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Abstract The paper reports on effect of doping Ag™,
Ni2+, Ca2+, Ba2+ or Zr4+ in Lao_lsr0_9C00.9F60_103,5
(LSCF1991) on its oxygen sorption capacity and des-
orption rate. The dopant can be incorporated into
LSCF1991 matrix causing lattice expansion. The oxy-
gen sorption capacity and tendency for the disordered
perovskite to ordered brownmillerite phase transition
for these samples decrease in the order: LSCF1991
> LSCF-Ag > LSCF-Ni > LSCF-Ca > LSCF-Ba >
LSCF-Zr. The oxygen desorption rate also decreases in
the same order for the doped samples. Doping increases
the tendency of the disorder to order phase transition
and enhances oxygen desorption rate during oxygen
desorption step. Doping Ag and Ni provides more pro-
nounced enhancement in oxygen desorption rate. The
results suggest that Ag and Ni doped LSCF1991 sam-
ples are promising sorbents for use in a high tempera-
ture sorption process for air separation.

Keywords Air separation - Perovskite-type oxides -
Phase transition - Kinetics - Oxygen sorption capacity

1 Introduction

Oxygen and oxygen-enriched air are important for
many industrial and medical applications (Kang et al.,
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1996; Prasad, 1998; Dyer et al., 2000). For example,
they can be used to improve the efficiencies of combus-
tion processes and lead to a reduction in carbon monox-
ide or hydrocarbons in the exhausts. To obtain high
purity oxygen in large scale, cryogenic air separation
is the only commercially available method, which is
known for its major drawback of high energy consump-
tion. The replacements of the cryogenic air separation
with other less energy consuming oxygen separation
methods have been explored for many years. Recently
a new high temperature air separation process with a
perovskite-type metal oxide sorbent was proposed by
Lin and co workers (Lin et al., 2000; Yang et al., 2002).
The sorption separation process can be used to produce
pure nitrogen and oxygen enriched air for various ap-
plications.

Perovskite-type oxides are a group of metal oxides
having the general formula of ABO3. Oxygen non-
stoichiometry (vacancy) occurs in some perovskite-
type oxides with B-site cations of variable oxidation
states and A-site cations partially substituted by another
cation with lower oxidation state. Based on the fact that
the oxygen nonstoichiometry in their structure varies
with oxygen partial pressure of surrounding gas and
temperature, these materials can be applied in pressure
or temperature swing adsorption process for air sep-
aration. The new sorption process takes advantage of
the unique properties of these perovskite-type oxides
that can adsorb a large quantity of O,, but not other
gases, into the oxygen vacancy site at high tempera-
tures. The sorption and desorption mechanism is based
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on the following reversible defect reaction (Mizusaki
et al., 1984; Mizusaki et al., 1989):

1/205(8) + Vg & O} +2h €))

where Vi, O and h denote positive oxygen va-
cancy, neutralized lattice oxygen and mobile elec-
tron hole, respectively. Infinitely high selectivity for
oxygen over nitrogen and high oxygen adsorption
amount are the major characteristics of this group of
materials.

Lin and co workers performed a series of funda-
mental studies on perovskite-type oxides as sorbents,
including selection and syntheses of materials (Yang
et al., 2002), oxygen sorption equilibrium (Yang et al.,
2002; Yang and Lin, 2003a), oxygen sorption thermal
effects (Yang and Lin, 2005), and oxygen sorption and
desorption kinetics as well as fixed-bed process per-
formance (Yang and Lin, 2003b). To be a promising
sorbent material for air separation, the perovskite-type
oxide musthave a high oxygen sorption capacity as well
as a fast sorption/desorption rate in the sorption pro-
cesses. Yang et al. (2002) reported that the perovskite-
type oxide, Lag | Srp9CoggFep 103_s (LSCF1991), can
adsorb oxygen up to 0.6 mmol/g with zero sorption for
nitrogen, and the sorption rate in this process is also
high. However, the oxygen desorption rate is slow in
the temperature range of 400-900°C. This issue rep-
resents a major challenge with regards to achieving a
high O,—product purity in the industrial application of
air separation needed for many purposes, and also to
ensuring a sufficiently high efficiency of sorbent regen-
eration.

Increasing the desorption rate is of great importance
to develop the separation process with a perovskite
type oxide sorbent for air separation. A common
approach to improve the properties of perovskite type
metal oxides is through addition of ion in the metal
oxide. Kharton and co workers found that the oxygen
surface exchange rate for La, Sr;_,CoFe;_s (x = 0.1-
0.3) can be enhanced by doping a catalytically active
metal ion such as Ag" or Ni* (Choudhary et al., 1999;
Kharton et al., 2002; Figueiredo et al., 2004; Kharton
etal., 2004). Tan et al. (20044, b) reported that addition
of Ag* into SrCog gFeg,03_s membrane increased its
oxygen permeation flux. Doping Ba** and Zr** into
perovskite-type oxides can increase the membrane
stability under reducing atmosphere (with low Po;)
but decrease the oxygen permeation flux through these
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membranes (Shao et al., 2001; Yang et al., 2003a,
2003b). Yamazoe and co workers (Kusaba et al., 2000;
Kusaba et al., 2002b) found that 10-20% partial sub-
stitution of the metal ion in the A-site of SrCoggFey
by Ca?* was effective to maintain its perovskite type
structure. The present study was focused on examining
the effects of doping Ag*, Ni’*, Ca®*, Ba?*, and Zr**+
in perovskite-type oxide Lag ;Sry9CogoFep03-_s on
its oxygen sorption properties. Our main objective
was to study the doping method for improving oxygen
sorption and desorption rate of the perovskite type
metal oxide sorbent for applications in the high
temperature sorption process for air separation.

2 Experimental

Powders of pure LagSry9CogoFe05_5 (LSCF-
1991), and Ag*, Ni**, Ca?>*, Ba’* and Zr**-doped
Lag 1Sr99CopoFe103_s (abbreviated as LSCF-Ag,
LSCF-Ni, LSCF-Ca, LSCF-Ba and LSCF-Zr respec-
tively) were synthesized by the liquid citrate method
from the corresponding metal nitrates. Nitrates of La,
Sr, Co, Fe in stoichiometric portions, and the nitrate of
one dopant metal (5% molar ratio to LSCF1991) were
dissolved in de-ionized water. 50% excessive citrate
acid was added into the solution to allow polymeriza-
tion at 100°C for 4h and condensation at 110°C for
4h. After condensation, the gel-like brick red product
was dried at 110°C for hrs and self ignited at 420°C for
30 min to burn out the organic compounds in the mate-
rial. The powder was then sintered at 1250°C for 20 h
with a ramping rate of 60°C/h to obtain the perovskite
structure.

The phase structure of the prepared samples in air
was examined by XRD (Siemens D-50, Cu K, radi-
ation). To study the phase structure of the samples in
reducing oxygen atmosphere, the powders were first
annealed at 700°C for 5h in He flow, quenched down
to room temperature in the same atmosphere, and then
removed and examined in air by XRD immediately.
The phase structure stability of the samples in He
flow was studied by simultaneous TGA/DSC (TA In-
struments, SDT2960) analysis. During measurements,
helium was introduced into the sample zone at the
flow rate of 100 ml/min. Heat flux and weight change
were recorded when samples were heated up from the
room temperature to 950°C, with a ramping rate of
10°C/min.
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Fig. 1 XRD patterns of (1j10)
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Kinetics and oxygen equilibrium of oxygen sorption
and desorption process for these samples were mea-
sured by TGA instrument (TA Instruments, SDT2960).
Oxygen sorption/desorption process started when the
sample experienced a sudden increase/decrease in
oxygen activity of the gas stream passing through the
sample compartment at a given temperature. In the
measurements, about 50 mg of sample powders were
placed in the alumina sample holder and the sample
compartment was heated to 110°C to remove the water
moisture till a stable weight was achieved. The sample
was then heated to the desired temperature, for exam-
ple, 600°C, in He flow (Po, = 0.0001 atm). Sample
was kept isothermally until a stable weight was ob-
served. The feed gas was quickly switched from He to
dry air (Po, = 0.21 atm) to initiate the oxygen sorp-
tion process. The corresponding weight change was
recorded automatically by the TGA instrument. Sub-

Table 1 Lattice parameters
of prepared samples in air
and radii of the doping ions

sequently, the kinetics during the desorption process
was also measured for the same sample subjected to a
change of the surrounding gas from air to He.

3 Results and discussion

XRD patterns of the as-synthesized LSCF1991, LSCF-
Ag, LSCF-Ca, LSCF-Ba, LSCF-Ni and LSCF-Zr ox-
ides (all with 5molar% dopant) are shown in Fig. 1.
All doped-oxides have the similar XRD patterns of per-
ovskite structure with diffraction peaks for the doped-
oxides shifted slightly to the left, as compared to
undoped LSCF1991. The small phase with the distinct
diffraction peak at about 30° for LSCF-Zr oxides is
identified as ZrO,.

Table 1 lists both lattice parameters of the samples
shown in Fig. 1 and the radii of the doping ions. The

Oxides Lattice parameters (A) Tons Tonic radii (A)
LSCF1991  3.837 La’*t 1.36
Sr2t 1.44
Co**/Co®t  0.65/0.545
Fe3+ 0.55
LSCF-Ag 3.846 Agt 1.40
LSCF-Ni 3.847 NiZ+ 0.67
LSCF-Ca 3.838 Ca?t 1.34
LSCF-Ba 3.885 Ba?t 1.62
LSCF-Zr 3.863 Zr*t 0.72
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lattice parameters were calculated from the d-values
of the characteristic peaks for the (110), (111), (200),
(220) and (310) planes. The lattice parameters for all
the doped samples are larger than the undoped one, even
for the dopants with a size smaller than hosting ions in
the A-site (Sr** and La3t), as shown in Table 1. These
results suggest that the doped ion may have substituted
the metal ion at A-site, like Ag*, Ca®* and Ba>*, or at
B site, like Ni** and Zr**, and it may also present at
the interstitial position in the lattice. The unit cell must
expand to accommodate the doped ions. Wiik and co
workers (Faaland et al., 1999; Wiik et al., 1999) also
found that the lattice of Lag 7519 3MnOj3 expanded after
being doped with Zr*+

Oxygen sorption capacity is defined here as the equi-
librium amount of oxygen taken up by a perovskite-
type oxide after the surrounding atmosphere changes
from helium to air. It can be determined from the oxy-
gen nonstoichiometry of the perovskite-type oxide by:

_ S(air) — 5(He)
=TT oMy @

where §(He) and §(Air) are respectively the oxygen
nonstoichiometry of the perovksite type oxide in He
and air and M,, is the average molecular weight of
the sample. The oxygen nonstoichiomertry §(He) and
8(Air) at various temperatures were determined from
TGA measurements (Yang et al., 2002). The results of
the oxygen sorption capacity for the samples at various
temperatures are shown in Fig. 2.

As can be seen from Fig. 2, the oxygen sorp-
tion capacities of the samples decrease in the order:
LSCF1991 > LSCF-Ag > LSCF-Ni > LSCF-Ca >
LSCF-Ba > LSCF-Zr. Doping Ba>* and Zr** into the
LSCF1991 significantly decreases its oxygen sorption
capacity. The measured sorption capacity on these two
samples increases with increasing temperature in the
temperature range of 700-900°C. Doping other ions
(Ag, Ni and Ca) also decreases oxygen sorption ca-
pacity but the effects are less significant. The oxygen
sorption capacity of these samples and LSCF1991 de-
creases with increasing temperature. These differences
in temperature dependency and oxygen sorption ca-
pacity reduction for various doping ions are explained
next.

For oxygen sorption on perovskite-type metal ox-
ides it is oxygen nonstoichiometry, §, not the oxygen
sorption capacity, that is a function of the oxygen par-
tial pressure and temperature, i.e., § = f(Pop, T). As
indicated by Eq. (2), the oxygen sorption capacity cor-
responds to the difference of § in the perovskite-type
sorbent between the state at Po, = 0.21 atm (oxygen
partial pressure in air at 1 atm) and Po, = 0.0001 atm
(determined by oxygen impurity in He at 1 atm). Per-
ovskite type metal oxides may transform from the dis-
ordered perovskite structure to an ordered brownmil-
lerite structure with decreasing oxygen partial pressure
at lower temperature range (Yang and Lin, 2005). For
perovskite type metal oxides without the disorder to
order phase transition, the oxygen nonstoichiometry
increases with increasing temperature in both He and
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Fig. 3 Schematic
description of the difference
in oxygen storage capacity L
between materials with and
without a phase transition

Samples without phase transition
Samples with phase transition

Po,=0.0001atm ’

air, with the degree of increase in He higher than in air
(Mizusaki et al., 1985, 1989; Sitte et al., 2002). These
are shown by the two solid curves in Fig. 3. In these
cases, the oxygen sorption capacity (—ASd) of the ma-
terial also increases with temperature, as shown in Fig.
3.

The dashed curves in Fig. 3 show oxygen nonstoi-
chiometry for the perovskite type metal oxides which
can transfer from the perovskite structure with disor-
dered oxygen vacancy to the brownmillerite structure
(A»B,05) with an increased number of oxygen sites be-
ing vacant and ordered when oxygen partial pressure or
temperature decreases (Kruidhof et al., 1993; Qiu et al.,

Temperature(°C)

1995). For these materials at low oxygen partial pres-
sure (e.g., 0.0001 atm) and in a specific temperature
range, their equilibrium state is in the ordered brown-
millerite structure whose oxygen nonstoichiometry
is essentially independent of temperature. This is il-
lustrated by the section of the horizontal dashed line
in Fig. 3. Obviously, (—AS§) between the two dashed
curves for these samples may decrease and, after reach-
ing a minimum, increase with increasing temperature,
as shown in Fig. 3.

The phase structure and disorder to order phase tran-
sition of all the samples in He were studied by XRD
and TGA/DSC. Figure 4 shows the XRD patterns of the

Fig. 4 XRD patterns of
LSCF1991, LSCF-Ag,
LSCF-Ni, LSCF-Ca,
LSCF-Ba and LSCF-Zr
powder annealed at 700°C
for 5h in helium
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Fig. 5 DSC (a) and TG (b)

curves of LSCF1991,
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LSCF1991, LSCF-Ag, LSCF-Ni, LSCF-Ca, LSCF-Ba
and LSCF-Zr powders quenched down from 700°C to
room temperature in He. The phase is considered stable
if the characteristic diffraction peaks of the perovskite
phase are well maintained. For LSCF1991, LSCF-Ag,
LSCF-Ni and LSCF-Ca, the main diffraction peaks are
split and the degree of the splits for the doped samples
is similar to that for LSCF1991. The splits indicate that
the phase structure of the powders has already changed
from perovskite to brownmillerite in He at 700°C

@ Springer

(Kusaba et al., 2002a). The XRD patents for LSCF-Ba
show only slight split in (111) and (220), which indi-
cates that the portion of crystalline with brownmillerite
structure is quite low in the whole samples. LSCF-Zr
do not exhibit such splits.

Figure 5(a)shows the DSC curves of LSCF1991,
LSCF-Ag, LSCF-Ni, LSCF-Ca, LSCF-Ba and LSCF-
Zr heated in He. As shown in the figure, except for
LSCF-Ba and LSCF-Zr, all of the other oxides have an
endothermic peak at round 860°C in the DSC curves.
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For LSCF-Ba, there is a very small endothermic peak
at round 600°C. The endothermic peak is attributed to
the phase transition from the ordered brownmillerite
phase to the disordered perovskite phase. The TG re-
sults are shown in Fig. 5(b). The phase transition from
perovskite phase to brownmillerite phase can generally
be recognized by the appearance of a plateau.

The phase transition temperature and the height of
the phase transition peak in DSC curves, as well as
the width of the plateau in TG curves can be used to
determine the degree of the tendency for disorder to
order phase transition (Yamamura et al., 1998). Mate-
rials with higher phase transition temperature or phase
transition peak, and broader plateau have the higher ten-
dency for the phase transition from the perovskite struc-
ture to brownmillerite structure in He as temperature
decreases, as summarized in Table 2. The results show
that the tendency for phase transition from perovskite
structure to brownmillerite structure in He for the sam-
ples studied decrease in the order: LSCF > LSCF-
Ag > LSCF-Ni > LSCF-Ca > LSCF-Ba > LSCF-
Zr. This is consistent with the order of the oxygen
sorption capacity for the materials. The results in Ta-
ble 2 confirm the phase transition effects on oxygen
sorption capacity illustrated in Fig. 3. For example,
for samples LSCF, LSCF-Ag, LSCF-Ni, and LSCF-
Ca, the oxygen sorption capacity decreases with in-
creasing temperature in the range of 600-900°C due
to their phase transition temperatures from brown-
millerite to perovskite in He are at around 850°C.
For LSCF-Ba with a phase transition temperature at
around 603°C, it shows a decrease of oxygen sorp-
tion capacity in 600-700°C followed by an increase
in 700-900°C with increasing temperature. For LSCF-
Zr without phase transition, theoretically the oxygen
sorption capacity increases with increasing tempera-
ture, the slight decease of oxygen sorption capacity
at 700°C may result from the experimental error. The

results confirm that doping ions of different size into
perovskite type metal oxides can have much effect on
the phase stability and oxygen sorption capacity of the
materials.

Figure 6 shows the adsorption (a) and desorption
(b) kinetics of samples at 600°C. The adsorption rate
for all the samples are similar and fast, as shown in
Fig. 6(a). In this study we only focused on the desorp-
tion kinetics. A typical oxygen desorption process may
include the following three steps: (1) Diffusion of oxy-
gen ions or vacancies and electrons in the bulk of the
crystallite; (2) Charge transfer reactions on the crys-
tallite surface, O + 2 h < Vo + %02; (3). Transport
of an oxygen molecule through a grain boundary. Zeng
and Lin (1998) studied kinetics of oxygen sorption into
and desorption from the LSCF particles by the TGA
method. They suggested the step of surface exchange
as the rate-limiting for oxygen transport in the LSCF
particles with sizes in the micron range. A linear driv-
ing force model was used to derive the relationship
between normalized weight change and the surface re-
action constants as follow (Zeng and Lin, 1998):

WO~ _ exp(—26k) 3)
w(0) — w(e)
where w(0), w(e) and w(r) are respectively the initial
(in air), equilibrium (in helium) and instant weight of
the sample. k is the surface reaction rate constant and ®
is the geometry factor of & = 6/D (D is the crystalline
size of the sample). Since all the doped oxides were
prepared and treated under the same conditions, the
difference in the geometry factors for all the samples
is negligible. Therefore, the difference in the kinetic
curves at the same temperature reflects the difference
in the surface reaction rate constants.

As shown from Fig. 6(b), the desorption rate for
the samples at 600°C decreases in the order: LSCF-Ag

Table 2 Results of phase
transition in the samples
from DSC/TG curves

Phase transition
temperature in DSC
curves (°C)

Height of the phase
transition peak in DSC
curves (w/g)

Width of the plateau
plateau in TG
curves (°C)

Oxides
LSCF1991 864
LSCF-Ag 853
LSCF-Ni 850
LSCF-Ca 847
LSCF-Ba 603
LSCF-Zr /

0.91-1.24 582-856
1.05-1.22 592-820
1.02-1.20 643-843
1.92-2.04 614-800
0.42-0.47 522-592

/

/
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Fig. 6 Comparison of
adsorption (a) and
desorption kinetics (b) of
LSCF1991, LSCF-Ag,
LSCF-Ni, LSCF-Ca,
LSCF-Ba and LSCF-Zr at
600°C
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> LSCF-Ni > LSCF1991> LSCF-Ca > LSCF-Zr >
LSCF-Ba. The same trend of desorption kinetics is
found for these samples in the temperature range of
600-800°C. Except for LSCF and LSCF-Ba, this order
is the same as for the tendency for disorder to order
phase transition (i.e., LSCF > LSCF-Ag > LSCF-
Ni > LSCF-Ca > LSCF-Ba > LSCF-Zr). The pro-
cess of oxygen desorption (with oxygen partial pres-
sure decrease) is companied with phase transition from
the perovskite to brownmillerite structure for the same
samples. This suggests that such phase transition also
enhances the oxygen desorption rate. The detailed
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study of the effects of phase transition on oxygen sorp-
tion and desorption kinetics is now under investiga-
tion in our group. Doping Ag* and Ni** may provide
additional effects which enhance surface reaction rate
(Ni** and Ag* have been used as catalyst to modify the
surface of perovskite-type oxides for complete combus-
tion of methane (Tikhonovich et al., 1998; Wang et al.,
2000)). This could be the reason for the faster oxygen
desorption rate for the Ag* and Ni>* doped samples as
compared to LSCF1991. The slowest desorption rate
for LSCF-Ba may due to the large binding energy of
metal ions and oxygen molecular.
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4 Conclusions

Lag, 1 Srg.9CogoFeg,103_5 can be doped with 5% Ag™,
Ni?*, Ca’*, Ba>* or Zr**. The dopant appears to be
dissolved totally into the LSCF1991 matrix causing
lattice expansion. The tendency for phase transition
from the disordered perovskite structure to the ordered
brownmillerite structure in He decreases in the order
of LSCF1991 > LSCF-Ag > LSCF-Ni > LSCF-Ca
> LSCF-Ba > LSCF-Zr, consistent with the order of
the oxygen sorption capacity for these samples. Except
for LSCF and LSCF-Ba, the oxygen desorption rate
also decreases in almost the same order for the doped
samples. Doping increases the tendency of the disorder
to order phase transition and enhances oxygen desorp-
tion rate during the oxygen desorption step. Doping
Ag™ and Ni" provide more pronounced enhancement
in oxygen desorption rate due properly due their ad-
ditional catalytic properties promoting oxygen surface
reaction.
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