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Sr1.xCopsFep,0;5 (—0.2 < x < 0.1) oxides have been synthesized and investigated
as potential oxygen absorbents for high temperature oxygen separation processes. It
was found that the A-site ion deficient Srp9sCopgF ey -0z and SryoCogsFe,03 oxides
have larger oxygen absorption capacities, and slightly higher oxygen desorption rates.
However, the A-site ion excess Sr;gsCopsFeo>03; and Sr;;CopsFey,03 exhibited
much higher oxygen desorption rates, but smaller oxygen absorption capacities. The
oxygen absorption capacities were further verified using oxygen temperature-pro-
grammed desorption technique, and the oxygen desorption rates were well described
by a pseudo-second-order kinetics model. In addition, the long-term stability of
Sro.oCopsFen 03 was investigated for 280 h (1120 loops) with switching between oxy-
gen absorption and desorption. The excellent stability was confirmed by X-ray diffrac-
tion patterns which suggested that the cyclic processes of oxygen absorption and de-
sorption took place between the perovskite structure with disordered oxygen vacancies
and the brownmillerite structure with ordered oxygen vacancies. © 2010 American Insti-
tute of Chemical Engineers AIChE J, 57: 87-95, 2011
Keywords: absorbents, oxygen separation, absorption capacity, desorption rate,

stability

Introduction

Ceramic materials have been widely studied by many peo-
ple all over the world because of their numerous applica-
tions, including dense oxygen permeation membranes for air
separation, catalysts for hydrocarbon oxidation, cathode
materials for solid oxide fuel cells, oxygen sensors, and
absorbents.'© In particular, the perovskite-type dense
ceramic membranes made of mixed ionic and electronic con-
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ducting oxides have received considerable attention over the
past two decades for oxygen separation from air and as
membrane reactors for light hydrocarbon conversion to valu-
able products.Lw However, the research into the use of per-
ovskite-type complex oxides as oxygen absorbents for oxy-
gen separation began only in 2000."" Lin’s group'? first
reported that perovskite-type absorbent materials with vari-
able oxygen contents had important characteristics, including
an infinite selectivity to O, over N, or other gases, a high
oxygen absorption rate and a large oxygen absorption
capacity. All of these characteristics might overcome the se-
lectivity and stability drawbacks found in zeolite absorbents.
It has been reported that perovskite-type oxides could be
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used for oxygen enrichment by temperature swing absorp-
tion."* Karppinen et al."*~'® have systemically studied the ox-
ygen absorption/desorption properties of RBaCo,O7,5 (R =
Y, Dy, Ho, Er, Tm, Yb, and Lu), in particular the compound
YBaCo,07. 5, by a Thermogravimetric Analysis (TGA) tech-
nique. They discovered that RBaCo407, s could absorb and
desorb a large amount of oxygen over a narrow temperature
range (200-400°C), and the absorption and desorption proc-
esses were highly reversible. Guntuka et al.'”'® investigated
the oxygen absorption and desorption characteristics of A-
and B-site substituted lanthanum cobaltite perovskite-type
oxides. They found that, among the oxides studied,
SI'COO_SFCQ_503,(§ and Lao,1SroigAgo_1C00,5 FCQA503,§ were the
preferred absorbent materials by virtue of their optimum equi-
librium absorption capacities and sorption—desorption
kinetics. In our laboratory, we have investigated the impact of
A-site substitution on the oxygen absorption and desorption
properties of Ba;_,Sr,Cog sFep 503 5 (0 < x < 1) oxides, and
have applied the oxygen absorption process to a membrane
separation program.'®-*

The effects of dopant species and dopant concentrations
on the properties of perovskite-type ceramic materials used
as oxygen permeation membranes and oxygen absorbents
have been extensively studied. In addition, the impact of
defects, for instance the deviation of the A/B ratio from
unity, on the characteristics of oxygen permeation and oxy-
gen absorption/desorption may be very important. The use of
A-site deficient or excess Fe—Co based perovskite oxides as
cathodes for Solid Oxide Fuel Cells (SOFCs) and oxygen
permeation membranes for air separation have been
reported.”’ > As described by Poulsen,* the deviation of A/
B from unity can lead to the formation of oxygen vacancies
and thus enhance the oxygen ionic conductivity. Waller
et al.®® found that the decrease of electrode resistance
resulted from the preferential formation of oxygen vacancies
for perovskite-type electrodes with an A-site ion deficiency.
When A-site ions were deficient, a remarkable decrease in
Area Specific Resistance (ASR) was also discovered for
(Lag¢Sro.4)1sCop,Fep O3 5 perovskites, and the highest
electro-catalytic activity for the reduction of oxygen was
achieved with the oxide (La0,6$r0_4)0,85 CO()QFCOVXO:;,(;, with
an ASR of 14.8 Q cm® at 600°C.** In addition, in 1996,
Kharton’s group found that the creation of vacancies in the
A- or B-site sublattices of Srq¢sLagss CoOz s perovskite ox-
ide resulted in a reduction of oxygen permeation fluxes; the
ionic deficiency on the B-site had smaller influence on the
oxygen permeability compared with that on the A-site.’
Recently, Shao’s group studied the properties of A/B-site ion
deficient (Bao_5Sr0,5)1_X(C00_gFeo.2)y 03,(5 (X = 0—03) (077
<y < 1.00) oxides as oxygen permeation membranes, and
also investigated A-site ion excess
(Bag 5Sr1¢.5)14+Cop 8Fep 055 (0 < x < 0.3) compounds as
cathodes for SOFCs.>*"*® The highest oxygen permeability
was recorded for (BagsSrgs);_CopsFeg,05_5 (x = 0.03) at
900°C, with the permeation flux reaching about 3.5 x 10°°
mol cm™? s™' (STP) for the 1 mm thick membrane, as
compared with 2.5 X 107 mol cm™2 s~! (STP) for the
(Bag.5Srg 5)1_.Cog gFen-05_s (x = 0.0) membrane under the
same conditions. For (Bag 5Sr 5)(CoggFep2)y03_s (0.77 <y
< 1.00) membranes, the formation of an appropriate concen-
tration of B-site ion deficiency has greatly restrained the A-
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site ion diffusion, and thus stabilized the perovskite struc-
ture and consequently the oxygen permeation flux. The
excess of A-site ions for (Bag 5Srg s5);,CopgFen203 5 (0 <
x < 0.3) cathode materials resulted in expansion of cell
volumes and decrease of electronic conductivities. How-
ever, the polarization resistance of the oxygen reduction
process was reduced significantly for the oxide with an
appropriate A-site ion excess, for instance, (BagsSrgs)1.03
CoggFep,03_5, due to the formation of more oxygen
vacancies and more active sites.

The present work was aimed at studying the influences of
A-site ionic deficiency and excess on the oxygen absorption/
desorption properties of Sry,,CoggFep,03 5 (—0.2 < x <
0.1) compounds, with particular reference to the oxygen de-
sorption rates. In addition, the long-term stability of the oxy-
gen absorption/desorption processes was examined.

Experimental
Preparation of materials

Powder samples of Sr;,,CoggFep,05 5 (—0.2 < x < 0.1)
oxides were prepared by a combined Ethylene Diamine Tetra-
acetic Acid (EDTA)—citric acid complexing method.? The
concentrations of metal nitrate solutions were determined by
titration. During a synthetic process, the calculated amounts
of Sr(NOs3), (299.5%), Co(NOs3),- 6H,O0 (>99.0%),
Fe(NO3)3-9H,O (>98.5%) were added to a beaker, followed
by EDTA and citric acid. The mole ratio of EDTA, citric
acid, and total metal ions was about 1:1:1. NH5; H,O was used
to adjust the solution pH value to around 6, at which point the
solution immediately became transparent. After the polymer-
ization and condensation reactions had taken place, a dark
purple gel was obtained. Then, the as-prepared gel was
reheated till self-ignition took place, giving a primary powder
with the desired stoichiometry. Finally, the green powder was
calcined in air at 900°C for 5 h. After these procedures, some
of the resulting powder was pressed and then crushed into 20—
40 mesh granules for the stable state oxygen absorption
experiment and oxygen temperature-programmed desorption
(0O,-TPD) testing, and some Sry9CoqgFey,0; powder was
pressed into the pellet with a diameter of 13 mm and a thick-
ness of 1.2 mm for high temperature in-situ X-ray diffraction
(XRD).

It is well known that simple metal oxide catalysts (such as
manganese oxide, iron oxide, and cobalt oxide) show good
catalytic reduction abilities for oxygen.30 In our laboratory,
Co304 with high oxygen reduction activity reduced cathode
polarization resistance, and consequently improved perform-
ances of solid oxide full cells, when the oxide was mixed
with cathodes.’> And in this article, the Co304 phase
appeared in Sr;,,CopgFep,03 (x = -0.1, -0.2) oxides.
Thereby, the influences of Co3;04 on the oxygen absorption
and desorption properties of SrCoqgFey,03 absorbent were
tested. The Co30,4 oxide was also synthesized by the com-
bined EDTA-—citric acid complexing method as described
above. The resulting powder was mixed with SrCog gFe,03
with different ratios by weight. After grinding in ethanol for
about an hour, the mixtures were pressed and crushed into
20-40 mesh granules for stable state oxygen absorption
experiments.
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Characterization of materials

The crystal structures of the synthesized powder samples
were checked by XRD (Rigaku D/Max-RB, Cu Ko radiation)
in the 20 range of 20-80° with a step width of 0.02°.

A high temperature in situ XRD technique was used for
monitoring the phase changes of the oxide by the same dif-
fractometer as above, so as to fully understand oxygen
absorption and desorption mechanisms. For the measure-
ment, the 260 range was 30-50° with a scanning rate of 10°/
min and a sampling interval of 1 min. The operating temper-
ature was kept at 500°C. The fluxes of synthesized air and
nitrogen were both about 30 ml/min, with synthesized air for
oxygen absorption process and nitrogen for oxygen desorp-
tion process.

The oxygen desorption properties of the defect perovskite-
type oxides were investigated by the O,-TPD measurement.
About 0.60 g of each sample was packed into a ® 6 (mm)
quartz tube. Helium was used as the carrier gas with a flow
rate of 40 ml/min. The temperature was increased from
100°C to 950°C at a rate of 10°C/min. A Thermal Conduc-
tivity Detector (TCD) was equipped for signal detection
along with a computer data acquisition system.

Oxygen absorption and desorption of materials

Oxygen absorption experiments were performed on a
fixed-bed oxygen absorption apparatus, as shown in Ref. 19,
which consisted of a gas delivery system, a temperature
control system, an oxygen absorption column, an oxygen
sensor (GPR-3100, Advanced Instruments) and a computer
for data storage. During measurements, the oxygen concen-
trations in the effluent gases from the absorption column
were continuously monitored by the oxygen sensor. Data
collection and storage were performed simultaneously by
the computer. The operating temperatures for all samples
were in the range of 450-600°C. The oxygen absorption
and desorption processes were carried out at ambient pres-
sure. Synthesized air (Ppy, 0.21 atm) and high purity he-
lium (Pg,, 107> atm), were used for oxygen absorption and
absorbent regeneration, respectively. During all the oxygen
absorption and desorption experiments, the air and helium
fluxes were kept at about 50 and 100 ml/min, respectively.
The oxygen absorption capacities were all corrected for
dead-volume times.

Stability testing of oxygen absorption and desorption
cycles was carried out on the equipment based on that
described elsewhere'*?® and shown in Figure 1. Two fixed-
bed absorption beds were used for the cyclic testing, with
one for the oxygen absorption and the other for the oxygen
desorption by turn. Two identical quartz tubes filled with 19
g of SryoCopgFep,03; 5 acted as the oxygen absorption
beds. The outflow from the oxygen absorption tube was con-
nected to a gas chromatograph, while that from the oxygen
desorption tube was analyzed by the oxygen sensor. At first,
the stability experiment was operated at 7 = 500°C, with an
interval of 15 min, an air flux of 48.15 ml/min and helium
flux of 325 ml/min. To obtain a larger oxygen absorption
capacity with the lowest oxygen mole fraction in the effluent
from the oxygen absorption bed, or to get a better oxygen
absorption efficiency for the absorbent, the temperature for
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Figure 1. Schematic diagram of the oxygen absorption
setup for long-term stability operation.

MFC, mass flow controller.

the stability experiment was raised to 550°C, with the same
interval time of 15 min, the air flux of 54.69 ml/min and he-
lium flux of 370 ml/min. As reported by Zhu et al.,”® the
high purity helium or other inert gas was usually used as the
purging gas to regenerate the absorbent on the laboratory
scale, to simplify the operating system. However, on a larger
scale for industrial production, a vacuum pump can be used
to renew the saturated oxygen absorbent, giving a true pres-
sure swing absorption (PSA) process just like the PSA of
zeolites. In this way, the high purity oxygen and pure nitro-
gen can be collected together.

Results and Discussion

Figure 2 shows the XRD patterns of the Sr;,CoggFeq .03
(—0.2 < x < 0.1) oxides at room temperature. It indicates
that the samples with compositions —0.05 < x < 0.05 have
single phase cubic perovskite structure. For SrggCog gFen 203
and Sr9CoggFey,0; oxides with A-site deficiency, x =
—0.2, 0.1, the main diffraction peaks are those of the cubic
perovskite phase, except that some diffraction peaks of
C0304/Co0O (Fe;04/FeO) appear. Furthermore, the intensity
of CoO, (FeO,) in SrygCoggFe,03 is stronger than that in
Srp.9Cog gFep,03. For the Sr;CoggFep,03 compound with
A-site ionic excess, the diffraction pattern mostly displays
the cubic perovskite structure, with some peaks of an
unknown phase. As reported in Ref. 28 the upper limit of
the A-site ion excess was around 9 mol% among the
(BaoAssroAs)1+XC0()A8F€()A203,(5 (0 < x < 03) oxides, with
retaining the pure phase perovskite structure. In this work,
for the series of Sry,,CopgFep,05; (—0.2 < x < 0.1) oxides,
the A-site ion deficiency or excess needs to be kept in the
range —0.05 < x < 0.05 (5 mol%) to synthesize single phase
cubic perovskite oxides.

For the Sri, ,CoggFep,05 5 (—0.2 < x < 0.1) samples,
oxygen partial PSA experiments were performed in the tem-
perature range of 450-600°C. At each temperature, the equi-
librium oxygen absorption and desorption processes were
carried out. The results, giving oxygen absorption capacities,
are shown in Figure 3. The oxygen absorption capacities
were calculated using the published equation.'®
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Figure 2. Room temperature XRD patterns of the
Sr1 +XCOO_8Feo_2O3_5 (—02 <x< 01) oxides.

[J: cubic perovskite phase, A: CoO, (FeOy) phases, O:
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where ¢.ps 1s the oxygen absorption capacity, F,;, is the flux of
the synthesized air, ¢ and m are the oxygen absorption time and
the weight of the oxide absorbent, and x;, and x,, are the
oxygen mole fractions in the feed air and effluent, respec-
tively, during an oxygen absorption measurement. The plots in
Figures 3a, b both indicate that the Srq, CoggFe(,05 oxide
with x = —0.05 has the largest oxygen absorption capacity.
In other words, the materials Srg95CoqggFeq,03 and
Srp.9Cog gFep 03 with A-site deficiency both exhibit larger
oxygen absorption capacities than that of SrCog gFe(,05; with
A-site ion stoichiometry, at both 500 and 550°C. As Shao’s
group reported, the creation of a particular A-site ion deficiency
in (Bag sSrgp.s5)1..CopgFeg,03 (x = 0-0.3), for example
(Bay 5510.5)0.97C00 8Fe0 203, not only can result in an increase
of oxygen vacancy concentration but also can enhance the
average oxidation states of Co’* (Fe3 Y to Co*t (Fe“), and so
more o-oxygen can be absorbed or desorbed in the relatively low
temperature range of 450-600°C in the O,-TPD experiment.”®

90 DOI 10.1002/aic

Published on behalf of the AIChE

Hence, A-site ion deficiency in Srg95CoggFeo .05 and
Sr.0Coq gFey,03 oxides may lead to higher average oxidation
states of B-site ions (Co and Fe), as well as more oxygen
vacancies. However, the oxygen absorption capacities
of another three A-site ion non-stoichiometric oxides
Sro8Cop.8Fe 203, Sty 05Cop.sFen 203 and Sty ;Cog gFeg .05 are
smaller than that of SrCoqgFey,03. As mentioned above, the
decreases of oxygen absorption capacities of Sr;, ,Cog gFe 03
(x =-0.2, 0.05, 0.1) oxides are because the average oxidation
states of the B-site ions (Co and Fe) are reduced owing to the
deficiency or excess of A-site ions, and not because other
minority phases appear for SrygCoggFeg,03; and Sry1Cogg.
Fe,,05 oxides. It also indicates that, for these three A-site ion
deficient or excess Sry Cog gFeq 203 (x =-0.2,0.05,0.1) oxides
with smaller oxygen absorption capacities, the charge compensa-
tion mechanism is achieved through the formation of more
oxygen vacancies and the reduction of the average oxidation
states of Co (Fe), which can be further confirmed by the amounts
of a-oxygen desorbed in the low temperature range of the latter
O,-TPD experiment. Note that, for the A-site ion nonstoichio-
metric Sty CoggFen .03 (x = 0.2, 0.05, 0.1) oxides, the less
amount of «-oxygen the oxide desorbs in the low temperature
range of 300-600°C, the lower the average oxidation state of its
B-site ions is, and correspondingly the higher oxygen vacancy
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Figure 3. (A) Oxygen absorption capacities of the
Sry +XCOQ_3Feo_2O3_5 (—02 <x < 01) oxides in
the temperature range of 450-600°C. (B) De-
pendence of oxygen absorption capacities on
Sr concentrations of the Srq,,CoqgFep203_5
oxides at 500 and 550°C.
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Table 1. Data of the Fixed-Bed Oxygen Absorption
Capacities and Modeling Oxygen Desorption Rates of the
Sr1+xC00.8Fe0'203_5 (—0.2 <x< 0.1) Oxides at 500°C

abs k/des
(mmol/g) [g/(mmol min)] R”? S
Sr; 1Cop gFep 03 0.266 1.41 0.998 479
Sr1_05C00_3Feo_203 0.308 1.14 0.998 713
Sry ¢Cop gFen 203 0.407 0.156 0974 744
S19.95C00 sFe 203 0.431 0.248 0.977 806
Sr( 9Cop.gFep 03 0.419 0.501 0.990 755
St 5Cop.8Fep,03 0.311 0.645 0.997 705

Gaps 18 the fixed-bed oxygen absorption capacity, kg the oxygen desorption
rate coefficient, R’? the desorption rate correlation coefficient, and S the inte-
gral area of the «-oxygen peak within the low temperature range (300—
600°C) of the O2-TPD curve.

concentration the oxide has, with the charge compensation
mechanism controlling. Therefore, the three oxides with lower
average oxidation states of B-site ions (or less amount of
a-oxygen) have smaller oxygen absorption capacities. In
addition, the oxygen absorption capacities of the
Sry,:CopgFep203 5 (—0.2 < x < 0.1) oxides at T = 500°C
are listed in the first column of Table 1, and the relative peak
areas of o-oxygen desorbed in the low temperature range
(300-600°C) in the latter TPD experiment are shown in the last
column of Table 1.

Defect perovskite-type oxygen absorbents usually show
much higher oxygen absorption rates than desorption ones,
which has been verified before.'”?! Therefore, besides the
oxygen absorption capacity, the oxygen desorption rate
should be investigated seriously. The oxygen desorption
processes of the six oxides Sry,,CogpgFeg,03; (—0.2 < x <
0.1) are modeled using the pseudo-second-order kinetics as
described elsewhere.’>'” The model presumes that the oxy-
gen desorption is complete (xo, ~ 0) when the oxygen mole
fraction X, in the effluent exiting from the quartz tube is
about 0.005 during a desorption process.

dqdes
dt

= k(lies(qéq - qt)z (2)

The integrated linear equation, known as the Lagergren
equation, is

q: kdesqeq qeq
where 'eq and ¢, are the amounts of oxygen desorbed in
equilibrium with the surrounding atmosphere and at time ¢, and
K’ 4es 18 the rate coefficient for the oxygen desorption processes.
The modeling lines of the fixed-bed oxygen desorption
processes and the straight lines deduced from the modeling
lines are shown in Figure 4. The slopes and intercepts of the
straight lines are used to calculate the oxygen desorption rate
coefficients k’4., which are shown in Table 1. The patterns in
Figure 4 and the correlation coefficients R’ in Table 1 indicate
that the experimental data fit well with the pseudo-second-
order kinetics equations. The most important factor is that the
values of K 4. in Table 1 suggest that the deficiency or excess
of A-site ions can accelerate the oxygen desorption from its
corresponding oxide. Among the series of A-site ion deficient
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Figure 4. Oxygen desorption kinetic curves of
Sr1 +XCOQ_8Feo_2O3_5 (—0.2 <x< 0.1) at 500°C.
L1 SryCoggFep203_s, 2.2". SrysCopgFe03_s 3.3
Sry.0Cog.8Fe0 2035, 44 Sr0.95C0.8Fe0203 5, 5.5
S10.0C0p sFe0203_5, 6,6". Srg5CogsFeq203_5. 1, 2, 3, 4, 5,
6 are the modeling kinetic plots of the experimental data;
1,2/ 3, 4,5, 6 are the straight lines deduced from the
modeling kinetic plots.

Sry,CopgFep,03 (0.2 < x < 0) oxides, the larger the
nonstoichiometry value x is, the higher the oxygen desorption
rate is. Since oxygen absorption into and desorption from the
small absorbent granules are limited by oxygen surface-
exchange processes,'” the higher rate makes clear that the
charge compensation mechanism, as a result of the A-site ion
deficiency, results in more oxygen vacancies emerging in the
absorbent granules, and so more active sites appearing on their
surface. In addition to the greater number of oxygen vacancies,
some CoOy (FeO,) impurities can also enhance the oxygen
desorption rates of SrgCoggFe,0; and SrpoCoggFey 03
oxides.

The oxygen absorption and desorption properties of
SrCog gFe(,03 oxide with different Cos0O, concentrations are
tested in the paper. It has been confirmed that Co3;0,4 does
not absorb or desorb oxygen below 760°C, because the reac-
tion Co304 < 3Co0 +%02 occurs only above 760°C.>3
Therefore, the component for oxygen absorption is the per-
ovskite oxide SrCogFe(,03, and Co30, just acts as a kind
of catalyst for oxygen absorption and desorption. As shown
in the last column of Table 2, the presence of Co30, in all

Table 2. Data of the Fixed-Bed Oxygen Absorption
Capacities and Modeling Oxygen Desorption Rates of the
SrCoy gFey,03_5; Oxide Mixed with Different Co304
Concentrations at 500°C

x% qabs qabs/( l_X%) kldcs
(C0304%) (mmol/g) (mmol/g) [g/(mmol min)]
0% 0.407 0.407 0.152
5% 0.372 0.392 0.200
10% 0.366 0.407 0.371
20% 0.293 0.366 0.935
30% 0.250 0.357 0.902

X% is the weight ratio of Co30,4 in an absorbent mixture, g, the fixed-bed
oxygen absorption capacity, g.,/(1-x%) the real oxygen absorption capacity
of SrCog gFe( .03, and K 4.s the oxygen desorption rate coefficient.
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mixtures speeds the oxygen desorption from SrCog gFe(,03.
Within the composition range 5% < Co0304% (Wt %) <
20%, the greater the amount of Co30; is, the higher the oxy-
gen desorption rate is. Note that the desorption rate of the
absorbent with 30% Co30, is a little lower than that with
20% Co0304. The data in the second column indicate that
Co304 does not affect the oxygen absorption capacity of
SrCoq gFep,0O5 when the concentration of Co;04 is less than
20%. In conclusion, in order to optimize the oxygen absorp-
tion and desorption properties, the concentration of Co3;0, in
the mixture should be 20% (wt %).

For Sr1A05C00AgFGOA203 and Sr1A1C00AgFeoA203 oxides, the
excesses of A-site ions both resulted in higher oxygen desorp-
tion rates, due to the formation of more oxygen vacancies and
so more active sites for oxygen desorption and absorption.
Evidence for this is provided by the values of 3—¢ for
(Bag.sST0.5)14.C00.sFe0205.5 with 0 < x < 0.20,%® although
there is some impurity appearing for the Sry;CoggFe(,03
oxide. Because oxygen absorption and desorption are limited
by oxygen surface-exchange processes,'’ so the impurity
could block the active sites on the small absorbent granule
surface for oxygen absorption and desorption, but the result of
the competition between the formation of more active sites
and fewer active sites blocked by the impurity eventually
accelerates the oxygen desorption from Sry;CoggFe(,0;5. In
addition, for Sr;,,CoggFep,03; (0 < x < 0.1) oxides, the
increase of oxygen vacancy concentrations can be confirmed
by the reduction of the amounts of o-oxygen desorbed in the
low temperature range in the latter O,-TPD experiment,
owing to the A-site ion excess.

For defect perovskite-type oxides, the oxygen desorption
characteristics are usually studied by the O,-TPD tech-
nique.***> The desorption of o (f8) oxygen from a perovskite
oxide is associated with changes of the valences of B-site
ions and the formation of oxygen vacancies. Detailed analy-
ses of the oxygen desorption (or absorption) behavior have
already been described.’®* As shown in Figure 5, all sam-
ples except Sry1CoggFep,03.s, exhibit two kinds of charac-
teristic desorption peaks (o/f-oxygen), with one at low tem-
perature and the other at high temperature in the range of
100-950°C. It is suspected that Sr; ;CoqgFe 035 may have
another oxygen desorption peak at a temperature far above
950°C, as well as the one in the low temperature range of
300-600°C. This is because O,-TPD plots recorded for most
defect perovskite-type oxides (e.g., La;_Sr,Co,_Fe,O3_s)
have been characterized by the appearance of two types of
oxygen desorption peaks, o and f§ oxygen.36 A close study
of the a-oxygen desorption peaks at low temperature (300-
600°C) shows overlapping a-oxygen desorption peaks. The
two «-oxygen peaks then split (or become more obvious)
with the decrease of Sr concentrations for the series of
Sty CoggFep,05 (—0.2 < x < 0.1) oxides. Also, between
the double «-oxygen peaks for each sample, the first one
may result from the reduction of Co*" to Co®", and the sec-
ond from the reduction of Fe*" to Fe’', because Fe'' is
more easily oxidized to Fe*" than Co®" to Co** for the per-
ovskite-type La;_A,Co;_Fe,O3_s(A = Sr, Ba, Ca)
oxides.’” No matter how the synergetic effect of the B-site
ions influences the O,-TPD patterns of the Sr;,,CoggFeq .03
(—0.2 < x < 0.1) oxides, the area of the x-oxygen desorp-
tion peaks of Sry95CoggFep,03 at the low temperature is the
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Figure 5. O,-TPD profiles of the Sr;.,CoqgFeo203_;
(-0.2 < x < 0.1) oxides in the temperature
range of 100-950°C.

1. Sr;1CoogFep203-5, 2. Sry5CogFe0 203 5, 3.
Sry.0Cog.8Fe0 2055, Sr0.95C0p.8Fe.203 s,
Sr0.9C00.8Fe0 2035, 6. Srg.8Cop gFen 203_5.

200

largest, followed by the oxides with x = —0.1 and then x =
0.0. As indicated in Table 1, the sequence of the amounts of
the a-oxygen desorbed (or the areas of the o-oxygen desorp-
tion peaks) in the low temperature range of 300-600°C is
consistent with that of the oxygen absorption capacities at
T = 500°C (or 550°C). In addition, it is interesting to dis-
cover that the amounts of f-oxygen desorbed increase with
the decrease of the concentrations of A-site ions for the
Sty CoggFep,05 (—0.2 < x < 0.1) oxides in the high tem-
perature range of 750-950°C. In other words, the amounts of
oxygen desorbed at the high temperature are also influenced
by the stoichiometry of the A-site ions, which may be very
useful for high temperature oxygen permeable membranes.
The long-term stability of an absorbent was investigated
on a fixed-bed apparatus in our laboratory. SryoCog gFe( 03,
which has a relatively large oxygen absorption capacity and
high oxygen desorption rate at 7 = 500°C (or 550°C), was
selected for the stability testing. The oxide showed an oxy-
gen absorption capacity of 0.319 mmol/g at 500°C and
0.368 mmol/g at 550°C during the cycling process. As
shown in Figure 6, it indicates that the average mole fraction
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Figure 7. XRD patterns of the Sry9Co0¢gFep203_; oxide
after the long-term stability experiment
shown in Figure 6.

of oxygen is only about 1.6% and that of nitrogen reaches
98.4% in the effluent from the oxygen absorption bed. Over
280 h or 1120 cycles of oxygen desorption and absorption,
the mole fractions of oxygen and nitrogen remain constant
throughout, which suggests that the long-term stability and
the cyclic properties of SryoCoggFeg,O; are excellent.
Moreover, the oxide does not suffer fracture or pulverization
after the long-term experiment, which further confirms its
very good stability. Simply considering their excellent stabil-
ity and cyclic properties, perovskite-type oxides used as oxy-
gen absorbents would be a good choice among their

0
2 (degree)

B ¢

25 (degree)

Figure 8. Patterns of high-temperature in-situ XRD at 500°C for Sry9C0¢.gFe.203_ ;-

A/B are the oxygen absorption/desorption processes in the first cycle, C/D the processes in the second cycle and E/F the processes in the
third cycle.
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numerous applications. In addition, the good cycling stability
of the absorbent is evidenced by the following XRD pat-
terns.

The XRD patterns in Figure 7 show the structures of
Sr.0Coq gFep 1,05 after the long-term stability experiment. It
is clear that one sample retains a cubic perovskite structure,
and the other has a brownmillerite-type structure. The upper
XRD pattern, with the brownmillerite-type structure, is taken
from the oxide cooled in helium atmosphere after 1120
cycles; the lower pattern, with the cubic perovskite structure,
is of the oxide cooled in synthesized air. In other words, the
upper XRD pattern represents the structure of the oxide
which has been regenerated in the atmosphere with low oxy-
gen partial pressure, while the lower pattern represents the
oxide that has been saturated by air in oxidizing surround-
ings. In addition, the XRD pattern of the oxide cooled in
helium suggests that Srp9CoggFep,0; undergoes a phase
transition from the oxygen vacancy disordered structure (per-
ovskite type) to the oxygen vacancy ordered structure
(brownmillerite type) during the oxygen desorption process
at T = 550°C. However, when the sample was re-exposed to
air at the same temperature, it recovers to the perovskite
structure exhibiting as the fresh one. In this way, the two
patterns in Figure 7 provide a sound explanation why the ox-
ygen absorption and desorption of Sry¢CoggFep,03; shows
high stability over many cycles, as shown in Figure 6.

To understand how the phase transitions occur and whether
the reversibility of these phase transitions during the oxygen
absorption/desorption cycles is good, the oxide Sry¢Cogg.
Fep,03 was characterized by high temperature in situ XRD.
In Figure 8, picture A shows the XRD patterns of SryoCogg.
Fe(,0;3 originally exposed to synthesized air at 500°C for
about 30 min, and picture B is the XRD patterns of the oxide
which undergoes oxygen desorption in pure nitrogen for the
first time. The oxide then absorbs and desorbs oxygen in the
second cycle (pictures C and D), and then the third cycle (pic-
tures E and F). From the six pictures, it is clear that SryoCogg.
Fey,0;3 exhibits a good reversibility between the structure
with disordered oxygen vacancies (perovskite type) and the
one with ordered oxygen vacancies (brownmillerite type) dur-
ing the oxygen absorption and desorption cycles. Furthermore,
as shown in Figure 8, impurities (CoO,/FeOy) retain the iden-
tical structures during all the oxygen absorption and desorp-
tion processes, and so their function might only be a catalyst to
enhance the rates of oxygen absorption and desorption. For the
second and third cycles in Figure 8, the main phase of
Sry.0Cog gFeg 205 recovers to the perovskite structure for the
third sampling during the oxygen absorption processes, while it
reverts to the brownmillerite structure from the perovskite
structure for the 15 sampling during the oxygen desorption
processes. This confirms our former work showing that the oxy-
gen absorption process is faster than the oxygen desorption pro-
cess.'” In conclusion, the patterns of the in situ XRD, which
have verified the result shown in Figure 7, suggest that
Srp9Cop gFen,03; has good long-term stability for oxygen
absorption and desorption.

Conclusions

Perovskite-type oxides with an oxygen deficient structure,
exhibited many advantages, such as large oxygen absorption
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capacities and an infinite selectivity for oxygen. In this arti-
cle, the oxygen absorption and desorption properties of
Sty CoggFep,05 (—0.2 < x < 0.1) oxides were studied in
the temperature range of 450-600°C. It was interesting to
found that the A-site ion deficiency or excess of the perov-
skite oxide SrCoqgFe(,0; resulted in larger oxygen absorp-
tion capacities and/or higher oxygen desorption rates than
that with A-site ion stoichiometry. The CoOy (FeOy) oxides
emerged in the A-site ion deficient SryoCoggFep,03 and
Srg3Coq gFep,03 oxides could accelerate the oxygen desorp-
tion from the absorbents. The O,-TPD experiment showed
that the sequence of the amounts of z-oxygen was consistent
with that of the oxygen absorption capacities measured on
the fixed-bed equipment at 500 and 550°C. The oxygen
desorption processes fit well with the pseudo-second-
order kinetics model. The long-term stability testing of
Sr9.0Cog gFep 2,03 for 280 h (equivalent to 1120 cycles)
indicated that perovskite-type oxides used as oxygen
absorbents for oxygen separation will be another choice,
besides the uses as dense oxygen permeable membranes and
cathode materials for SOFCs. In addition, XRD patterns of
Sr.9Coq gFey .05 further verified its excellent stability and
reproducible behavior, with the cyclic processes of oxygen
absorption and desorption taking place between the perov-
skite structure with disordered oxygen vacancies and the
brownmillerite structure with ordered oxygen vacancies.
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