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Oxygen Permeation Through Cobalt-Containing Perovskites
Surface Oxygen Exchangevs.Lattice Oxygen Diffusion

Keqin Huang,a,* , z and John B. Goodenough

Texas Materials Institute, The University of Texas at Austin, Austin, Texas 78712, USA

The oxygen permeation fluxes frompO2
8 to pO2

9 (pO2
8 . pO2

9 ) across cobalt-containing perovskite ceramic membranes

La12xSrxCoO32d and SrCo0.8Fe0.2O32d were measured by gas chromatography as functions of oxygen chemical potential gradient,
temperature, thickness, and catalytic activity on the surface. Power indexes 0.5. n . 0 for uncatalyzed La12xSrxCoO32d and
1 . n . 0.5 for SrCo0.8Fe0.2O32d were obtained whenJO2

vs. pO2
8n 2 pO2

9 n was plotted as a straight line. The results clearly
indicate an overall permeation process controlled by both surface oxygen exchange and bulk oxygen diffusion for uncatalyzed
La12xSrxCoO32d and SrCo0.8Fe0.2O32d . Application of a thin layer of catalytically active SrCo0.8Fe0.2O32d on the feeding-gas
surface of La0.5Sr0.5CoO32d under the condition of a fixedpO2

8 50.21 atm and a variedpO2
9 not only increases remarkably the

overall oxygen flux, but also changes a mixed control to a bulk diffusion control. This enables evaluation of the bulk transport
properties of the mixed conductors. A coat of SrCo0.8Fe0.2O32d on the permeate side has little catalytic effect, especially at lowpO2

9

range, due to the formation of a poorly conducting brownmillerite phase. The results explicitly show a higher activation energy for
the surface exchange kinetics than for the ambipolar transport in the mixed conductors. The mechanism of the surface exchange
is discussed, and an analytic expression that agrees well with the experimental results is obtained.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1362548# All rights reserved.

Manuscript submitted May 18, 2000; revised manuscript received January 20, 2001.

Dense ceramic membranes exhibiting a high electronic and
oxide-ion conductivity have attracted increasing attention in recent
years since eventual commercialization of the chemical reactors
based on these membranes provides an economic, clean, and effi-
cient means to separate oxygen from ambient air or other oxygen-
containing atmospheres. The success of this technology could pos-
sibly revolutionize the present chemical industry that manufactures
the oxygen and synthetic gas (H2 1 CO) expensively. Theoreti-
cally, mixed electronic and oxide-ion conduction is an important
transport phenomenon in oxide systems. A profound understanding
of the transport mechanisms not only helps to establish physical
models for practical oxygen reactors, but also provides criteria to
find new families of mixed electronic and oxide-ion conductors.

Determination of oxide-ion conductivity in mixed conducting
oxides is critical to a fundamental understanding of these materials.
However, most promising mixed conductors, such as those with
perovskite structure, possess a dominant electronic conductivity
with a small component of oxide-ion conductivity. Therefore, a
simple van der Pauw four-probe method only reveals the electronic
conductivity because the oxygen flux is too small to be measured.
Although numerous studies1-3 have made considerable effort to
separate oxide-ion conductivity by ion-blocking and/or electron-
blocking methods, the experimental procedure appears to be com-
plicated and the data lack reliability and reproducibility.

Maier4 has summarized three basic methods for studying oxide-
ion transport in the oxide systems: electrical, isotope tracer, and
chemical-gradient measurements. In the electrical measurement,
represented by the van der Pauw method, an external electrical field
~¹f! is applied across the sample as a driving force. The internal
electronic and/or oxide-ion current is balanced by an external elec-
tronic current, and Ohm’s law prevails. The resulting conductivity
thereby includes both electronic and/or oxide-ion conductivity.
However, it is very difficult to separate a small fraction of oxide-ion
conductivity from an electronically dominated total conductivity
within the tolerance of experimental error. In this case, the measure-
ment provides primarily information on the electrons. In the isotope-
tracer measurement, the surface of the sample is exposed to an at-
mosphere containing an isotope of oxygen18O. The 18O diffuses

into the sample as a result of the existing18O chemical gradient
@¹m(18O)# with the 18O ionic flux being internally balanced by the
ionic flux of its counter isotope16O. In this case, Fick’s law governs
the diffusional process. By fitting the measured18O profiles across
the sample surface, the oxygen exchange coefficientks and the iso-
tope oxygen diffusivityDo* can be obtained simultaneously. Many
studies in this area have been carried out by Steele and Kilner.5-9 In
the third method, the gradient of the chemical potential of oxygen
@¹m(O2)# across a mixed conducting oxide is the driving force for
the oxygen diffusion. Different from the first two measurements, a
true gradient of the chemical potential of oxygen is involved, and
the oxide-ion flux is internally compensated by the electronic flux
provided an ambipolar conduction prevails in the oxides. Therefore,
a measure of oxide-ion flux could possibly offer a greater and better
opportunity to determine oxide-ion conductivity since only oxide
ions contribute to the permeation process in the presence of a pool
of electrons. More studies10-12have focused on this method to obtain
the oxide-ion conductivity in electron-dominated mixed conductors.
However, the prerequisite for this method is a lattice oxygen diffu-
sion that rate-determines the overall permeation process. Any in-
volvement of slow surface oxygen exchange could underevaluate
the measured oxide-ion conductivity. This is especially true where
thinner ceramic membranes are utilized in the permeation cell.

The technological significance of surface exchange kinetics has
been increasingly realized in recent years,13-15but a detailed descrip-
tion of the exchange process for oxide systems in terms of an exact
reaction mechanism on an atomic scale, rate-determining steps, and
adsorption site is still lacking. Steele13 and Bouwmeesteret al.14

have both stressed the importance of surface exchange kinetics in
determining the oxygen flux through oxide-ion conducting mem-
branes. To obtain a high oxygen fluxJO2

, it is desirable to have a
thin membrane as indicated by the Wagner equation applicable
where bulk oxygen diffusion dominates

JO2
5 2

RT

16F2LEpO2
9

pO2
8 sOse

sO 1 se
d ln pO2

@1#

where pO2
8 and pO2

9 are the partial pressures of oxygen of feeding

gas and sweeping gas, respectively,sO and se are the oxide-ion
and electronic conductivities, respectively, andsOse/
(sO 1 se) 5 sambi is the ambipolar conductivity.L is the thickness
of the membrane;R, T, andF have their usual meanings.
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However, at or below the critical thicknessLc 5 Do* /ks as de-
fined by Bouwmeesteret al.,14 the surface exchange kinetics limits
the oxygen flux. No further oxygen flux gain is achieved by making
the membranes thinner. Note that the oxygen exchange kinetics at a
gas-solid interface plays a fundamental role in the catalytic activity
of the material. A correlation between oxygen exchange kinetics and
catalytic activity has been established.16,17 A catalytic surface layer
on a studied membrane could change the kinetics from surface ex-
change control to lattice diffusion control.

Of the known mixed conductors, the cobalt-containing oxides
with perovskite structure have been most extensively studied be-
cause of their extremely high oxygen permeation rate at elevated
temperatures; their potential applications are as ceramic membranes
of chemical reactors and cathodes of a solid oxide fuel cell. In this
paper, we report systematic measurements of the oxygen permeation
fluxes through membranes of selected cobalt-containing perovskites
by gas chromatography~GC!. The results clearly indicate a mixed
control over the total permeation rate by surface oxygen exchange
and bulk oxygen diffusion. With a porous catalytic surface layer, the
studied perovskite exhibits a changeover from mixed surface and
bulk control to bulk control. The mechanisms for oxygen exchange
kinetics on an atomic scale are discussed to interpret the results.

Experimental

Preparation of samples.—The studied samples have a formula
La12xSrxCoO32d ~LSCo!wherex 5 0.2, 0.4, 0.5, 0.6, and 0.7. The
samples withx . 0.7 were not investigated because they do not
have a perovskite structure. The Pechini method was used to syn-
thesize the La12xSrxCoO32d compounds. Details about this method
are described in Ref. 18 and 19. The decomposed ceramic powders
were ballmilled to break up the soft agglomerates and pressed into 1
in. diam pellets under 200 MPa pressure. The final sintering tem-
peratures and duration for each composition are listed in Table I. For
comparison, SrCo0.8Fe0.2O32d ~SCF!was also made in this study by
solid-state reaction. The powders were ground three times after each
1000°C calcination and finally sintered at 1200°C for 15 h.

Whether lattice oxygen diffusion or surface oxygen exchange
limits the overall permeation rate through a mixed ionic and elec-
tronic conductor~MIEC! is primarily determined by the relative
magnitude of the rates of lattice diffusion and surface exchange. To
enhance the rate of reaction at the surfaces of LSCo samples so as to
make lattice oxygen diffusion the rate-determining step, a thin layer
of SCF, which has been reported previously to have the highest
oxygen permeation flux among the MIECs discovered,20,21 was ap-
plied directly by pasting an SCF ink either on one surface of LSCo
or on both. The SCF ink was made by thoroughly mixing fine SCF
powders with organic binder~V-6 manufactured by Heraeus Inc.!,
terpineol, and oleic acid in a certain ratio. The coated LSCo was
then fired at 1200°C for 30 min to increase the bonding between the
coating and substrate. From our previous experience, the microstruc-
tures of the coating resulting from the above ink are mesoporous.

Powder X-ray diffraction~XRD! was performed on a PW 1740
diffractometer from 10 to 80° with Cu Ka radiation and a Ni filter.

Synthetic silicon powder as an internal standard was used for deter-
mining the lattice parameters. From the XRD patterns, the structures
and the related lattice parameters were determined with Rietveld
refinement.

Oxygen permeation measurement.—The aforementioned sintered
pellets, which usually shrank to;0.7 in. diam, were first ground on
both sides with a diamond wheel to a desired thickness. The grind-
ing also ensured removal of possibly contaminated surface layers.
The fresh pellets thus obtained were then mounted on the top of a
supporting alumina tube with a glass ring that was covered with a
glass-powder slurry to ensure further sealing. An alumina ring~the
same size as the supporting tube! on the top of the sample was also
used as a weight to keep the seal leak-tight while maintaining the
same permeation area on both sides of the sample. To eliminate the
edge effect~extra oxygen permeation through uncounted area!, the
outer glass-powder slurry covers the overall edges of the sample.
The whole setup of the permeation cell is illustrated in Fig. 1. The
assembly was then loaded into the constant-temperature zone of a
vertical furnace and slowly heated to 900-950°C to allow the glass
to soften and seal the assembly. The measurement proceeded in a
cooling sequence.

GC with a 5 Å molecular-sieve column and a thermal conduc-
tivity detector was used to measure the oxygen contents in the
sweeping helium~purity .99.999%!because simultaneously mea-
suring the nitrogen content can monitor the leak-tightness of a per-
meation cell. The oxygen concentration in the sweeping helium was
measured at a given flow rate, and ambient air or an N2-O2 mixture
at a flow rate of 45 mL/min was used as the feeding gas at the other
side of the permeation cell. A special six-port Valco valve was
employed to inject the sample gas into an SRI 8610C GC when
needed. PeakSimple software was used to collect and analyze the
data by integrating the individual peak areas corresponding to either
oxygen or nitrogen. The column was calibrated usually once a
month with He-0.1% O2 and He-1% O2 mixtures as the standard

Table I. Final sintering temperatures for La1ÀxSrxCoO3Àd and
SrCo0.8Fe0.2O3Àd.

Samples
Sintering

temperature~°C!
Duration

~h!

La12xSrxCoO32d

x 5 0.20 1300 15
x 5 0.40 1300 15
x 5 0.50 1270 15
x 5 0.60 1250 15
x 5 0.70 1230 15

SrCo0.8Fe0.2O32d 1200 15

Figure 1. Experimental setup for oxygen permeation measurements.

Journal of The Electrochemical Society, 148 ~5! E203-E214~2001!E204

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.252.69.176Downloaded on 2014-10-10 to IP 

http://ecsdl.org/site/terms_use


gases depending on how heavily the GC was used. For all measure-
ments, the flow rate of the carrier helium gas~purity .99.999%!for
carrying effluent~the sweeping gas in a 1 mL sample loop on the
valve in this case!into the GC for analysis was 20 mL/min. Any
detectable nitrogen was regarded as leakage from air, and the cor-
responding oxygen content was subtracted from the measured value.
If the nitrogen content was above 0.1%, the measurement was aban-
doned. If the continuously stirred tank reactor condition is satisfied
in our permeation cell and the sweeping helium behaves ideally, the
oxygen permeation fluxJO2

can be calculated from the flow rate of
the sweeping gas, the volume fraction of oxygen analyzed by GC,
and the effective permeation area.

The variations of chemical potential gradient of oxygen across
the MIEC were achieved by either changing the flow rate of the
sweeping helium gas while keeping the feeding gas as ambient air
(pO2

8 5 0.21 atm), or by altering the ratio of O2 in an N2-O2 mixture
as the feeding gas while keeping the flow rate of sweeping helium
gas constant, normally 20 mL/min. In the former case, the flow rate
of the sweeping helium gas, usually ranging from 5 to 150 mL/min,
was regulated by a mass flow controller~MFC!, ~MKS model
1179A with four-channel readout unit model 247!. A smaller flow
rate usually requires longer equilibration times. Therefore, at each
temperature, the measurement was started from the smallest flow
rate and was held overnight to ensure that real equilibrium was
achieved. In the latter case, the oxygen content in the feeding gas
was changed by varying the flow rates of oxygen and nitrogen,
which are also regulated by the MFC. Similar to the former case, the
permeation measurement was started from the lowest partial pres-
sure of oxygen, and the cell was held overnight at high temperatures
before continuing to the nextpO2

. Each measurement takes approxi-
mately 8 h at each temperature.

Results and Discussion

Structural changes as a function of Sr content.—The lattice pa-
rameters of both La12xSrxCoO32d and SrCo0.8Fe0.2O32d samples are
listed in Table II. Consistent results with those reported in the
literature22 were obtained. Forx 5 0.2, 0.4, and 0.5, the structure is
rhombohedral, which distorts from the cubic by an angle
ua(r ) 2 90°u. It is apparent from Table II that the extent of distor-
tion decreases with increasingx to x 5 0.5, above which the struc-
tures change to primitive cubic without distortion. The lattice pa-
rametera(r ) shows a slight decrease with increasingx, but a(r )
exhibits a pronounced monotonous decrease. From the following
results, it appears thata(r ), and therefore the Co-O-Co bond angle,
has a more profound effect on the oxide-ion conductivity thana(r )
as is discussed in detail in the section on Mechanisms for both
surface oxygen exchange and bulk oxygen diffusion control. Unlike
previous reports,20,21 a small amount of unknown impurity is con-
sistently found in the primitive cubic matrix of air-annealed
SrCo0.8Fe0.2O32d even after several intermediate grindings. How-

ever, it gives a pure primitive cubic phase after annealing in oxygen.
The lattice parameters of SrCo0.8Fe0.2O32d shown in Table II were
obtained from an oxygen-annealed sample.

Oxygen permeation flux JO2
without catalytic surface layer.—In

the following paragraphs,pO2
8 andpO2

9 denote the partial pressures of

oxygen at the feeding and the permeate side,pO2
8 . pO2

9 , respec-

tively. Unless especially mentioned, we choose the composition
La0.5Sr0.5CoO32d as a representative example of the
La12xSrxCoO32d system. Most of the experimental data can be
found in Table III.

Previous studies23,24 have shown a power law with the index
n , 0 between oxygen nonstoichiometryd and the oxygen partial
pressurepO2

in the La12xSrxCoO32d system at elevated tempera-

tures. One can then expect, from the Wagner equation withsambi

' sambi
O pO2

n (n , 0), a straight-line plot ofJO2
vs. pO2

8n 2 pO2
9n with

n , 0, provided the overall permeation is rate determined by bulk
oxygen diffusion. The ambipolar conductivity sambi

; exp(2Ea/kT) can be calculated from the slope of the line by
using Wagner’s equation.

JO2
under pO2

8 5 0.21atm and varied pO2
9 .—The oxygen partial

pressurepO2
9 in the sweeping helium has a power law relationship

with its flow rate F for La0.5Sr0.5CoO32d ~see Fig. 2!. Since the
oxygen flux JO2

is proportional to the product ofpO2
9 and F, the

observed power law relationship implies thatJO2
is proportional to

pO2
9m ~m 5 1 2 1/s, m , 0! if no cell leakage is considered. It ap-

pears to conflict with the results shown in Fig. 5, where a positive
power indexn in JO2

vs. pO2
8n 2 pO2

9n is observed. We believe this

deviation results from two factors. First, the existence of a certain
amount of cell leakage requires using differentpO2

9 for plotting Fig.

2 ~not corrected for air leak! and for calculatingJO2
~corrected for

air leak!. Second, the power indexn in JO2
vs. pO2

8n 2 pO2
9n was ob-

tained by a nonlinear least-squares fitting with the justification of
boundary condition ofJO2

5 0 at pO2
8 5 pO2

9 , while no boundary

condition is required for the relationship ofpO2
9 and F shown in

Fig. 2.
The temperature dependence of the measured overall oxygen

permeation flux at different driving forces log(pO2
8 /pO2

9 ) for the com-

position La0.5Sr0.5CoO32d is illustrated in Fig. 3. By the Wagner
equation, this dependence can only be meaningfully established at a
given sample thickness and driving force log(pO2

8 /pO2
9 ). As clearly

shown in the figure, log(JO2
) vs.1/T at a given driving force yields

a straight line; the activation energyEa for the permeation process
can be calculated from the slope. These results are very close to
those obtained from the slope ofJO2

vs. pO2
8n 2 pO2

9n shown in Table
III, but they depend strongly on the Co-O-Co bond angle and/or
Sr-doping level. Note thatEa might not represent a single process; it
could include both surface exchange and bulk diffusion.

The JO2
of a La0.6Sr0.4CoO32d membrane of thicknessL at a

given temperature and driving force log(pO2
8 /pO2

9 ) is plotted against

1/L in Fig. 4. AlthoughJO2
increases roughly inversely withL for

largerL, it is very hard to distinguish the bulk and surface control by
this plot because there is no sample thicker than 1.7 mm in this
portion of the study, which was intended to reach a critical value
Lc . Other compositions gave similar results; even at a thickness of
2.5 mm, a slow surface exchange appears to be controlling for the
cobalt-containing perovskites. The concept of the critical length14 Lc
has been proposed by assuming a linearized surface exchange and
bulk diffusion at a smallpO2

gradient. It may not be applicable in
our case.

Table II. Lattice parameters of La1ÀxSrxCoO3Àd and
SrCo0.8Fe0.2O3Àd.

Samples Symmetry a(r ) ~Å! a(r )(o)

La12xSrxCoO32d

x 5 0.2 Rhombohedral 3.836~4! 90.48
x 5 0.4 Rhombohedral 3.835~4! 90.23
x 5 0.5 Rhombohedral 3.833~4! 90.14
x 5 0.6 Cubic 3.834~1! 90.00
x 5 0.7 Cubic 3.837~1! 90.00

SrCo0.8Fe0.2O32d Cubic 3.853~0! 90.00
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As shown in Table III, ann , 0 close to the value obtained by
thermogravimetric analysis~TGA! is only observed for thex
5 0.2 sample. The agreement indicates a bulk diffusion dominating

the permeation. The calculated ambipolar conductivity for this com-
position is sO 5 (3.496 0.59) 3 108 exp(21.786 0.14(eV)/
kT) from which sO ' 0.01 S/cm at 930°C is obtained. The low
value of sO and high value ofEa are due to the presence of a
dynamic phase segregation in thex 5 0.2 composition.25 However,
an n . 0 is found for the other compositions. Figure 5 presents
such a plot forx 5 0.5 with fitted lines passing through the origin
~0, 0!. The optimizedn by nonlinear least-squares fitting is obtained
as 0.5. n . 0. If the bulk diffusion is assumed to prevail, then
n . 0 implies an oxygen interstitial mechanism for the transport of
charge carriers. This is impossible for the perovskite structure be-
cause there is no possible interstitial position for oxygen in the
structure.

Therefore, it is certain that a mixed surface exchange and bulk
diffusion control the permeation rate or a sole surface exchange
control is responsible for then . 0 as is discussed in the section on
Mechanisms. Also, thinner samples yieldn much closer to 0.5,
which also supports such an assumption. By a similar treatment, 1
. n . 0.5 has been calculated for O2 adsorption at Fe31 and is

found in SrCo0.8Fe0.2O32d , as shown in Fig. 6. This result disagrees
with that in,26 wheren 5 0.5 was claimed. Thus, different mecha-
nisms have been involved for these two types of compounds.

Note that no linear dependence ofJO2
on log(pO2

8 /pO2
9 ) that

passes through~0, 0! can be found in this study. Determination of
oxide-ion conductivity from the slope of theJO2

vs. log(pO2
8 /pO2

9 )

line without justifying at JO2
5 0 at pO2

8 5 pO2
9 would contain

errors.

JO2
under varied pO2

8 and fixed sweeping-gas flow rate.—With a

fixed sweeping-gas flow rate, the gradient of the partial pressure of
oxygen is determined by variations of bothpO2

8 and pO2
9 , whereas

only pO2
9 changes as a result of variation of the sweeping-gas flow

rate in the experiment with a fixedpO2
8 5 0.21 atm. Comparison of

the results from the two types of experiments should reveal the
effect of partial pressures of oxygen in the feeding gas and of the
flowing patterns of the sweeping gas on the surface reaction kinet-
ics.

The variations ofpO2
9 as a function ofpO2

8 are shown in Fig. 7 for

a fixed sweeping-gas flow rate of 20 mL/min. All curves taken at

Table III. Nonlinear least-squares fitting data on JO2
5 u „pO2

8n 2 pO2
9n
…, where pO2

8 5 0.21 atm, 0.21 atm. pO2
9 . 5 3 10À4 atm. Samples

have no catalytic layer SCF on the surface.

Sample
Thickness

~mm!
T

~°C! Order (n)
n by TGA
~800 °C!23

u
(mol cm22 s21 atm2n)

Activation
energies

~eV!

La12xSrxCoO32d

x 5 0.2 1.30 930 20.106 0.07 20.25 2.053 1028 1.786 0.14
910 20.206 0.08 1.663 1028

890 20.306 0.05 1.223 1028

870 20.356 0.09 8.373 1029

850 20.256 0.12 5.403 1029

x 5 0.4 1.70a 930 0.316 0.04 — 3.076 0.043 1027 1.396 0.09
910 0.216 0.03 2.766 0.133 1027

890 0.166 0.03 2.456 0.283 1027

850 0.106 0.04 1.856 0.453 1027

x 5 0.5 1.34 930 0.216 0.03 20.07 3.486 0.173 1027 1.566 0.05
910 0.256 0.03 3.026 0.073 1027

890 0.266 0.03 2.236 0.053 1027

870 0.276 0.03 1.616 0.033 1027

830 0.236 0.05 9.366 0.043 1028

810 0.306 0.06 6.926 0.093 1028

x 5 0.6 2.10 950 0.336 0.06 --- 7.056 0.163 1027 0.726 0.03
930 0.296 0.09 6.486 0.403 1027

910 0.346 0.05 5.586 0.083 1027

890 0.376 0.02 4.946 0.023 1027

870 0.296 0.08 4.526 0.263 1027

850 0.256 0.09 3.986 0.463 1027

830 0.286 0.08 3.286 0.233 1027

x 5 0.7 2.50 910 0.416 0.07 20.05 7.956 0.263 1027 0.886 0.07
890 0.206 0.05 7.676 0.783 1027

870 0.246 0.09 6.686 0.753 1027

850 0.276 0.10 5.576 0.463 1027

830 0.326 0.10 4.556 0.143 1027

810 0.416 0.05 3.716 0.083 1027

SrCo0.8Fe0.2O32d 1.48 930 0.826 0.15 --- 3.406 0.603 1026 0.526 0.07
910 0.836 0.20 3.246 0.733 1026

890 0.896 0.16 3.306 0.653 1026

870 0.906 0.05 3.076 0.223 1026

850 0.756 0.09 2.446 0.253 1026

830 0.786 0.08 2.326 0.223 1026

810 0.746 0.09 2.016 0.213 1026

a Other thicknesses are not shown in this table.
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various temperatures show a similar trend,i.e., the rate of increase
of pO2

9 with pO2
8 decreases with increasingpO2

8 and decreasing tem-

peratureT. The measuredpO2
9 could be a combined result of oxygen

diffusion in the bulk and surface oxygen exchange kinetics at both
surfaces. Plots of oxygen fluxJO2

vs. the gradient of the partial

pressure of oxygen log(pO2
8 /pO2

9 ) at different temperatures reveal a
clearer picture~see Fig. 8!. An increase in the gradient increases the

oxygen flux more effectively at higher temperatures than at lower
temperatures. This finding, in turn, implies that the surface reaction
kinetics has an activation energy higher than that of bulk oxygen
diffusion. In fact, at 800°C,JO2

tends to approach a saturation value

with increasing log(pO2
8 /pO2

9 ). As stated above, no linear relationship
that passes through~0, 0! can be found in Fig. 8 over the measured
T and log(pO2

8 /pO2
9 ) ranges. Nevertheless, plots ofJO2

vs. pO2
8n

2 pO2
9n ~Fig. 9! have been well fitted by straight lines with a 0.5

Figure 2. Dependence ofpO2
9 on flow rate of sweeping helium at different

temperatures for La0.5Sr0.5CoO32d .

Figure 3. Arrhenius plot ofJO2
under a given gradient of chemical potential

of oxygen for La0.5Sr0.5CoO32d .

Figure 4. Thickness dependence ofJO2
at different temperatures and a given

gradient of chemical potential of oxygen for La0.6Sr0.4CoO32d .

Figure 5. Power law dependence ofJO2
on the partial pressure of oxygen for

La0.5Sr0.5CoO32d .
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. n . 0 over 800-900°C. According to the model developed in
this study, 0.5. n . 0 indicates a mixed surface exchange and
bulk diffusion of oxygen involved in the overall permeation process.
However, in Fig. 9,n is a bit larger at high temperatures than that
shown in Fig. 5, although the sample of Fig. 9 is thicker than that of
Fig. 5. This result appears to contradict the aforementioned state-
ment that the value ofn approaches 0.5 when the sample thickness
decreases. Bearing in mind that the partial pressure of oxygenpO2

8 in

the feeding gas in Fig. 9 varies approximately from 1023 to 1 atm,
whereaspO2

8 is kept a constant 0.21 atm in Fig. 5, the discrepancy
suggests that there is an effect of the partial pressure of oxygen on

the surface kinetics at the feeding-gas side. This assumption is sup-
ported in the following section. A logarithmic plot of the slope
acquired from Fig. 9vs. 1/T yields an apparent activation energy
Ea 5 1.41 eV, which is comparable to 1.56 eV in Table III for the
same but thinner sample.

Oxygen permeation flux JO2
with a catalytic surface layer.— JO2

under pO2
8 50.21 atm and varied pO2

9 .—It is expected that a layer of
catalytically active SCF coating will promote the surface oxygen

Figure 6. Power law dependence ofJO2
on the partial pressure of oxygen for

SrCo0.8Fe0.2O32d .

Figure 7. pO2
9 as a function ofpO2

8 at various temperatures. ThepO2
8 was

varied by changing the O2 /N2 ratio in the feeding gas.

Figure 8. Dependence ofJO2
on the gradient of partial pressure of oxygen

for La0.5Sr0.5CoO32d . The gradient of partial pressure of oxygen was varied
as a result of changes of bothpO2

8 andpO2
9 .

Figure 9. Power law dependence ofJO2
on the partial pressure of oxygen for

La0.5Sr0.5CoO32d in the case of variedpO2
8 andpO2

9 .
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exchange kinetics so that the bulk oxygen diffusion dominates the
overall permeation process, thus allowing the bulk transport proper-
ties of MIECs to be evaluated. With the assumption of a power law
relation betweenJO2

andpO2
, the dependence ofJO2

on pO2
9 shown

in Fig. 10 was calculated. Clearly, theJO2
exhibits a more remark-

able increase at lowerpO2
with a negative value ofn than that with

a positive value ofn. This observation, in turn, implies a permeation
process dominated by bulk oxygen diffusion, provided a sharp in-
crease ofJO2

is found at lowpO2
. Representative plots at 810°C of

measuredJo2 vs. pO2
9 with an SCF coating on the feeding-gas side,

sweeping-gas side, and both sides, respectively, are shown in Fig.
11; they are compared to the one obtained without an SCF coating.
With a coating on the feeding-gas side, the curve exhibits a very
similar shape to that shown in Fig. 10 forn , 0, whereas theJO2

without an SCF coating has a fairly flat change withpO2
9 . A plot of

JO2
vs. pO2

8n 2 pO2
9n , shown in Fig. 12, indeed revealed straight lines

with negative values ofn at various temperatures. All these obser-
vations indicate a changeover of the permeation rate from domina-
tion by surface exchange to bulk diffusion after an SCF coating was
added on the feeding-gas side at apO2

8 5 0.21 atm. However, the
curve obtained with an SCF coating on the permeate side, shown in
Fig. 11, gives a different trend; a plateau ofJO2

occurs below a

certain lowerpO2
9 . Attempts to plotJO2

vs. pO2
8n 2 pO2

9n for an SCF
coating at the permeation side gave a linear relation with negative
values ofn at higherpO2

9 , but a small plateau at lowerpO2
9 . Previous

studies20,28have shown that the brownmillerite phase Sr2Co2O5
c is

favored at lower temperatures and lower partial pressure of oxygen.
Therefore, it is reasonable to believe that the small plateau shown in
Fig. 11 is caused by the formation of the poorly conducting brown-
millerite phase. The curve for an SCF coating on both sides appears,
reasonably, to be a combination of the above two situations. A rapid
increase ofJo2 after a plateau is observed.

The Jo2 as a function of the gradient of the partial pressure of
oxygen (1/L)log(pO2

9 /0.21) at a given temperature, whereL is the
thickness of the membrane, is plotted in Fig. 13 for SCF-coated and
uncoated samples. Comparison of the 890 and 810°C curves of Fig.
13a and b shows that theJO2

of the SCF-coated samples has been
enhanced at both higher and lower temperatures compared to that of
the uncoated one. The enhancement is not only a function of tem-

c Note that the brownmillerite phase could also be Sr2Co22xFexO5, according to
Ref. 21.

Figure 11. Measured dependence ofJO2
on pO2

9 at 810°C for uncoated and

SCF-coated La0.5Sr0.5CoO32d .

Figure 10. Calculated dependence ofJO2
on pO2

9 with positive and negative

values ofn in the relationshipJO2
5 1.0 3 1027 (pO2

9n 2 0.21n).

Figure 12. Power law dependence ofJO2
on the partial pressure of oxygen

for La0.5Sr0.5CoO32d with an SCF coating on the feeding-gas side. ThepO2
8 at

the feeding-gas side was kept constant at 0.21 atm.
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perature, but is also dependent on the gradient of the partial pressure
of oxygen. At a small oxygen gradient or highpO2

9 range, the SCF
coating appears to be less effective than at a large gradient or low
pO2
9 range. This may be due to a slower bulk diffusion at a smaller

pO2
gradient. However, a slightly higherJo2 with SCF coated on the

permeate side at a small oxygen gradient~see Fig. 13a, b!indicates
that the generation of oxygen vacancies at the permeate side is en-
hanced to a limited extent. With decreasingpO2

9 at the permeate side
~by increasing the flow rate of the sweeping helium gas!, the SCF
coating on the feeding-gas side gains effectiveness in increasing the
JO2

, whereas the SCF at the permeate side has no effect, primarily
due to the formation of the brownmillerite phase. The SCF coatings
have a more pronounced effect at lower temperatures than at higher
temperatures. This observation confirms the statement that the sur-

face oxygen exchange kinetics is slower at lower temperatures than
at higher temperatures. In other words, the surface oxygen exchange
kinetics requires a higher activation energy than oxygen bulk diffu-
sion.

The changeover of control of permeation rates to bulk oxygen
diffusion allows one to calculate the oxide-ion conductivity of a
MIEC from the permeation data by differentiating the Wagner equa-
tion ~Eq. 1! into the following form

sambi 5 2
16F2L

2.303RTS ]JO2

] log pO2
9 D

p
O2
8 50.21

@2#

Figure 14. Logarithmic dependence of the ambipolar conductivity of
La0.5Sr0.5CoO32d on the partial pressure of oxygen at various temperatures.

Figure 15. Power law dependence ofJO2
on the partial pressure of oxygen

for La0.5Sr0.5CoO32d with an SCF coating on the feeding-gas side in the case
of variedpO2

8 andpO2
9 .

Figure 13. Dependence ofJO2
on the gradient of partial pressure of oxygen for uncoated and SCF-coated La0.5Sr0.5CoO32d . The pO2

8 5 0.21 atm was kept
constant;~a! 890°C,~b! 810°C.
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wheresambi ' sO as the electronic transport numberte is far greater
than that of the oxide-iontO in this study. Figure 14 shows the
logarithmic dependence of the calculated ambipolar conductivity on
the partial pressure of oxygen at different temperatures from the
fitted relationship betweenJo2 and log(pO2

9 ). The increased oxygen
vacancy concentration with decreasing partial pressure of oxygen
leads to an increase of the ambipolar conductivity in an MIEC. The
power index ranges from20.17 at 890°C to20.21 at 730°C, which
is reasonably between the21/6 to 21/4 predicted from the defect
model. The activation energyEa 5 1.25 eV for the ambipolar con-
duction was obtained from the Arrhenius plot of theJO2

.

JO2
under varied pO2

8 and fixed sweeping-gas flow rate.—The same

permeation cell configurations were used for the measurement ofJO2

vs. varied pO2
8 and pO2

9 . The results are strikingly contrary to those

discussed in the section onJO2
under pO2

8 5 0.21 atm and varied

pO2
9 . Figure 15 clearly shows little change ofn from Fig. 9 after a

surface catalytic layer of SCF was applied on the feeding-gas side.
The value ofn, 0 , n , 0.5, obtained from the nonlinear least-
squares fitting remained essentially the same within the range of
840°C< T < 900°C. Compared to the sample of Fig. 9 where no
SCF coating was applied, then value is smaller even though the

sample of Fig. 9 has a larger membrane thickness. The coating has
some catalytic effect on the surface oxygen exchange on the
feeding-gas side at lower temperature~see Fig. 17b!. However, it is
not so effective as to allow the bulk oxygen diffusion to be the
slowest step in the overall serial permeation process since a slow
surface reaction due to a relatively low flow rate on the permeate
side persisted in dominating the permeation. A positive value ofn
was also observed with an SCF coating on the permeate side~see
Fig. 16!, but a significant increase ofn values from 0, n , 0.5 to
a 0.5, n , 1 was found below 860°C. These results indicate that
the SCF on the permeate side has little catalytic effect and, in fact,
lowers the permeation rate below 860°C because of formation of the
brownmillerite phase at lowerpO2

9 . This observation is consistent
with the measurement in the preceding section showing that the SCF
layer on the permeate side does not effectively increase the ex-
change kinetics on that surface due to brownmillerite formation.

Comparisons ofJO2
for SCF-coated and uncoated samples as a

function of (1/L)log(pO2
9 /pO2

8 ) at a given temperature are shown in
Fig. 17. At 880°C, Fig. 17a, no catalytic effect was observed with
SCF coatings over the entire oxygen gradient range. However, with
the temperature lowered to 840°C, Fig. 17b, theJO2

for a sample
with SCF coated on the feeding-gas side is higher than that for the
uncoated sample. This observation again confirms that surface oxy-
gen exchange kinetics is slower at lower temperatures. The SCF
coating on the permeate side appears to have less influence on the
JO2

as a result of forming the brownmillerite phase. TheJO2
at

840°C is lower than that of the uncoated sample at a low feeding-gas
pO2
8 range; it rapidly approaches the same value as that of the un-

coated sample at higherpO2
8 , where a higherpO2

9 can be achieved.
From the results of SCF coating at the permeate side shown in

these last two sections, it is clear that the formation of a brownmil-
lerite phase at lowerpO2

9 makes an SCF coating ineffective as a
catalyst.

Mechanisms for both surface oxygen exchange and bulk oxygen
diffusion control.—A similar study concerning both surface reaction
and bulk diffusion associated with the semipermeability of the
calcia-doped zirconia was demonstrated by Douet al.27 Unlike pure
oxide-ion electrolytes, it is more complicated for mixed electronic
and oxide-ion conductors because both oxygen vacancy and hole
concentrations could depend on the partial pressures of oxygen.
Therefore, the obtained analytic expressions can only be resolved by
numerical calculations if no assumptions are made to simplify them.
According to the power index 0.5. n . 0 obtained for the

Figure 16. Power law dependence ofJO2
on the partial pressure of oxygen

for La0.5Sr0.5CoO32d with an SCF coating on the permeate side in the case of
variedpO2

8 andpO2
9 .

Figure 17. Dependence ofJO2
on the gradient of partial pressure of oxygen for uncoated and SCF-coated La0.5Sr0.5CoO32d . ThepO2

8 andpO2
9 were both varied;

~a! 880°C,~b! 840°C.
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La12xSrxCoO32d system, we propose the following mechanism to
illustrate the overall permeation process~Kröger-Vink notation is
used!

O2~g8! 1 2CoCo~s8)
3

1 VO••~s8! 

k23a

k3a

~O2!O~s8!
x

1 2CoCo~s8!
• @3a#

or

1

2
O2~g8! 1 Oo

x 

k23b

k3b

~O2!o~s8!
x @3b#

~O2!o~s8!
x

1 2CoCo~s8!
3

1 VO••~s8! 

k24

k4

2CoCo~s8!
•

1 2 Oo~s8!
x @4#

Oo~s8)
x 


k25

k5

Oo~s9)
x @5#

CoCo~s8!
• 


k26

k6

CoCo~s9!
• @6#

2CoCo~s9!
•

1 2Oo~s9!
3 


k27

k7

~O•
2!o~s9!

x
1 2CoCo~s9!

3
1 VO••~s9! @7#

~O2!o~s9!
x

1 2CoCo~s9!
• 


k28a

k8a

O2~g9! 1 2CoCo~s9!
3

1 2VO••~s9! @8a#

or

(O2!o~s9!
3 


k28b

k8b 1

2
O2~g9! 1 Oo~s9)

x @8b#

In the above reactions,ki andk2i are the rate constants of the for-
ward and reverse reactions, respectively. By the Kro¨ger-Vink nota-
tion, Oo

3 and VO•• are a lattice oxygen and an oxygen vacancy,
respectively; CoCo

3 and CoCo• are 31and 41Co ions, respectively;
(O2!o

3 represents the peroxide ion on the oxygen site; and s8 and s9
denote the surfaces at the feeding-gas side and that at the sweeping-
gas side, respectively. Reactions 3b and 8b represent the adsorption
and desorption of gaseous oxygen to form and to dissociate the
peroxide ions on the surface. Many studies have shown the exis-
tence of the peroxide ion on the surface of oxides by X-ray photo-
emission spectroscopy. Reactions 4 and 7 illustrate the annihilation
and production of oxygen vacancies that are charge-compensated by
electronic holes and electrons, respectively. Over the whole process,
we assume that Reactions 3b and 8b as well as electronic transport
~Reaction 6!are rapid and at their equilibrium. The rate-determining
steps are therefore the transport of surface oxygen atoms to oxygen
vacancies~Reaction 4!, the production of oxygen vacancies~Reac-
tion 7!, and bulk oxygen vacancy diffusion~Reaction 5!, dressed by
two electrons.

The detailed formulation of the above processes is not given, for
conciseness, but the finalized expression is introduced as follows

JO2
5

DOK3bK4

2L
@CoCo

3 #
do

po ~pO2
80.52m22r 2 pO2

90.52m22r!

@VO••~s8!# 5 dopO2
82m @VO••~s9!# 5 dopO2

92m ~m . 0! @9#

@CoCo~s8!
•

# 5 popO2
8r @CoCo~s9!

•
# 5 popO2

9r ~r . 0!

@CoCo
3 # ' @CoCo~s8!

3
# ' @CoCo~s9!

3
# ' 1

whereDO is the is the oxygen vacancy diffusivity,L is the thickness
of the membrane,@defect#represents the concentration of the defect,
do and po are the constants, andK3b andK4 represent the equilib-
rium constants of Reactions 3 and 4, respectively.

For a similar sample thickness at which both surface exchange
and bulk diffusion control the permeation, various Sr doping levels
could lead to a systematic change of the value ofn. Generally, at a
lower doping levelx, the nonstoichiometry of oxygen is very low,
and the electrical neutrality condition may be simplified intop
' x, in which casen 5 0.5 2 m in Eq. 9. At a higher Sr dopingx,
the nonstoichiometry of oxygen could be fixed by Sr doping, and the
electrical neutrality condition can be simplified tod 5 x/2, and
n 5 0.5 2 2r in Eq. 9. At intermediate doping, a minimum of
n 5 0.5 2 m 2 2r can be expected. The experimental data in
Table III confirm such a prediction.

For the SrCo0.8Fe0.2O32d sample, the 1. n . 0.5 shown in
Table III appears to imply a different rate-limiting step at the sur-
faces. We notice that Fe may play a decisive role in the surface
reaction since a surface Fe31 ion is stable in tetrahedral coordina-
tion. As in Reaction 3a, gaseous oxygen occupies the site of an
oxygen vacancy on the surface to become a surface peroxide ion.
However, at an Fe31 ion, transformation from tetrahedral to octahe-
dral oxygen coordination allows the gaseous O2 to become 2 O22

without surface diffusion of oxygen to a vacancy at another cation.
Therefore, Reactions 3a and 8a become rate limiting. The oxygen
flux Jo2 is given in the following equation

Jo2 5 «~pO2
8l2m 2 pO2

9l2m! ~m . 0! @10#

« 5
1

2
k23a@CoCo

3 #do

where the power indexn 5 1 2 m is obtained.k 2 3a represents the
rate constant of the reverse reaction~Reaction 3a!. This prediction
agrees well with the experimental data shown in Table III.

According to Eq. 9, loguL vs. 1/T should give a straight line
with a slope associated with the apparent activation energyEa of the
permeation process, whereu represents the slope of the straight line
obtained by plottingJo2 vs. pO2

8n 2 pO2
9n . Figure 18 presents such a

Figure 18. Arrhenius plot of loguL for all uncoated compositions investi-
gated in this study.
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plot for all compositions studied as indicated by Eq. 9. The shown
activation energiesEa exhibit a general decrease with Sr doping
level x. If Ea for x 5 0.20 represents the bulk diffusion, the highest
Ea signals an unfavorable migration environment due to the pres-
ence of two electronic phases.25 However, with increasing doping
level x, both structure and oxygen vacancy concentration begin to
favor high oxygen conductivity, which changes the rate-limiting
step from bulk diffusion to surface exchange. Provided that surface
exchange does not change very much with composition, the signifi-
cant decrease of activation energyEa must be attributed to the
change of the structure and oxygen vacancy concentration. It is clear
that cubic symmetry that leads to a linear configuration of the Co-
O-Co bonds in the perovskite is the best structure for having the
highest oxide-ion mobility. In the rhombohedral structure, the Co-O
bonds are under compression. In the cubic structure, the Co-O bonds
are under tension, and the tension increases with temperature be-
cause of the larger thermal expansion of the A-O bonds of an
ACoO3 perovskite where there is no low-spin to intermediate-spin
transition on the Co~III!. Comparison of La12xSrxCoO32d and
SrCo0.8Fe0.2O32d illustrates a trend to lower activation energy as the
stress on the Co-O bond changes.

Conclusions

The oxygen flux JO2
across two ceramic membranes,

SrCo0.8Fe0.2O32d and La0.5Sr0.5CoO32d as a representative of the
La12xSrxCoO32d system, were systematically studied as a function
of temperature, the gradient of oxygen chemical potential, and thick-
ness. The gradient of oxygen partial pressure across a membrane
was varied either by changing thepO2

9 at the permeate side with a

fixed pO2
8 5 0.21 atm at the feeding-gas side or by changing the

feeding-gaspO2
8 while keeping constant the flow rate of a helium

sweeping gas at the permeate side. The influence of a catalytically
active surface layer SrCo0.8Fe0.2O32d on theJo2 of La0.5Sr0.5CoO32d
was also studied.

The magnitude ofpO2
9 varies as a power of the rate of flow of the

helium sweeping gas across the permeate surface, and the power
index is independent of temperature. As a consequence, plots ofJo2

vs. (pO2
8n 2 pO2

9n) for a fixed membrane thicknessL were straight
lines passing through the origin with a slope varying as
L21 exp(2Ea/kT). The temperature dependence ofJO2

under a

given log(pO2
8 /pO2

9 ) andL was shown to obey an Arrhenius relation

with an activation energyEa 5 1.56 eV for La0.5Sr0.5CoO32d with-
out an active SCF coating, and a positive power index 0.5. n
. 0 showed that the oxygen flux across the membrane is controlled

partially by the reaction kinetics at the surface. The value ofn in-
creased with decreasing membrane thickness toward a predicted 0.5
for surface control. For SrCo0.8Fe0.2O32d , the value ofn was in the
range of 1. n . 0.5, which indicates that a surface reaction dif-
ferent from that on La0.5Sr0.5CoO32d is rate controlling.

With a catalytically active SCF coating, the dependence ofJo2
on the gradient of the partial pressure of oxygen and the temperature
can be used to determine the rate-limiting steps by comparison with
the data for an uncoated sample. At a fixedpO2

8 5 0.21 atm, theJO2

can be remarkably increased at a lowerpO2
9 with a coat of the SCF

on the feeding-gas side. In contrast, an SCF coating on the permeate
side has little effect at highpO2

9 and even a negative effect onJO2
at

low pO2
9 due to the formation of a poorly conducting brownmillerite

phase. For a fixed helium flow rate of 20 mL/min at the permeate
side while changing thepO2

8 at the feeding side, the SCF coating

does not increaseJO2
significantly over the entire partial pressure

gradient of oxygen measured. In other words, the SCF coating does
not enhance the surface reaction as in the case of a fixedpO2

8

5 0.21 atm and a variedpO2
9 . The value ofn remained positive,

indicating surface-involved rate-limiting steps in the permeation
process for allpO2

and temperatures. This observation may imply
that the gas flowing pattern is important. However, in both cases, the
SCF coating evidently increased theJO2

more at lower temperatures
than at higher temperatures, which signals that the overall exchange
kinetics requires a higher activation energy than that of ambipolar
transport across the MIEC.

Another important finding in this study is the changeover of the
rate-limiting step from surface or surface-bulk mixed control to a
sole bulk control with the aid of an SCF coating on the feeding-gas
side. This changeover enabled us to evaluate the bulk properties of
the MIEC. The ambipolar conductivity for the La0.5Sr0.5CoO32d fol-
lows a power law relationship withpO2

; the power index ranges

from n 5 20.17 at 890°C to20.21 at 730°C. The Arrhenius plot of
the ambipolar conductivity gave an activation energyEa

5 1.25 eV under apO2
5 0.01 atm.

Two mechanistic models were proposed to interpret the observed
results in the systems La12xSrxCoO32d and SrCo0.8Fe0.2O32d . For
the La12xSrxCoO32d system, the transport of surface oxygen to a
vacancy on the feeding-gas surface and the creation of oxygen va-
cancies on the permeate side are assumed to be the rate-determining
steps on the surface, while the step that transports an oxygen va-
cancy is the rate-determining step in the bulk. Based on this model,
an expressionJO2

5 u(pO2
8n 2 pO2

9n), where 0.5. n . 0, has been

derived. For the SrCo0.8Fe0.2O32d system, a similar expression can
be obtained with 1. n . 0.5 by assuming that the chemisorption
and desorption of gaseous O2 on the surfaces are the rate-
determining steps. The model agrees well with the experimental
results.
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