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Abstract: Oxy-fuel combustion is one of the proposed technologies with the potential to achieve
zero CO2 emission. La1−xCaxCo1−yFeyO3−δ (LCCF) perovskites are promising materials with
high selectively for oxygen. In this study, the oxygen non-stoichiometry of perovskites LCCF was
investigated by means of iodometric titration. LCCF was prepared using the liquid citrate method,
and the phase structures were identified by X-ray diffraction. Fixed-bed experiments were performed
to study the oxygen desorption performance of LCCF. The oxygen deficiency of LCCF increased with
increasing Ca molar content of A site, but the value of δ of LCCF with increasing Fe molar content
in B site is nearly constant. Experimental observation demonstrated that the O2 release amount of
LCCF does not depend on oxygen non-stoichiometry δ generated from A-site doping. At the same
time, doping Fe in B site has an obvious impact on the oxygen desorption amount.
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1. Introduction

In the combustion of fossil fuels, carbon dioxide emissions into the atmosphere lead to global
warming [1–3]. Oxy-fuel combustion is one of the proposed technologies that has the potential to
achieve a zero CO2 emission. One of the key barriers for the implementation of oxy-combustion,
however, is the cost of producing the oxygen. Cryogenic air-separation is an available method that has
a major drawback—high energy consumption. Therefore, a new application of the perovskite metal
oxides is to use them as sorbents in high-temperature sorption processes for air separation to produce
O2-enriched CO2 stream [4,5].

Recently, perovskites have been extensively studied in applications like solid oxide fuel
cells, oxygen-permeable membranes, gas sensors, catalysts, and photocatalytic materials [6–9].
Perovskite-type metal oxides have the general formula ABO3; if A and/or B sites are substituted
with lower valent cations, some oxygen ions are removed from the lattice in order to maintain charge
neutrality, thereby giving rise to oxygen non-stoichiometry [10]. Perovskite metal oxides exhibit
extremely high selectivity for oxygen due to the existence of oxygen vacancy. This is mainly because
the A-site doping alkaline earth metal ions increase the concentration of oxygen vacancies, and the
B-site doping transition metal ions produce mixed valence. Thus, their synergy improves the mixed
ionic-electronic conductivity. Much research has been conducted to understand perovskite oxides
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as oxygen-selective membranes. However, for oxygen production application, this technology faces
major challenges in the manufacturing and stability of the membranes [11].

Lin et al. illustrated a high-temperature oxygen sorption process based on a perovskite-type
sorbent to produce an O2-enriched CO2 stream for oxy-fuel combustion technology [12].
The perovskite-based oxygen production process has been reported in our previous study [1].
The reversible oxygen sorption and desorption process of perovskites is described below [13]:

1/2O2(g) + V..
O ⇔ O×O + 2h., (1)

2ABO3−δ + 2CO2 ⇔ 2ACO3 + B2O3 +
1− δ

2
O2, (2)

where V..
O is the oxygen vacancy, and O×O and h. denote lattice oxygen and electronic-hole, respectively.

The concentration of oxygen vacancies, which is important for oxygen adsorption and desorption
processes, is characterized by oxygen non-stoichiometry of perovskites. If the cationic component is
determined, the structure and properties of perovskites only depend on oxygen non-stoichiometry.
Therefore, oxygen non-stoichiometry plays an important role in the capability of perovskites.

Currently, thermogravimetric analysis and iodometric titration are mainly used to measure
oxygen non-stoichiometry. Teraoka [14] and co-authors developed a model, based on the defects
in thermodynamic equilibrium, to describe oxygen non-stoichiometry in perovskite-type oxygen
membranes. Yang et al. [15] used an empirical formula to describe the relationship between oxygen
non-stoichiometry and the oxygen partial pressure. Cherepanov [16] found that in the case of constant
temperature and oxygen partial pressure, oxygen non-stoichiometry of La0.4Sr0.6Co1−yFeyO3−δ (y = 0.2
and 0.4) increased by increasing Co-doping. When the A-site was doped with lower valence metal
ions (in order to maintain charge neutrality and then induce the oxidation of Fe3+ and Co3+), this led
to the formation of oxygen vacancies. Oxygen non-stoichiometry increased with the increasing doping
of low-valence metal ions.

Most of the above research works focused on oxygen non-stoichiometry with respect to oxygen
partial pressure and temperature in oxygen-permeable membranes. However, there are few studies
about oxygen non-stoichiometry and the oxygen-releasing performance of perovskite-type metal
oxides that can be used for producing O2-enriched CO2 streams at a high temperature.

Iodometric titration [17,18] is easy to operate and can accurately measure oxygen
non-stoichiometry. Therefore, oxygen non-stoichiometry of La1−xCaxCo1−yFeyO3−δ (x = 0.2, 0.5,
0.8; y = 0.2, 0.5, 0.8) was measured using iodometric titration in this paper. Fixed-bed experiments were
conducted to study the performance of oxygen desorption of perovskite oxides. Furthermore, the main
purpose of this research is to study the influence of A-/B-site doping on oxygen non-stoichiometry,
structure, and the performance of oxygen desorption of La1−xCaxCo1−yFeyO3−δ.

2. Experimental Methods

2.1. Sample Synthesis and Characterization

La1−xCaxCo1−yFeyO3−δ (LCCF) was prepared by the liquid citrate method [19]. The phase
composition of the samples was determined by X-ray diffraction (XRD, PANalytical B.V.) with Cu Ka
radiation (λ = 0.1542 nm) and a 2θ range of 20–70◦ with a scanning step of 0.02◦.

For the study of A-site doping of La1−xCaxCo1−yFeyO3−δ, X was changed from 0.2 to 0.8 with an
interval of 0.3 and Y was fixed at 0.5. For the study of B-site doping of La1−xCaxCo1−yFeyO3−δ, X was
fixed at 0.5 and Y was changed from 0.2 to 0.8 with an interval of 0.3. For example, LCCF2855 means
La0.2Ca0.8Co0.5Fe0.5O3−δ, and LCCF5582 means La0.5Ca0.5Co0.8Fe0.2O3−δ.
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2.2. Measurements of Oxygen Stoichiometry

2.2.1. Iodometric Titration

Iodometric titration was performed via the reduction of I2 and the oxidation of I− to evaluate
the oxygen content. In the La-Ca-Co-Fe oxides, iodide reduced any B-site ions (B3+, B4+) present to
B2+ and was simultaneously oxidized to form I2. The amount of I2 released was quantified via redox
titration with Na2S2O3 solution. Oxygen non-stoichiometry was then determined based on the amount
of I2 formed.

Certain amounts of sample were weighed accurately and then dissolved into an aqueous
hydrochloric acid with excess KI. Then, B-site ions reacted with I− and released I2 in the solution.
The consumption volume of the Na2S2O3 solution was recorded. Then, the average valence of
B-site and oxygen non-stoichiometry δ was calculated by the reaction equation and the charge
neutrality principle.

F represents the B-site ions Co and Fe in a sample, and, assuming the average valence of F is X,
then the titration reaction equation is as follows:

FX+ + (X− 2)I− = F2+ +
X− 2

2
I2, (3)

I2 + 2S2O3
2− = 2I− + S4O6

2−. (4)

Assuming the molar mass of the sample is M, the average valence in A site is Y, and the sample
mass is m. C represents the concentration of Na2S2O3, and the total consumption volume of Na2S2O3

solution is recorded as ∆V. Then, oxygen non-stoichiometry δ can be calculated by

δ =
(4−Y)m−Mn

2m− 16n
, (5)

where n = C× ∆V.

2.2.2. Measurements of δ

An m (mg) amount of sample was weighed accurately. An excess of potassium iodide (KI)
and 6 mL of 6 N HCl were added. Some distilled water was added to completely dissolve the sample.
When the solution was cooled, the present iodine was titrated with standardized 0.01 mol/L Na2S2O3.
When the solution began to change color, 2 drops of 1% starch were added, and titration was continued
until the dark blue color disappeared. The consumed volume of Na2S2O3 was recorded, and then the
amount of oxygen was calculated.

2.3. Oxygen Adsorption/Desorption Experiments

Oxygen adsorption/desorption experiments of synthetic perovskites were performed in the
fixed-bed reactor, as shown in Figure 1, where 1 g of LCCF powder was packed in the quartz reactor.
The flow rates of adsorption/desorption streams were 100 ml/min and 50 ml/min, respectively.
The adsorption and desorption temperatures were 800 ◦C and 850 ◦C, respectively. The detailed
experimental process can be found in our previous study [1,2].
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Figure 1. Diagrammatic sketch of a fixed-bed reaction system: (1) Gas cylinder, (2) valve, (3) mass 
flow controller, (4) thermocouple, (5) temperature controller, (6) quartz reactor, (7) horizontal tube 
furnace, (8) gas analyzer, and (9) data acquisition system.

3. Results and Discussion 

3.1. XRD Analysis and Tolerance Factor 

XRD patterns of the prepared perovskites powders are shown in Figure 2. The main 
characteristic peaks of all the samples showed that they were perovskite structures. The crystalline 
sizes of the samples (by the Scherer method) were in the range of 30–60 nm.  

The XRD pattern of La0.8Ca0.2Co0.5Fe0.5O3-δ (LCCF8255) was only slightly different from the 
others. Its main peaks exhibited a broader area and split, which were caused by La-doping—as La 
is a trivalent ion, and Ca is a divalent one. Thus, LCCF8255 had a bigger A-site charge imbalance, 
which led to a distorted structure. 

 
Figure 2. X-ray diffraction (XRD) patterns of fresh La1-xCaxCo1-yFeyO3-δ powders. 

Tolerance factors (TF) reflect the degree of distortion of the crystal structure. For ABO3 
perovskite-type structure, TF was calculated by [20] as follows: 

Figure 1. Diagrammatic sketch of a fixed-bed reaction system: (1) Gas cylinder, (2) valve, (3) mass flow
controller, (4) thermocouple, (5) temperature controller, (6) quartz reactor, (7) horizontal tube furnace,
(8) gas analyzer, and (9) data acquisition system.

3. Results and Discussion

3.1. XRD Analysis and Tolerance Factor

XRD patterns of the prepared perovskites powders are shown in Figure 2. The main characteristic
peaks of all the samples showed that they were perovskite structures. The crystalline sizes of the
samples (by the Scherer method) were in the range of 30–60 nm.
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Figure 2. X-ray diffraction (XRD) patterns of fresh La1−xCaxCo1−yFeyO3−δ powders.

The XRD pattern of La0.8Ca0.2Co0.5Fe0.5O3−δ (LCCF8255) was only slightly different from the
others. Its main peaks exhibited a broader area and split, which were caused by La-doping—as La
is a trivalent ion, and Ca is a divalent one. Thus, LCCF8255 had a bigger A-site charge imbalance,
which led to a distorted structure.

Tolerance factors (TF) reflect the degree of distortion of the crystal structure. For ABO3

perovskite-type structure, TF was calculated by [20] as follows:

t = (rA + rB)/
√

2(rB + rO), (6)

where rA is the A-site ion radius, rB is the B-site ion radius, and ro is the oxygen ion radius.
Generally, materials can keep a perovskite-type structure when t is in the range of 0.75–1.00. It is

thought that materials have the most stable cubic perovskite structure when t = 1.
For A-site/B-site perovskite doped with AxA′1−xByB′1−yO3−δ, the value of t can be calculated by

t = [xrA + (1− x)rA′ + rO]/
√

2[yrB + (1− y)rB′ + rO]. (7)
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Table 1 lists the radii of the doping ions and t value of the samples, respectively. The La and Ca
ions’ radii in A-site are very approximate however they have different valence. In the B-site, the Fe
ion’s radius was almost equal to the Co ion’s radius, but they had the same valence. The t values for
all doping samples were close to 1. Thus, all of them had a perfect perovskite structure, where t of
LCCF5582 was closest to 1.

Table 1. Radii of the doping ions and t values of prepared samples.

Ions Ionic Radii (Å) Oxides t

La3+ 1.36 LCCF8255 1.0008
Ca2+ 1.34 LCCF5555 0.9986
Co3+ 0.545 LCCF2855 0.9964

Fe3+ 0.55
LCCF5582 0.9994
LCCF5528 0.9979

Figure 3 shows the XRD pattern of La0.5Ca0.5Co0.8Fe0.2O3−δ (LCCF5582) after desorption with
CO2 gas at 850 ◦C in 1 atm. The XRD pattern of solid products from the carbonation reaction for
LCCF5582 showed the main characteristic peaks of La2O3 and SrCO3, along with the remaining CoO
and Fe2O3, and basically no perovskite phase.
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Figure 3. XRD patterns of La0.5Ca0.5Co0.8Fe0.2O2.698 after complete carbonation at 850 ◦C.

3.2. Oxygen Non-Stoichiometry

The oxygen non-stoichiometry δ of La1−xCaxCo0.5Fe0.5O3−δ (x = 0.2, 0.5, 0.8) and
La0.5Ca0.5Co1−yFeyO3−δ (y = 0.2, 0.5, 0.8) were determined by iodometric titration. For each sample,
the experiment was done three times to reduce experimental errors, and the results of three experiments
were averaged to obtain the final results, as shown in Figures 4 and 5.
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Figure 4 shows that the Ca molar content had a significant effect on the oxygen non-stoichiometry
of La1−xCaxCo0.5Fe0.5O3−δ. The value of δ increased with increasing Ca molar content, and the
maximum value of δ was 0.47. As is known, the Ca2+ radius is smaller than La3+; thus, the cell size of
La1−xCaxCo0.5Fe0.5O3−δ decreased with increasing Ca molar content. This promoted oxygen defect
formation and reduced the oxygen ion diffusion activation energy in the crystal structure. Meanwhile,
the lower valence of Ca2+ encouraged oxygen ions to escape from the lattice in order to maintain
electrical neutrality when the Ca molar content increased.

Figure 5 shows that the oxygen non-stoichiometry δ of La0.5Ca0.5Co1−yFeyO3−δ decreased slightly
with increasing Fe content. It is known that the Fe–O bond energy (408.8 ± 13KJ/mol) is larger than
that of Co–O (368 ± 21KJ/mol). Thus, it was more difficult to form oxygen vacancies in the perovskite
with increasing Fe molar content. Moreover, compared to the Fe ion, Co was more adaptable in
relocating to a lower valence. Therefore, in order to balance the valence, perovskites with a higher
molar content of Co formed more oxygen vacancies.

Ca-doping significantly affected the oxygen vacancy concentration of La1−xCaxCo1−yFeyO3−δ,
and oxygen non-stoichiometry δ was more sensitive to Ca-doping. In contrast, Fe molar content had
little influence on oxygen non-stoichiometry δ of La1−xCaxCo1−yFeyO3−δ.
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3.3. Oxygen Adsorption/Desorption Experiments of La1−xCaxCo1−yFeyO3−δ

Five LCCF samples of different stoichiometry (LCCF8255, LCCF5555, LCCF2855, LCCF5582,
and LCCF5528) were synthesized by the liquid citrate method, and the fixed-bed reactor was used
to study the oxygen desorption performance of LCCF. The adsorption temperature and desorption
temperature were 800 ◦C and 850 ◦C, respectively. The oxygen desorption curves of LCCF perovskite
with A-site Ca-doping are given in Figure 6. There was a plateau-like peak at about 500s in the initial
stage of the exposure to CO2, which may have been caused by the reversible defect reaction (1). The
result agreed with the study by Yang et al. [4]. Then, the O2 concentration increased sharply due to the
carbonation reaction. For LCCF8255, there was a maximum oxygen concentration of about 2.2%. The
carbonation reaction of LCCF8255 is as follows:

La0.8Ca0.2Co0.5Fe0.5O2.881 + 0.2CO2 → 0.4La2O3 + 0.2CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.1156O2 (8)
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Table 2 shows the oxygen desorption amount of La1−xCaxCo0.5Fe0.5O3−δ with different Ca molar
contents. As seen in Table 3, along with the increasing amount of Ca-doping in La1−xCaxCo0.5Fe0.5O3−δ,
the oxygen desorption amount decreased slightly before increasing. This result showed that
Ca-doping in the A-site does not have significant effect on the oxygen desorption amount of
La1−xCaxCo0.5Fe0.5O3−δ. This can also be seen from the carbonation reaction equation as follows:

La0.8Ca0.2Co0.5Fe0.5O2.881 + 0.2CO2 → 0.4La2O3 + 0.2CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.1156O2 (9)

La0.5Ca0.5Co0.5Fe0.5O2.713 + 0.5CO2 → 0.25La2O3 + 0.5CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.1065O2 (10)

La0.2Ca0.8Co0.5Fe0.5O2.53 + 0.8CO2 → 0.1La2O3 + 0.8CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.09O2 (11)

Table 2. Oxygen desorption amount of La1−xCaxCo0.5Fe0.5O3−δ (x = 0.2, 0.5, 0.8).

Sample Oxygen Desorption Amount (mg O2/g·sorbent)

LCCF8255 9.34
LCCF5555 8.81
LCCF2855 9.94
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Table 3. Oxygen desorption amount of La0.5Ca0.5Co1−yFeyO3−δ (y = 0.2, 0.5, 0.8).

Sample Oxygen Desorption Amount
(mg O2/g·sorbent)

LCCF5582 10.71
LCCF5555 8.81
LCCF5528 8.50

As shown in Equations 9–11, oxygen desorption amounts of La1−xCaxCo0.5Fe0.5O3−δ with
different Ca molar contents were almost the same.

Figure 7 and Table 3, respectively, illustrate the desorption curve and the oxygen desorption
amount of La0.5Ca0.5Co1−yFeyO3−δ for different Fe molar contents. In this case, the adsorption
temperature and desorption temperature were 800 ◦C and 850 ◦C, respectively. As shown in Figure 7,
LCCF5582 exhibited a faster desorption rate and higher oxygen concentration during the desorption
process. The maximum oxygen concentrations of the three candidates were 1.3%, 1.8%, and 2.4%,
respectively. Comparing with A-site doping, B-site doping showed a more prominent effect on the
oxygen desorption amount of perovskite-type sorbent at high temperature. This can be seen from the
carbonation reaction equations as follows:

La0.5Ca0.5Co0.8Fe0.2O2.698 + 0.5CO2 → 0.25La2O3 + 0.5CaCO3 + 0.8CoO + 0.1Fe2O3 + 0.174O2 (12)

La0.5Ca0.5Co0.5Fe0.5O2.713 + 0.5CO2 → 0.25La2O3 + 0.5CaCO3 + 0.5CoO + 0.25Fe2O3 + 0.1065O2 (13)

La0.5Ca0.5Co0.2Fe0.8O2.723 + 0.5CO2 → 0.25La2O3 + 0.5CaCO3 + 0.2CoO + 0.4Fe2O3 + 0.0365O2 (14)
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As shown in Equations12–14, the oxygen desorption amounts of La0.5Ca0.5Co1−yFeyO3−δ for
different Fe molar contents were significantly different. Oxygen desorption amounts for different
Fe molar contents of La0.5Ca0.5Co1−yFeyO3−δ are given in Table 3, where an Fe molar content of 0.2
resulted in an oxygen desorption value of 10.71mg. This result agreed with the theoretical oxygen
release amount that was obtained from the carbonation reaction equation.

3.4. Effect of A-/B-Site Doping on Performance of LCCF

The performance of LCCF with A-site doping was investigated. The oxygen non-stoichiometry
δ and oxygen production amount are shown in Table 4. The δ of LCCF increased with an increasing
Ca-doping amount. However, the oxygen desorption amount was nearly constant. This suggests
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that different δ of LCCF via A-site doping did not play an important role for O2 release amount. It is
important to note that for permeation of the O2 membrane of perovskites, oxygen non-stoichiometry
δ is closely related to O2 permeation properties. As A-site doping metal ions can increase the
concentration of oxygen vacancies, oxygen ion conductivity can be created. Therefore, A-site doping
had an obvious impact on δ of perovskite, while it contributed little to the O2 release performance
of LCCF. It can be concluded that the O2 release amount of LCCF was not reliant on oxygen
non-stoichiometry δ, which was generated from A-site doping.

Table 4. Effect of A-site doping on δ and performance of La1−xCaxCo0.5Fe0.5O3−δ (x = 0.2, 0.5, 0.8).

Effect of A-site Doping δ
Oxygen Desorption Amount

(mg O2/g·sorbent)

LCCF8255 0.119 9.34
LCCF5555 0.287 8.81
LCCF2855 0.47 9.44

The experimental results of LCCF with B-site doping are shown in Table 5. The oxygen
non-stoichiometry δ of LCCF was nearly the same as B-site Fe-doping. However, Fe-doping had
an obvious impact on the oxygen desorption amount, which was different from A-site Ca-doping.
The oxygen desorption amounts decreased by increasing the Fe molar content. It is suggested that
although B-site doping slightly affected the oxygen non-stoichiometry δ of La1−xCaxCo1−yFeyO3−δ,
the O2 desorption amount was closely linked to the B-site Fe molar content. Therefore, suitable B-site
doping was necessary to obtain a higher O2 amount. Table 6 summarizes the effect of A-/B-site doping
on oxygen non-stoichiometry and performance of all La1−xCaxCo1−yFeyO3−δ samples.

Table 5. Effect of B-site doping on δ and performance of La0.5Ca0.5Co1−yFeyO3−δ (y = 0.2, 0.5, 0.8).

Effect of B-site Doping δ
Oxygen Desorption Amount

(mg O2/g·sorbent)

LCCF5582 0.302 10.7
LCCF5555 0.287 8.81
LCCF5528 0.277 8.50

Table 6. Effect of A-/B-site doping on oxygen non-stoichiometry and performance of
La1−xCaxCo1−yFeyO3−δ.

Samples δ
Oxygen Desorption Amount

(mg O2/g·sorbent)

LCCF5582 0.302 10.7
LCCF5555 0.287 8.81
LCCF5528 0.277 8.50
LCCF8255 0.119 9.34
LCCF2855 0.47 9.44

4. Conclusions

In this study, the oxygen non-stoichiometry δ and oxygen desorption performance of
La1−xCaxCo1−yFeyO3−δ (LCCF) with substitutions in A and B sites have been investigated. From this
study, the following conclusions can be drawn:

1. The perovskite La1−xCaxCo1−yFeyO3−δ (LCCF) sorbents with different A-/B-site doping
amounts were synthesized by the liquid citrate method. XRD patterns indicate that all the samples
have a perovskite structure with good crystallization. In addition, their tolerance factors are close
to 1. The tolerance factor suggests that LCCF5582 has the most stable perovskite-type structure.



Energies 2019, 12, 410 10 of 11

2. The oxygen non-stoichiometry δ of LCCF sorbents was measured by iodometric titration. Oxygen
non-stoichiometry values of LCCF by A-site doping increased with increasing Ca-doping amount,
but the O2 desorption amount was nearly constant. This suggests that the O2 desorption amount
is not dependent on the oxygen non-stoichiometry δ of LCCF from A-site doping.

3. Oxygen non-stoichiometry values of LCCF with B-site Fe-doping are nearly the same. However,
B-site Fe-doping has an obvious impact on the oxygen desorption amount. In addition, the
oxygen desorption amounts increase with decreasing B-site Fe molar content. As a result, suitable
B-site doping for perovskite is necessary to obtain a higher O2 desorption amount.
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Nomenclature

V..
O oxygen vacancy

O×O denote lattice oxygen
h. electronic-hole
t tolerance factors
LCCF2855 La0.2Ca0.8Co0.5Fe0.5O3−δ
LCCF5555 La0.5Ca0.5Co0.5Fe0.5O3−δ
LCCF8255 La0.8Ca0.2Co0.5Fe0.5O3−δ
LCCF5528 La0.5Ca0.5Co0.2Fe0.8O3−δ
LCCF5582 La0.5Ca0.5Co0.8Fe0.2O3−δ
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