 7. SrCo0.8Fe0.2O3-δ
has significantly higher performance than La0.1Sr0.9Co0.5Fe0.5O3-δ
and Sr0.5Ca0.5Co0.5Fe0.5O3-δ on cyclic oxygen desorption.
Figures 8 and 9 compare the morphologies of the powder

Figure 8. ESEM images of various magnifications for fresh
SCF182 calcined at 850 °C: (a) 5000×; (b) 10000×.
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Table 4. Particle size, lattice distortion, and BET surface area of
SrCo0.8Fe0.2O3-δ powders synthesized through different methods
SrCo0.8Fe0.2O3-δ
Liquid citrate method
EDTA method

Particle size
Lattice
(nm)
distortion (%)
52.4
48.3

0.245
0.258

BET
(m2/g)
34.229
40.396

Figure 9. ESEM images of various magnifications for SCF182
after 20 cycles of adsorption/desorption: (a) 5000×; (b) 10000×.

particles of the fresh SrCo0.8Fe0.2O3-δ samples and the samples
after 20 cycles of oxygen adsorption and desorption. As
shown in Figure 14, the fresh grains are not uniform in shape
and the nano-sized crystallites merge to form a porous
structure. The porous surface of this structure contributes to
the rapid chemical reaction rate during carbonation. As
shown in Figure 9, after 20 cycles of adsorption/desorption,
the particles exhibit a dense microstructure with small and
uniform pores. These particles are more spherical in shape
compared with the fresh SrCo0.8Fe0.2O3-δ particles and demonstrate a hard agglomerate-free nature. The slight decrease in
oxygen desorption amount for SrCo0.8Fe0.2O3-δ after eight
cycles could be caused by the pore and surface structure
changes in the sample.
Effects of Synthesis Method. Therefore, SrCo0.8Fe0.2O3-δ
was selected as candidate for further research. Different
synthesis methods were investigated to improve the oxygen
desorption performance of SrCo0.8Fe0.2O3-δ.
The performance of perovskite-type oxygen carriers is
closely associated with the related preparation methods.
Several methods were used to synthesize perovskite-type
powders. These methods include liquid citrate method,
EDTA–citrate complex gel method,22,23 solid-state reaction
method,24,25 wet chemical synthesis,26 and sol–gel method.27,28

Figure 10. XRD patterns for the powders synthesized through
different methods: (a) liquid citrate; (b) EDTA–citrate complex gel
method.

Figure 11. ESEM images of SrCo0.8Fe0.2O3-δ powders synthesized
by (a) the liquid citrate used in; reference; (b) the EDTA-citrate
complex gel method.

Among these methods, the EDTA–citrate complex gel method
is expected to produce a more uniform mixing of the metal
elements at the molecular level, thus yielding a more uniform microstructure of the final particles. This method could
be used to synthesize homogeneous, high-purity, and crystalline oxide powders.
Figure 10 shows the XRD patterns of SrCo0.8Fe0.2O3-δ synthesized via the liquid citrate method in the reference17 and
the EDTA–citrate complex gel (EDTA) method. XRD
characterizations show that pure perovskite structures are
formed for powders synthesized via both methods. The
major diffraction peaks of the as-synthesized powders were
matched with the theoretical ones.
The particle size and lattice distortion for the synthesized
samples were calculated from the XRD data, as shown in
Table 4. As shown in Table 4, the synthesis method affects
the particle size. The EDTA method produces smaller particle
size and larger lattice distortion over the liquid citrate
method. The higher value of the lattice distortion parameter
may be associated to the smaller size and relatively free
energy of the particles.17
The morphologies of the synthesized perovskite powders
were studied by ESEM. Figure 11 shows a comparison between the ESEM images of SrCo0.8Fe0.2O3-δ samples prepared
through different methods. The ESEM images show that the
synthesis method significantly affects the morphologies of
the resulting perovskite powders. SrCo0.8Fe0.2O3-δ prepared
through the traditional liquid citrate method is composed of
agglomerations of larger particles of irregular shape and
smooth surface. SrCo0.8Fe0.2O3-δ synthesized via the EDTA
method is composed of particles that are relatively ordered
and groups of numerous spherical crystallines, leading to the
formation of a relatively condensed and compact surface.
Meanwhile, the morphology, microstructure, and pore distri-
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oxygen desorption. And multiple cycles demonstrated that
SrCo0.8Fe0.2O3-δ also displays high stability and regeneration
capacity.
3. The synthesis method has significant effect on the performance of SrCo0.8Fe0.2O3-δ. The SrCo0.8Fe0.2O3-δ powders
prepared by the EDTA method have larger BET surface area
(40.396 m2/g) than those prepared through the liquid citrate
method.

Figure 12. Oxygen desorption curves of powders synthesized
through different methods: (a) SCF182 prepared via EDTA–citrate
complex gel method; (b) SCF182 prepared via liquid citrate used
in reference 17.

bution shown by ESEM images also reflect the change in
surface area values (Table 4). The SrCo0.8Fe0.2O3-δ powders
prepared by the EDTA method have larger BET surface area
(40.396 m2/g) than those prepared through the liquid citrate
method. Surface area and porosity are important factors
affecting gas–solid reactions. Particles with relatively smaller
size and larger surface area can improve oxygen adsorption/
desorption performance. Figure 12 depicts the oxygen desorption curves of SrCo0.8Fe0.2O3-δ synthesized via different
methods. The samples prepared through the EDTA method
possess have more improved oxygen production properties
than those prepared through the liquid citrate method. This
behavior can be associated with the microstructure and
morphology of SrCo0.8Fe0.2O3-δ via the two synthesis methods.
In conclusion, the synthesis method is an important factor
for the improvement of oxygen production performance of
perovskite-type oxygen carriers. The effects and optimization
of the process parameters of the EDTA–citrate complex gel
method on the performance of SrCo0.8Fe0.2O3-δ need further
investigation.
Conclusion
In this study, SrCo1-xFexO3-δ powders with improved O2/
CO2 production performance for oxyfuel combustion system
were investigated through micro-characteristic and fixedbed experiments measurements. The effects of Co doping
and different synthesis methods are also investigated and
reported. The following conclusions can be drawn from this
study:
1. For a fixed A-site composition of SrCo1-xFexO3-δ, the
different x values of SrCo1-xFexO3-δ have no obvious effects
on crystalline structure. However, the oxygen desorption
performance of SrCo1-xFexO3-δ is improved by Co doping.
2. SrCo0.8Fe0.2O3-δ has significantly higher performance than
La0.1Sr0.9Co0.5Fe0.5O3-δ and Sr0.5Ca0.5Co0.5Fe0.5O3-δ on cyclic
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