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

Kegin Huang,®*'# and John B. Goodenough

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

The oxygen permeation fluxes frorpé)2 to pgz (pé)2 > pgz) across cobalt-containing perovskite ceramic membranes

La; ,Sr,Co0;_5 and SrCqgFe, ;055 were measured by gas chromatography as functions of oxygen chemical potential gradient,
temperature, thickness, and catalytic activity on the surface. Power indexes®.% O for uncatalyzed La ,Sr,CoO;_5 and

1> n > 0.5 for SrCeq gFe),05_5 were obtained Whel:i02 VS. Q{; - p’(’)'z1 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
La; ,Sr,CoO;_5 and SrCggFe; 05 5. Application of a thin layer of catalytically active Srgg-e, O3 5 on the feeding-gas

surface of LgsSrpsCoO;_5 under the condition of a fixep()z:O.Zl atm and a varie;ig2 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 Sggr, O35 on the permeate side has little catalytic effect, especially ap@zw

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: 10.1149/1.1362548All rights reserved.

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

Dense ceramic membranes exhibiting a high electronic andnto the sample as a result of the existifp chemical gradient
oxide-ion conductivity have attracted increasing attention in recent[vu(lso)] with the X0 ionic flux being internally balanced by the
years since eventual commerC|aI_|zat|on of the c_hemlcal reactor%niC flux of its counter isotopéGO. In this case, Fick’s law governs
based on these membranes provides an economic, clean, and effie gitfusional process. By fitting the measuré® profiles across
cient means to separate oxygen from ambient air or other oxygeng, . sample surface, the oxygen exchange coeffidigand the iso-

containing atmospheres. The success of this technology could pos- e . .
sibly revolutionize the present chemical industry that manufacturejope oxygen diffusivityD, can be obtained simultaneously. Many

the oxygen and synthetic gas {H CO) expensively. Theoreti- studies in this area have been carried out by Steele and Kifhier.
Y9 ynt gas i pensively. 1h the third method, the gradient of the chemical potential of oxygen
cally, mixed electronic and oxide-ion conduction is an important . - o o
Vi (0Oy,)] across a mixed conducting oxide is the driving force for

transport phenomenon in oxide systems. A profound understandin S - :
of the transport mechanisms not only helps to establish physica?je oxygen diffusion. D|ffe_rent from Fhe first two measurements, a
models for practical oxygen reactors, but also provides criteria to fue gf.ad'?“t of thge (_:hemlcal potential of oxygen is |nvolveq, and
find new families of mixed electronic and oxide-ion conductors. € oxide-ion flux is interally compensated by the electronic flux

Determination of oxide-ion conductivity in mixed conducting provided an ambipolar conduction prevails in the oxides. Therefore,

oxides is critical to a fundamental understanding of these materials2 Teasure of oxide-ion flux could possibly offer a greater and better

However most promising mixed conductors. such as those With(t)pportunity to determine oxide-ion conductivity since only oxide
L p 9 . X . .. lons contribute to the permeation process in the presence of a pool
perovskite structure, possess a dominant electronic conductivit

; &= - Y%f electrons. More studié&?2have focused on this method to obtain
with a small component of oxide-ion conductivity. Therefore, a

simple van der Pauw four-orobe method onlv reveals the electroni the oxide-ion conductivity in electron-dominated mixed conductors.
P P y 9—|owever, the prerequisite for this method is a lattice oxygen diffu-

conductivity because the oxygen flux is too Sm.a" to be measuredsion that rate-determines the overall permeation process. Any in-
Although numerous StUd'éé‘. have ”.‘ade con_S|derabIe effort to volvement of slow surface oxygen exchange could underevaluate
separate oxide-ion conductl\_/lty by ion-blocking and/or electron- the measured oxide-ion conductivity. This is especially true where
bl_ocklng methods, the experl_me_n_tal procedure appears to be COMhinner ceramic membranes are utilized in the permeation cell.
plicated and the data lack reliability and reproducibility. _ The technological significance of surface exchange kinetics has
Maier* has summarized three basic methods for studying Ox'de;{)een increasingly realized in recent yes¥$®but a detailed descrip-

ion transport in the oxide systems: electrical, isotope tracer, andjon of the exchange process for oxide systems in terms of an exact
chemical-gradient measurements. In the electrical measuremen

feaction mechanism on an atomic scale, rate-determining steps, and
represented by the van der Pauw method, an external electrical fielg‘3 . g seps

. . ) _ dsorption site is still lacking. Steéfeand Bouwmeesteet all*
(V) is applied across the sample as a driving force. The intemal,, e poth stressed the importance of surface exchange kinetics in

electronic and/or oxide-ion current is balanced by an external elec'determining the oxygen flux through oxide-ion conducting mem-
tronic current, and Ohm’s law prevails. The resulting conductivity branes. To obtain a high oxygen fltix, it is desirable to have a
. ¥

thereby includes both electronic and/or oxide-ion conductivity. . L . .
However, it is very difficult to separate a small fraction of oxide-ion thin membrane as indicated by the Wagner equation applicable
where bulk oxygen diffusion dominates

conductivity from an electronically dominated total conductivity

within the tolerance of experimental error. In this case, the measure- RT [p, 0o0e
ment provides primarily information on the electrons. In the isotope- Jo, = 16F2Lj O dinpo, [1]
tracer measurement, the surface of the sample is exposed to an at- PO, 0ot Oe

mosphere containing an isotope of oxyg€®. The 80 diffuses
where pé,z and pgz are the partial pressures of oxygen of feeding
gas and sweeping gas, respectivety, and o, are the oxide-ion
* Electrochemical Society Student Member. ?nd electronic  conductivities, respectively, androoe/

aPpresent address: Siemens Westinghouse Power Corporation, Pittsburgh, Pennsyj- . . L. 8 .
vania 15235, USA. 9 P 9 yo'o + 0o = o4mpilS the ambipolar conductivity is the thickness

2 E-mail: kegin.huang@swpc.siemens.com of the membraneR, T, andF have their usual meanings.
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Table I. Final sintering temperatures for La,_,Sr,CoO;_s and thermocouple
SrCop gFep 035 \ /1

Sintering Duration
Samples temperaturg°C) (h)
La; _,SrCo0;_; ' —> — outlet
X = 0.20 1300 15 air or No/Oo mixture
x = 0.40 1300 15
x = 0.50 1270 15 f

¢ urnace

X = 0.60 1250 15
x = 0.70 1230 15
SrCo 055 1200 15 weight ring glass sealant

sample studied

However, at or below the critical thickness = Dj/ks as de- alumina tube

fined by Bouwmeesteet al.}* 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
gas-solid interface plays a fundamental role in the catalytic activity ypg fitting——=
of the material. A correlation between oxygen exchange kinetics anc
catalytic activity has been establish€d’ 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:

helium outlet to GC

tube fitting

cause of their extremely high oxygen permeation rate at elevatec +
temperatures; their potential applications are as ceramic membrane
of chemical reactors and cathodes of a solid oxide fuel cell. In this helium inlet

paper, we report systematic measurements of the oxygen permeation
fluxes through membranes of selected cobalt-containing perovskiteBigure 1. Experimental setup for oxygen permeation measurements.
by gas chromatograph{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 o )
studied perovskite exhibits a changeover from mixed surface andynthetic silicon powder as an internal standard was used for deter-
bulk control to bulk control. The mechanisms for oxygen exchangeMining the lattice parameters. From the XRD patterns, the structures
kinetics on an atomic scale are discussed to interpret the results. and the related lattice parameters were determined with Rietveld
refinement.
Experimental ) ) )
Oxygen permeation measuremenT he aforementioned sintered

Preparation of samples-The studied samples have a formula pellets, which usually shrank te0.7 in. diam, were first ground on
La; _4SrCo0;_5 (LSCo)wherex = 0.2, 0.4, 0.5, 0.6, and 0.7. The both sides with a diamond wheel to a desired thickness. The grind-
samples withx > 0.7 were not investigated because they do noting also ensured removal of possibly contaminated surface layers.
have a perovskite structure. The Pechini method was used to synFhe fresh pellets thus obtained were then mounted on the top of a
thesize the La ,Sr,CoO;_; compounds. Details about this method supporting alumina tube with a glass ring that was covered with a
are described in Ref. 18 and 19. The decomposed ceramic powdeglass-powder slurry to ensure further sealing. An alumina (ihg
were ballmilled to break up the soft agglomerates and pressed into $ame size as the supporting tulos the top of the sample was also
in. diam pellets under 200 MPa pressure. The final sintering tem-used as a weight to keep the seal leak-tight while maintaining the
peratures and duration for each composition are listed in Table I. Fosame permeation area on both sides of the sample. To eliminate the
comparison, SrGoFe, ,0;_; (SCF)was also made in this study by €dge effectextra oxygen permeation through uncounted artee
solid-state reaction. The powders were ground three times after eacuter glass-powder slurry covers the overall edges of the sample.
1000°C calcination and finally sintered at 1200°C for 15 h. The whole setup of the permeation cell is illustrated in Fig. 1. The

Whether lattice oxygen diffusion or surface oxygen exchangeassembly was then loaded into the constant-temperature zone of a
limits the overall permeation rate through a mixed ionic and elec-Vvertical furnace and slowly heated to 900-950°C to allow the glass
tronic conductor(MIEC) is primarily determined by the relative to soften and seal the assembly. The measurement proceeded in a
magnitude of the rates of lattice diffusion and surface exchange. T¢0ooling sequence.
enhance the rate of reaction at the surfaces of LSCo samples so as to GC with a 5 A nolecular-sieve column and a thermal conduc-
make lattice oxygen diffusion the rate-determining step, a thin layertivity detector was used to measure the oxygen contents in the
of SCF, which has been reported previously to have the highessweeping helium(purity >99.999%)because simultaneously mea-
oxygen permeation flux among the MIECs discovet®t,was ap- suring the nitrogen content can monitor the leak-tightness of a per-
plied directly by pasting an SCF ink either on one surface of LSComeation cell. The oxygen concentration in the sweeping helium was
or on both. The SCF ink was made by thoroughly mixing fine SCF measured at a given flow rate, and ambient air or sfONmixture
powders with organic bindeiv-6 manufactured by Heraeus Ipc.  at a flow rate of 45 mL/min was used as the feeding gas at the other
terpineol, and oleic acid in a certain ratio. The coated LSCo wasside of the permeation cell. A special six-port Valco valve was
then fired at 1200°C for 30 min to increase the bonding between theemployed to inject the sample gas into an SRI 8610C GC when
coating and substrate. From our previous experience, the microstrugieeded. PeakSimple software was used to collect and analyze the
tures of the coating resulting from the above ink are mesoporous. data by integrating the individual peak areas corresponding to either

Powder X-ray diffraction XRD) was performed on a PW 1740 oxygen or nitrogen. The column was calibrated usually once a
diffractometer from 10 to 80° with Cu & radiation and a Ni filter.  month with He-0.1% @ and He-1% Q mixtures as the standard
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Table II. Lattice parameters of La,_Sr,CoOs_5 and ever, it gives a pure primitive cubic phase after a_nneallng in oxygen.
SrCOop gFey 053 The .Iattlce parameters of Srggre,,0O3;_5 shown in Table Il were
obtained from an oxygen-annealed sample.

Sampl S t (© . . .

ampres ymmety a(r A o(r) Oxygen permeation fluxog without catalytic surface layerIn
La; _«SCo0;_3 the following paragraph:p(g2 andp’c’,2 denote the partial pressures of
x =02 Rhombohedral 3.838) 90.48 oxygen at the feeding and the permeate sjtlg, > pp,, respec-
x=04 Rhombohedral 3.838) 90.23 tively. Unless especially mentioned, we choose the composition
x = 0.5 Rhombohedral 3.838) 90.14 .
X — 0.6 Cubic 3.8341) 90.00 LaysSrpsCo0;5 as a representative example of the
Y = 0:7 Cubic 3.8371) 90.00 Lal,XSerCOC%,8 system. Most of the experimental data can be

_ found in Table III.

SrCo gFer O35 Cubic 3.8530) 90.00 Previous studie€®>?* have shown a power law with the index

n < 0 between oxygen nonstoichiometdyand the oxygen partial
pressurepo, in the La _,Sr,CoO;_5 system at elevated tempera-

tures. One can then expect, from the Wagner equation vith;
gases depending on how heavily the GC was used. For all measure= o‘a)mbip”o2 (n < 0), astraight-line plot 08, vs. pg; — pg’; with
ments, the flow rate of the carrier helium dasiity >99.999%)or 1 — o provided the overall permeation is rate determined by bulk
carrying effluent(the sweeping gas in a 1 mL sample loop on the oxygen diffusion. The ambipolar  conductivity o g,

valve in this case)nto the GC for analysis was 20 mL/min. Any _ !
detectable nitrogen was regarded as leakage from air, and the cor- exp(~E/KT) can be calculated from the slope of the line by

responding oxygen content was subtracted from the measured valugs'nd Wagner's equation.
gthednitlrfo%en content w?s apovs O.lT(A), the measu(jrgmerjt was ?.bzﬂbz under Q,z = 0.21atm and varied éz.—The oxygen partial
oned. If the continuously stirred tank reactor condition is satisfie "o : : . .
in our permeation cell an?:il the sweeping helium behaves ideally, thé)r.essiurepoz in the sweeping helium has a powgr law r?Iatlonshlp
oxygen permeation fludo, can be calculated from the flow rate of with its flow ratg F for L8_0,5$FO5COQ_5 (see Flg.” 2). Since the
the sweeping gas, the volume fraction of oxygen analyzed by GcOXygen fluxJo, is proportional to the product ofo, andF, the
and the effective permeation area. observed power law relationship implies th‘l@;2 is proportional to
The variations of chemical potential gradient of oxygen acrosspym m = 1 — 1/s, m < 0) if no cell leakage is considered. It ap-
the MIEC were achieved by either changing the flow rate of the = . . - o
sweeping helium gas while keeping the feeding gas as ambient apars t_o confllgt with the r’(isults"?]h.own in Fig. 5, wherg a pos!tlve
(po, = 0.21 atm), or by altering the ratio of,Gn an N,-O, mixture povyer- indexn in Jo, Vs. f, = Po, 'S_ observed.. We believe this )
as tzhe feeding gas while keeping the flow rate of sweeping heliumdewauon results from two factors. First, the existence of a certain
gas constant, normally 20 mL/min. In the former case, the flow rate@mount of cell leakage requires using d'ﬁe“’@tz for plotting Fig.
of the sweeping helium gas, usually ranging from 5 to 150 mL/min, 2 (not corrected for air legkand for calculatingJO2 (corrected for

was regulated by a mass flow controllévlFC), (MKS model air leak). Second. the power indexin J~ vs. & — p™ was ob-

1179A with four-channel readout unit model 24A smaller flow ) ) ] P Oz 7> %2 pc.)z L

rate usually requires longer equilibration times. Therefore, at eacf@ined by @ nonlinear least-squares fitting with the justification of

temperature, the measurement was started from the smallest flogoundary condition oflg, = 0 atpo, = pg,, while no boundary

rate and was held overnight to ensure that real equilibrium wascondition is required for the relationship @ and F shown in

achieved. In the latter case, the oxygen content in the feeding 93Big. 2. 2

Wﬂ.s hchangtlad by vlartylg% trt'ﬁ f:\a‘l’:"crag?s _IOf tox%/r?e? and nltrogtter?, The temperature dependence of the measured overall oxygen

which are aiso regulated by the - Similar to the former case, eéaermeation flux at different driving forces quj{zlpg) for the com-

permeation measurement was started from the lowest partial pres-— o o 2

sure of oxygen, and the cell was held overnight at high temperature§0sition L& sSipsCo0;_; is illustrated in Fig. 3. By the Wagner

before continuing to the nexl,_. Each measurement takes approxi- €duation, this dependence can only be meaningfully established at a

mately 8 h at each temperatuzre. given sample thickness and driving force Ip’gZngz). As clearly
shown in the figure, Iog@]z) vs. 1/T at a given driving force yields

a straight line; the activation enerdy, for the permeation process
can be calculated from the slope. These results are very close to
Structural changes as a function of Sr conterThe lattice pa-  those obtained from the slope &, vs. i, — pg, shown in Table
rameters of both La ,Sr,CoO;_5 and SrCq ¢F&) ;035 samples are  |ll, but they depend strongly on the Co-O-Co bond angle and/or
listed in Table Il. Consistent results with those reported in the Sr-doping level. Note thaE, might not represent a single process; it
literaturé® were obtained. Fax = 0.2, 0.4, and 0.5, the structure is could include both surface exchange and bulk diffusion.
rhombohedral, which distorts from the cubic by an angle The Joz of a L& ¢Sr4C00;_5 membrane of thicknesk at a
|(r) — 90°. Itis apparent from Table Il that the extent of distor- e temperature and driving force @/ p5,) is plotted against
tion decreases with increasimgo x = 0.5, above which the struc- N . 2z .
tures change to primitive cubic without distortion. The lattice pa- L/ In Fig. 4. AlthoughJo, increases roughly inversely with for
rametera(r) ShOWS a S||ght decrease Wlth increas'x]gbut a(r) Ial:gerl_, |t is Very hard to dlStII‘lgUISh the bulk and Surface COhtr_Ol by
exhibits a pronounced monotonous decrease. From the followinghis plot because there is no sample thicker than 1.7 mm in this
results, it appears that(r), and therefore the Co-O-Co bond angle, Portion of the stuo_ly, which was |_ntended to reach a crltl_cal value
has a more profound effect on the oxide-ion conductivity thér L. Other compositions gave similar results; even at a thickness of
as is discussed in detail in the section on Mechanisms for bott?-5 MM, & slow surface exchange appears to be controlling for the
surface oxygen exchange and bulk oxygen diffusion control. UnlikeCobalt-containing perovskites. The concept of the critical leffgth
previous report®?! a small amount of unknown impurity is con- has been proposed by assuming a linearized surface exchange and
sistently found in the primitive cubic matrix of air-annealed bulk diffusion at a smalbo, gradient. It may not be applicable in
SrCq gFey03-5 even after several intermediate grindings. How- our case.

Results and Discussion
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Table Ill. Nonlinear least-squares fitting data on Jo, = @ (pg’; - p’(’)’;), where po, = 0.21atm, 0.21atm> p5, > 5 X 10~* atm. Samples
have no catalytic layer SCF on the surface.

Activation
Thickness T n by TGA 0 energies
Sample (mm) (°C) Order () (800 °Cy® (molcm 2s tatm ™ (eV)
La; ,SrCoO;_5
x = 0.2 1.30 930 -0.10+ 0.07 -0.25 2.05%x 1078 1.78+ 0.14
910 —0.20+ 0.08 1.66x 1078
890 —-0.30+ 0.05 1.22x 1078
870 —0.35+ 0.09 8.37x 107°
850 —0.25* 0.12 5.40%x 10°°
x = 0.4 1.7¢° 930 0.31+ 0.04 — 3.07+ 0.04x 1077 1.39+ 0.09
910 0.21* 0.03 2.76+= 0.13x 1077
890 0.16 + 0.03 2.45+ 0.28x 1077
850 0.10+ 0.04 1.85+ 0.45x 10/
x = 0.5 1.34 930 0.21+ 0.03 —-0.07 3.48+ 0.17x 1077 1.56 + 0.05
910 0.25* 0.03 3.02+ 0.07x 107/
890 0.26 + 0.03 2.23+ 0.05% 1077
870 0.27+ 0.03 1.61+ 0.03x 1077
830 0.23+ 0.05 9.36+ 0.04x 10°8
810 0.30= 0.06 6.92+ 0.09% 1078
x = 0.6 2.10 950 0.33+ 0.06 7.05+ 0.16 X 1077 0.72+ 0.03
930 0.29+ 0.09 6.48+ 0.40x 1077
910 0.34=* 0.05 5.58+ 0.08 X 107/
890 0.37+ 0.02 4.94+ 0.02%x 1077
870 0.29+ 0.08 452+ 0.26 X 107/
850 0.25+ 0.09 3.98+ 0.46 X 1077
830 0.28+ 0.08 3.28+ 0.23%x 1077
x = 0.7 2.50 910 0.41+ 0.07 —0.05 7.95+ 0.26 X 1077 0.88+ 0.07
890 0.20+ 0.05 7.67+ 0.78x 1077
870 0.24+ 0.09 6.68+ 0.75% 1077
850 0.27+ 0.10 5.57+ 0.46 X 107/
830 0.32+ 0.10 455+ 0.14%x 107/
810 0.41=+ 0.05 3.71+ 0.08 X 107/
SrCq gFey 055 1.48 930 0.82+ 0.15 3.40+ 0.60x 10°° 0.52+ 0.07
910 0.83+ 0.20 3.24+ 0.73x 1078
890 0.89+ 0.16 3.30+ 0.65% 10°°
870 0.90* 0.05 3.07+ 0.22x 107
850 0.75* 0.09 2.44+ 0.25% 1078
830 0.78+ 0.08 2.32+ 0.22x 1078
810 0.74+ 0.09 2.01*+ 0.21x 107

a0ther thicknesses are not shown in this table.

As shown in Table Ill, am < O close to the value obtained by found in SrCg gFg, ;05_5, as shown in Fig. 6. This result disagrees
thermogravimetric analysi§sTGA) is only observed for thex with that in26 wheren = 0.5 was claimed. Thus, different mecha-
= 0.2 sample. The agreement indicates a bulk diffusion dominatingnisms have been involved for these two types of compounds.
the permeation. The calculated ambipolar conductivity for this com-  Note that no linear dependence 8§ on logps /py.) that
position is oo = (3.49* 0.59) X 1% exp(—1.78+ 0.14(eV)/ 2 >
kT) from whichog ~ 0.01 S/cm at 930°C is obtained. The low A . ropar
value of o5 and high value ofE, are due to the presence of a C.)dee-I.Ol’] COI’Tdu(-ZtI\./Ity from the slope ?f thbof/ Vs Iog(pozlpoz?
dynamic phase segregation in the= 0.2 compositiort> However, ~ line without justifying atJo, = 0 at po, = po, would contain
ann > 0 is found for the other compositions. Figure 5 presents errors.
such a plot forx = 0.5 with fitted lines passing through the origin . ) . )
0, 0). T%e optimizeah by nonlinear Ieas?—squa?es fittingg is obtaiged ‘]_Oz under vgrled Ié>z and fixed sweepfng-gas flow rgteWﬂh a
as 0.5> n > 0. If the bulk diffusion is assumed to prevail, then fixed sweeping-gas flow rate, the gradient of the partial pressure of
n > 0 implies an oxygen interstitial mechanism for the transport of Oxygen is determined by variations of bati}, and pg,, whereas
charge carriers. This is impossible for the perovskite structure be-on|y p’c’)2 changes as a result of variation of the sweeping-gas flow

g?rldi(teurtgere is no possible interstitial position for oxygen in therate in the experiment with a ﬁx%z — 0.21 atm. Comparison of

Therefore, it is certain that a mixed surface exchange and bulkkhe results from the two types of experiments should reveal the
diffusion control the permeation rate or a sole surface exchangeffect of partial pressures of oxygen in the feeding gas and of the
control is responsible for the > 0 as is discussed in the section on flowing patterns of the sweeping gas on the surface reaction kinet-
Mechanisms. Also, thinner samples yieldmuch closer to 0.5, €S
which also supports such an assumption. By a similar treatment, 1  The variations opg, as a function op, are shown in Fig. 7 for
> n > 0.5 has been calculated for,@dsorption at F& and is a fixed sweeping-gas flow rate of 20 mL/min. All curves taken at

passes through0d, 0) can be found in this study. Determination of
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1.5 2.0x107
Lay551,5C00; 5 1 L2,6S1,4C00;,
thickness=1.340 mm 1 feeding gas: air Poz'=0.21 atm
feeding gas: air, P, =0.21 atm 4 sweeping gas: helium, logPg,"=-1.5
sweeping gas: helium 4
-2.0 1.5 4
" ]
' 25 § 1.0
N ]
=)
o £ 1
g FE
-3.0 - 0.5
Poy'=AF" § - 910°C
e 930°C, s=0.83x0.02, A=10.96+0.03 i . 890:0
m 890°C, s=0.85x0.01, A=8.91+0.02 | —h— 8700C
A 985°C, =0.82+0.02, A=4.79+0.03 -m- 850°C
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Figure 2. Dependence oo, on flow rate of sweeping helium at different  Figure 4. Thickness dependence &, at different temperatures and a given
temperatures for LgSr sC00; ;5 . gradient of chemical potential of oxygen for | g5, £00;_; .

various temperatures show a similar trend,, the rate of increase 0xygen flux more effectively at higher temperatures than at lower
of pi,. with p5_ decreases with increasimg, and decreasing tem-  témperatures. This finding, in turn, implies that the surface reaction
2 2 2

tureT. Th . Idb bined It of kinetics has an activation energy higher than that of bulk oxygen
pgra gre : e measurelo, could be a combine resg O, OXYGEN  giffusion. In fact, at 800°CJ,, tends to approach a saturation value
diffusion in the bulk and surface oxygen exchange kinetics at both 2

surfaces. Plots of oxygen ﬂUon vs. the gradient of the partial with increasing Iog@ozlpoz). As stated above, no linear relationship

f | Io” t diff it { | that passes througdl®, 0) can be found in Fig. 8 over the measured
plressure.ot oxyger::.oggz F;Oz)' atd ergnth empedr.a utr_es revea ?h T and Iog()(’)zlp’éz) ranges. Nevertheless, plots df, vs. p(’{;
clearer picturdsee Fig. 8). An increase in the gradient increases the _ p’ég (Fig. 9) have been well fitted by straight lines with a 0.5

bt Lay ;St, ;C0O. 2.0x107 L8y 81 :Co0y s
] =2052°0505 ] vy 930°C, n=0.21+0.03 th'_i_ » 34(‘)
E - _ | ¢ 910°C, n=0.25+0.03 ickness=1.340 mm
. ]Ehchness 1..34.10 II:"nr’?_o o1 at % 890°C, n=0.26+0.03 feedlng gas: air, sz =0.21 atm
: eeding gas: air, Py =0.21 atm {1 @ 870°C. n=0.27:0.03 sweeping gas: helium
7.0 sweeping gas: helium 1 . 830°C, n=0.23:0.05 y
7 5 + 810°C, n=0.23:+0.05
o
b ] -
] oo
g '7-2 __ ‘E
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& . £
- ] ¢
(=3 J -
2 747
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. ®
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7] ® log P02"=-2.5, Ea=1 .63+0.06
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Figure 3. Arrhenius plot ofJ02 under a given gradient of chemical potential Figure 5. Power law dependence 052 on the partial pressure of oxygen for
of oxygen for Lg Sty sC00;_5 . Lag 551 sC00;_5 -
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Figure 8. Dependence oﬂoz on the gradient of partial pressure of oxygen
for Lay sSrp sC00;_5 . The gradient of partial pressure of oxygen was varied
as a result of changes of boi,, and pg, .

Po,' "-Po," ", atm

Figure 6. Power law dependence 652 on the partial pressure of oxygen for

SrCo gFey Oz-5 -
the surface kinetics at the feeding-gas side. This assumption is sup-
ported in the following section. A logarithmic plot of the slope
> n > 0 over 800-900°C. According to the model developed in acquired from Flg_. 9/_5. 1/T yields an apparent _actlvatlon energy
this study, 0.5> n > 0 indicates a mixed surface exchange and Ea = 1.41 €V, which is comparable to 1.56 eV in Table lil for the
bulk diffusion of oxygen involved in the overall permeation process. SaMe but thinner sample.
However, in Fig. 9n 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¥Nder ib,=0.21 atm and varied §, —It is expected that a layer of
ment that the value af approaches 0.5 when the sample thickness catalytically active SCF coating will promote the surface oxygen
decreases. Bearing in mind that the partial pressure of oxggzeim

the feeding gas in Fig. 9 varies approximately from 4o 1 atm,

Oxygen permeation qu>bg with a catalytic surface Iayer.—o]2

-7
whereaspj, is kept a constant 0.21 atm in Fig. 5, the discrepancy 2.5x10°
ﬁ h . ff fth ial f Lay 55155C00;, 5
suggests that there is an effect of the partial pressure of oxygen or L5186 mm
204 * 900°C, n=0.36+0.03
0.016 B 880°C, n=0.35+0.02
Sr.Co0 A 860°C, n=0.40:0.05
o014 | oopseo0s * 900°C ® 840°C, n=0.39x0.03
' =2.16 mm - e 820°C, n=0.30:0.02
- ‘s 15 v 800°C,n=0.3020.02
0.012 — m 880°C , g
. - =
0.010 'g
% s T A 860°C 1.0
= 0.008 | s
) . A A ® 840°C
* 0.006 u ® 0
-006 — g o ® v 820°C
A v v 0.5 —
0.004— o ®y o ° @ 800°C
n v ®
0002 5 ®
ia 0.0 -
0.000 | | T T T
! ! ' ' ' ' 0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 . . .
Po,’, atm Po,'"—-Po," ", atm

Figure 7. pgz as a function ofp(’)2 at various temperatures. ngz was
varied by changing the £N, ratio in the feeding gas.

Figure 9. Power law dependence 052 on the partial pressure of oxygen for
Lay 551y sC00;_; in the case of varieqbé,2 and pgz.

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


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Societ48 (5) E203-E214(2001)
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calculation is based on
Jo, = 1.0 x 107 (Po,"-0.21"
'I-W
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£
o
-
0 T T T T T
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Figure 10. Calculated dependence mg,z on pgz with positive and negative
values ofn in the relationshiplo, = 1.0 X 1077 (pZ,"2 - 0.21).
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exchange kinetics so that the bulk oxygen diffusion dominates therigure 12. Power law dependence 85, on the partial pressure of oxygen

overall permeation process, thus allowing the bulk transport propersq |
ties of MIECs to be evaluated. With the assumption of a power lawy,q

relation betweedo, andpo,, the dependence df, on pgz shown
in Fig. 10 was calculated. Clearly, trj%2 exhibits a more remark-
able increase at Iowepo2 with a negative value ofi than that with

a positive value oh. This observation, in turn, implies a permeation

process dominated by bulk oxygen diffusion, provided a sharp in-"'"" oYe
¢ similar shape to that shown in Fig. 10 for< 0, whereas theilo2

crease ot]o2 is found at Iowpoz. Representative plots at 810°C o

measuredo, vs. p%z with an SCF coating on the feeding-gas side,

1.0x107
LagsSrsC00; 5
810°C
[ ]
0.8 O un-coated, L=1.34 mm
‘ ® SCF on feeding side, L=2.10 mm
A SCF on permeate side, L=2.55 mm
: B SCF on both side, L=2.20 mm
o 06 @
& n
=
= A A ¢
-
Do - N
onm ®
0.2+ [ A
0.0 —|
I I T I I |
0.000 0.005 0.010 0.015 0.020 0.025
Po,", atm

Figure 11. Measured dependence mz on pgz at 810°C for uncoated and
SCF-coated LggSry sCo0;_; .

a, 551 sC00;_5 with an SCF coating on the feeding-gas side. wggzat
feeding-gas side was kept constant at 0.21 atm.

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

without an SCF coating has a fairly flat change V\p@]2 A plot of

Jo, Vs. p(’)’; — pg;, shown in Fig. 12, indeed revealed straight lines
with negative values of 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 ap@2 = 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 &, occurs below a

certain lowerpg, . Attempts to plotJo, vs. Q’J'; - pg; for an SCF

coating at the permeation side gave a linear relation with negative
values ofn at higherpg2 , but a small plateau at Iowqa)t‘(’j2 . Previous

studie€®?have shown that the brownmillerite phase(x,0s € 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 oflo, after a plateau is observed.

The Jo, as a function of the gradient of the partial pressure of
oxygen (1/L)Iog(p62/0.21) at a given temperature, whdreis 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 thk, 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-

¢ Note that the brownmillerite phase could also bgC® _,FgOs, according to
Ref. 21.
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Figure 13. Dependence 01102 on the gradient of partial pressure of oxygen for uncoated and SCF-coaje8rd4£00;_;

- Thepg, = 0.21 atm was kept
constant;(a) 890°C, (b) 810°C.

perature, but is also dependent on the gradient of the partial pressuface oxygen exchange kinetics is slower at lower temperatures than
of oxygen. At a small oxygen gradient or h@% range, the SCF  at higher temperatures. In other words, the surface oxygen exchange
coating appears to be less effective than at a Iarge gradient or lo#fin€tics requires a higher activation energy than oxygen bulk diffu-
pO range. This may be due to a slower bulk diffusion at a smaller™ OE]I’h

e changeover of control of permeation rates to bulk oxygen
Po, gradient. However, a slightly highdo, with SCF coated onthe  diffusion allows one to calculate the oxide-ion conductivity of a
permeate side at a small oxygen gradiesgte Fig. 13a, bindicates MIEC from the permeation data by differentiating the Wagner equa-
that the generation of oxygen vacancies at the permeate side is etion (Eq. 1)into the following form
hanced to a limited extent. With decreas'p@ at the permeate side

(by increasing the flow rate of the sweeping helium)gése SCF

coating on the feeding-gas side gains effectiveness in increasing the _1eFL Jo, 2]
Jo,, Whereas the SCF at the permeate side has no effect, primarily Tambi = T5303RT| 9 log p5
. . . . 2/ nt —
due to the formation of the brownmillerite phase. The SCF coatings Po, =021
have a more pronounced effect at lower temperatures than at higher
temperatures. This observation confirms the statement that the sur-
7
1.2x10 —
24 L8y 555 :C00,
Lao.sSt sCoO: 8590 50055
L202.1(r10r;n: 7 s 1.0-  with SCF coating on feeding side
2.2 o o N=-0.1720.01 890°C L=2.55 mm
) Gambi = Gambi PO2
£ T 0.8
L 2.0+ w
% n=-0.200.01 g o5
- s %6
"'."51 8— £
ag 810°C &
S oa v n=0.22x0.06
216 m 8s0’c, N=0.27x0.04
- 0.2 o 860°c, N=0.27x0.02
1.4 n=-0.21+0.01 A 840°C, n=0.27=0.02
730°C 0.0
1.2 T I T T T
2 T T T T 0.0 0.2 Poz“" 0.6 0.8
-3.5 -2.0 -1.5

-2.
log Pozﬁ, atm
Figure 15. Power law dependence dgz on the partial pressure of oxygen

Figure 14. Logarithmic dependence of the ambipolar conductivity of for LaysSrsCo0;_s with an SCF coating on the feeding-gas side in the case
Lag 5S1hsCo0;_;5 on the partial pressure of oxygen at various temperatures. of varied pgz and pgz
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25x107 - sample of Fig. 9 has a larger membrane thickness. The coating has
Lag5S1,5C00,5 ) some catalytic effect on the surface oxygen exchange on the
B Shmeoaingonpermeateside. 006 feeding-gas side at lower temperat(see Fig. 17b). However, it is
2.0 ’ 900°, N=0-25 not so effective as to allow the bulk oxygen diffusion to be the
o 680°, N=0.3240,05 slowest step .in the overall ser!al permeation process since a slow
o 15 N ’ surface reaction due to a relatively low flow rate on the permeate
3 8e0°c, 0552003 gide persisted in dominating the permeation. A positive value of
= was also observed with an SCF coating on the permeate(site
E& 1.0 R Fig. 16), but a significant increase fvalues from 0< n < 0.5 to
) 840°c, n=070:0.02 3 0.5< n < 1 was found below 860°C. These results indicate that
05 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 Iowepgz. This observation is consistent
0.0

0.0

Figure 16. Power law dependence 052 on the partial pressure of oxygen
for Lag sSty sC00;_5 with an SCF coating on the permeate side in the case of

0.8

0.6 1.0
Poz.n - Poz"", atm"

1.2

varied po, and pg, .

whereo ;mpi =~ 0o as the electronic transport numhers far greater

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 oﬂo2 for SCF-coated and uncoated samples as a

function of (1/L)Iog(p62/p(’)2) 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, ﬂag for a sample
with SCF coated on the feeding-gas side is higher than that for the

than that of the oxide-iorig in this study. Figure 14 shows the uncoated sample. This observation again confirms that surface oxy-
logarithmic dependence of the calculated ambipolar conductivity onden exchange kinetics is slower at lower temperatures. The SCF
the partial pressure of oxygen at different temperatures from thecoating on the permeate side appears to have less influence on the
fitted relationship betweedo, and loggp,). The increased oxygen Jo, as a result of forming the brownmillerite phase. Thg, at
vacancy concentration with decreasing partial pressure of oxygerp40°C is lower than that of the uncoated sample at a low feeding-gas
leads to an increase of the ambipolar conductivity in an MIEC. ThePo, ange; it rapidly approaches the same value as that of the un-
power index ranges from0.17 at 890°C to—Q.21 at 730°C, which  coated sample at high%z’ where a highep’c’)z can be achieved.

Is reasonably petvyeen the1/6 t_o —1/4 predicted from'the defect From the results of SCF coating at the permeate side shown in
model. The activation enerdy, = 1.25 eV for the ambipolar con-  {hese last two sections, it is clear that the formation of a brownmil-

duction was obtained from the Arrhenius plot of ths, lerite phase at lowep;, makes an SCF coating ineffective as a

Jo, under varied §, and fixed sweeping-gas flow rateThe same catalyst.

permeation cell configurations were used for the measuremdg of
vs. varied p(’)2 and p'(’jz. The results are strikingly contrary to those

discussed in the section 0]1)2 underp(’)2 = 0.21 atm and varied ) - ) 07 -

" ) ) ) calcia-doped zirconia was demonstrated by Boal~" Unlike pure
Po,- Figure 15 clearly shows little change nffrom Fig. 9 after a  (xide-jon electrolytes, it is more complicated for mixed electronic
surface catalytic layer of SCF was applied on the feeding-gas sideand oxide-ion conductors because both oxygen vacancy and hole
The value ofn, 0 < n < 0.5, obtained from the nonlinear least- concentrations could depend on the partial pressures of oxygen.
squares fitting remained essentially the same within the range ofherefore, the obtained analytic expressions can only be resolved by

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

840°C= T =< 900°C. Compared to the sample of Fig. 9 where no numerical calculations if no assumptions are made to simplify them.
SCF coating was applied, thevalue is smaller even though the According to the power index 0.5 n > 0 obtained for the

-7
2.0x10 — (a) 1.2x1 0-7 4
Lag 551 :C005 5 La,58155C005.5 (b)
5500, 5
880°C 10| 840C a
1.5 A O un-coated, L=2.16 mm
O un-coated, L=2.16 mm o, - ® SCF on feeding side, L=2.55 mm o
™ ® SCF on feeding side, L=2.55 mm A7 0.8- A SCFonpermeateside, L=2.14mm ¢
N"’" A SCF on permeate side, L.=2.14 mm Gy v PY o
h g QA g ° O A
g 104 .° S 0.6 . A
) L I c o
= Y = °
=5 o 0.4 L
[~ [ ] - A
har'] 0.5 °
o] (o] A
o A 0.2 R
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Figure 17. Dependence 0102 on the gradient of partial pressure of oxygen for uncoated and SCF-coateij#£00; ;. The pgz and pgz were both varied;

(a) 880°C, (b) 840°C.
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La; ,Sr,CoO;_5 system, we propose the following mechanism to

. . . . . . La
illustrate the overall permeation proce@§roger-Vink notation is !

r.Co0, 5

Feeding gas: air, P, =0.21 atm

used) ] ;
K -6 E=0.52+0.07 eV sweeping gas: helium, variable P,
3a
X . 1
Oz¢) T 2C%4¢) + Vo) = (O T 2Ce)  [32] 1 HMM\_&
k_3 3
’ c . E,=0.72+0.03 eV
or _E 2] H\WBB:OW Y
1 kap -® 1 E=156:005eV
z OZ(g’) + O)é = (02)0(51) [3b] g 7
K_3p -
3 -
ks £ ] E.=1.3920.09eV
X X N . . ]
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& 1 E-178:014ev
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Figure 18. Arrhenius plot of logL for all uncoated compositions investi-
gated in this study.

or

o ke 1 « For a similar sample thickness at which both surface exchange
(02)o(§’) =3 Oz + OO(S’) [8b] and bulk diffusion control the permeation, various Sr doping levels
K-sp could lead to a systematic change of the valua.oGenerally, at a

) lower doping levelx, the nonstoichiometry of oxygen is very low,
In the above reactiong; andk_; are the rate constants of the for- 54 he electrical neutrality condition may be simplified into

ward and reverse reactions, respectively. By thegéreVink nota- ~ X, in which casen = 0.5— m in Eq. 9. At a higher Sr dopin,

tion, Oo_X and Vo are a lattice oxygen and an oxygen vacancy, the nonstoichiometry of oxygen could be fixed by Sr doping, and the
respectively; Cg, and Ce, are 3+and 4+Co ions, respectively;  gjectrical neutrality condition can be simplified o= x/2, and
(0y)," represents the peroxide ion on the oxygen site; drahd § n=0.5- 2r in Eq. 9. At intermediate doping, a minimum of
denote the surfaces at the feeding-gas side and that at the sweeping-— 0.5 — m — 2r can be expected. The experimental data in
gas side, respectively. Reactions 3b and 8b represent the adsorptigyple |11 confirm such a prediction.

and desorption of gaseous oxygen to form and to dissociate the por the SrCggFe, 055 sample, the > n > 0.5 shown in
peroxide ions on the surface. Many studies have shown the existgpje |I| appears to imply a different rate-limiting step at the sur-
tence of the peroxide ion on the surface of oxides by X-ray photo-gaces. e notice that Fe may play a decisive role in the surface
emission spectroscopy. Reactions 4 and 7 illustrate the annihilatiope, .tion since a surface Feion is stable in tetrahedral coordina-
and production of oxygen vacancies that are charge-compensated %n. As in Reaction 3a gaseous oxygen occupies the site of an
electronic holes and electrons, respectively. Over the whole proces%xygen vacancy on the ,surface to become a surface peroxide ion.

OIqowever, at an F¥ ion, transformation from tetrahedral to octahe-
(ﬁral oxygen coordination allows the gaseoust® become 2 &

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

(Reaction 6)are rapid and at their equilibrium. The rate-determining
steps are therefore the transport of surface oxygen atoms to oxyg
vacanciegReaction 4), the production of oxygen vacandiBeac-
tion 7), and bulk oxygen vacancy diffusigReaction 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 Jo, = S(pggm _ pg;m) (m > 0) [10]
DoKaKy 3 os-m- 40.5-m—
JOZ — oL [COCXQ]F)(pogs m-2r __ po(;.S m-2

1
_ = X 720
[Voren] = 8%5,™ [Voug] = 895" (m>0)  [0] e = gkdCos ]

[CO.Co(g)] = popgz [Co'Co(gr)] = popgz (r>0)
where the power index = 1 — mis obtainedk _ ;,represents the

[Cod ] ~ [Cocxo(g)] ~ [Cocxo(g,)] ~1 rate constant of the reverse reacti@eaction 3a). This prediction
agrees well with the experimental data shown in Table Il
whereD, is the is the oxygen vacancy diffusivityis the thickness According to Eq. 9, logoL vs. 1/T should give a straight line

of the membranddefect]represents the concentration of the defect, with a slope associated with the apparent activation engg®f the
3° and p° are the constants, arith, andK, represent the equilib- permeation process, wheteepresents the slope of the straight line
nn

rium constants of Reactions 3 and 4, respectively. obtained by plottinglo, vs. d)r; ~ Po,- Figure 18 presents such a

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


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socie48 (5) E203-E214(2001) E213

plot for all compositions studied as indicated by Eq. 9. The shown = 0.21 atm and a Varie¢6 . The value ofn remained positive,
activation energie€, exhibit a general decrease with Sr doping jgicating surface-involved rate-limiting steps in the permeation

level x. If E, for x = 0.20 represents the bulk diffusion, the highest process for a”po2 and temperatures. This observation may imply

E, signals an unfavorable migration environment due to the pres- - . .
ence of two electronic phasé&sHowever, with increasing doping that the gas flowing pattern is important. However, in both cases, the

level x, both structure and oxygen vacancy concentration begin toSCF coa’Flng evidently |ncreaseq tﬁ@zlmore at lower temperatures
favor high oxygen conductivity, which changes the rate-limiting than at higher temperatures, which signals that the overall exchange
step from bulk diffusion to surface exchange. Provided that surfaceinetics requires a higher activation energy than that of ambipolar

exchange does not change very much with composition, the signififransport across the MIEC. _
cant decrease of activation ener@y must be attributed to the Another important finding in this study is the changeover of the

change of the structure and oxygen vacancy concentration. It is cledidte-limiting step from surface or surface-bulk mixed control to a
that cubic symmetry that leads to a linear configuration of the Co-So0le bulk control with the aid of an SCF coating on the feeding-gas

0-Co bonds in the perovskite is the best structure for having theSide. This changeover enabled us to evaluate the bulk properties of

highest oxide-ion mobility. In the rhombohedral structure, the Co-O the MIEC. The ambipolar conductivity for the 4861, <C00;_; fol-
bonds are under compression. In the cubic structure, the Co-O bondews a power law relationship witpo,; the power index ranges
are under tension, and the tension increases with temperature b@romn = —0.17 at 890°C to-0.21 at 730°C. The Arrhenius plot of
cause Of the |al’ger thel’mal expansion Of the A-O bOI’ldS Of anthe ambipolar Conductivity gave an activation ener@a

ACo00O; perovskite where there is no low-spin to intermediate-spin
transition on the Co(lll). Comparison of LaSrCo0O; 5 and
SrCq ¢F& 505 _; illustrates a trend to lower activation energy as the
stress on the Co-O bond changes.

Conclusions

The oxygen flux Jo, across two ceramic membranes,
SrCq gFey 055 and LgsSrpsCo0;_5 as a representative of the

= 1.25eV under g0, = 0.01 atm.

Two mechanistic models were proposed to interpret the observed
results in the systems La,Sr,CoO;_5 and SrCgqgFe, 05 5. For
the Lg _,Sr,CoO;_5 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 expressiodo, = e(pg; — pg), where 0.5> n > 0, has been

La; _xSKCo0,_; system, were systematically studied as a function gerived. For the SrGaFey 0;_5 System, a similar expression can
of temperature, the gradient of oxygen chemical potential, and thickye gbtained with = n > 0.5 by assuming that the chemisorption

ness. The gradient of oxygen partial pressure across a membrar}&d desorption of gaseous,

n the surfaces are the rate-

was varied either by changing th,) at the permeate side with @ getermining steps. The model agrees well with the experimental
fixed p(’)2 = 0.21 atm at the feeding-gas side or by changing theresults.

feeding-gasp(’)2 while keeping constant the flow rate of a helium

sweeping gas at the permeate side. The influence of a catalytically

active surface layer SrggFe, ;03 _5 on theJo, of Lagy sSry sC00;_5
was also studied.
The magnitude opg2 varies as a power of the rate of flow of the
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