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Introduction

The mixed ionic-electronic conductor (MIEC) LaxSr(1�x)-
FeyGa(1�y)O3�d (LSFG) has good oxygen transport character-
istics1,2 and is stable at high-temperatures in the presence of
methane.3 The oxygen flux through LSFG under an air/he-
lium gradient is of the order of 0.1 ml O2/min cm2 at
9748C.2 To be economically competitive in a syn-gas process
the minimum oxygen flux through an MIEC membrane is 5–
10 ml/(cm2 min).4

The oxygen flux through an MIEC membrane is affected
by both surface exchange and bulk diffusion processes.
Model analysis and experiments indicate that under mixed
transport control the outwards flux exceeds the inwards flux
through a bare MIEC tube5,6 when the surface exchange
coefficient, ambipolar bulk diffusion coefficient, and oxygen
concentration in the ionic lattice are constant and pressure in-
dependent. The outwards and inwards fluxes are equal in the
limit of a single limiting resistance, either surface exchange
or bulk diffusion. Gerdes and Luss6 predicted that when the
surface exchange coefficients, kio, on the interior and exterior
tube surfaces are different, a higher oxygen flux will be
obtained when the surface with the larger surface exchange
coefficient is exposed to the oxygen lean stream.

The surface exchange resistance of a membrane may be
decreased by surface modification.6,7 Murphy et al.7 first
reported an increase in the oxygen flux by addition of a
sparse Pt layer on a disk membrane at temperatures ranging
from 600–8008C. We report here novel data about the impact

of a sparse platinum surface layer on the oxygen flux through
a MIEC tubular membrane and its directional dependence.

Results

The details of the experimental apparatus and the proce-
dure of preparing the membrane tubes are described else-
where.5 Experiments were performed on bare and layered
membrane tubes at 10008C. Air was fed to the oxygen-rich
side and the dimensionless oxygen rich partial pressure (ph ¼
Pi/P0) was raised by increasing the operating pressure. The
lean feed stream was 99.999% helium flowing at approxi-
mately 200 sccm/min and 122 kPa. Experiments were con-
ducted using a MIEC with a 5–10 Å thick Pt surface layer
that was photolithographically deposited by the research
group of Susan Stagg–Williams at the University of Kansas.
The Pt surface coverage was sparse and noncontinuous. The
reported flux data are based on the interior area of the tubu-
lar membranes.

The oxygen flux through a bare LSFG tube at 10008C
with air on the oxygen rich side and helium sweeping the
lean side is used as a performance baseline. The corre-
sponding outwards and inwards flux were 0.29 and 0.22 ml
O2/min cm2, respectively. This inwards flux is comparable
with the ;0.10 ml O2/min cm2 reported by Kim et al.1 at a
temperature of 9748C on a LSFG tubular membrane of sim-
ilar dimensions. The factor of 2.2 difference between the
two independently recorded measurements is acceptable
considering that flux differences of factors of 10 and more
have been reported for other apparently identical mem-
branes. The maximum recorded nitrogen leakage in any
experiment was smaller than 0.010 ml N2/(min cm2) at 340
kPa, corresponding to an O2 leak smaller than 0.6% of the
total O2 flux rate.
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Figure 1 depicts experimental oxygen flux data for both
the bare LSFG membrane and the membrane with a sparse
Pt exterior surface layer. The oxygen flux increased as the
dimensionless oxygen-rich potential increased. Fout and Fin

of the coated tube exceeded that of Fout through a bare
LSFG tube operating under the same potential gradient by 70
and 90%, respectively. The difference in the flux between
bare and nanolayered Pt tubes diminishes with increases in
the dimensionless oxygen rich pressure, ph. The 70% out-
ward flux increase at ph ¼ 0.24 decreases to an interpolated
value of 18% at ph ¼ 0.60. However, the oxygen flux
through the Pt coated membrane exceeded that of the bare
one for all feed potentials tested.

The inwards flux for the Pt-coated membrane exceeded the
outwards flux. For example, at ph ¼ 0.24, Fout and Fin were
0.32 and 0.35 ml O2/min cm2, respectively. This directional de-
pendence was confirmed by repeated experiments, and is the
inverse of that observed for the bare tube. Furthermore, the
increase in the oxygen flux was larger when the Pt coating was
exposed to the oxygen rich gas, which is the inverse of previ-
ous theoretical analysis of a surface exchange enhanced tube.6

Experiments were conducted to determine the oxygen flux
at 10008C through a LSFG membrane on the exterior surface
of which a ;110-mm thick Pt layer was coated. These
experiments were conducted using LSFG prepared in-house
and a He/CO2 mixture as the sweep gas. The micro-Pt layer
coating decreased the outwards oxygen flux by 6.5% with ph

¼ 0.24 and a 1–20% decrease is measured at five other val-
ues of ph in the range of 0.12–1.20. Only one experiment at
ph of 0.06 resulted in a flux increase (10%).

Discussion

The increase in the oxygen flux upon the deposition of a
sparse Pt layer indicates that its presence decreases the sur-
face exchange resistance. The relative increase in the oxygen
flux is in good agreement with observations by Murphy

et al.7 The deposition of the Pt had a surprising impact on
the directional dependence of the flux through the tubular
membrane, which resulted in Fin � Fout. All previous analy-
sis predicted that the outwards oxygen flux exceeds that of
the inwards one, especially when the lean gas is exposed to
the surface with a greater surface exchange coefficient.5,6

Although there exists a small parameter space in the layered
membrane model6 for which Fin � Fout can be predicted,
the experiments reported here are conducted within a param-
eter range for which Fin � Fout is not possible. We believe
that the sparse platinum layer changed either the surface
exchange mechanism and/or the surface reaction kinetics.
Interestingly, when the membrane was coated with a thick
continuous Pt layer Fin � Fout as predicted by the model.

The oxygen flux through the membrane coated with a rela-
tively thick Pt layer was smaller than that through the bare
membrane. In contrast, coating the membrane with a sparse
platinum layer nearly doubled the oxygen flux under some
conditions. The decrease in the oxygen flux for the thick Pt
layer indicates that the impact of the decreased surface resist-
ance on the flux was smaller than the combined increase in
the diffusional resistance through the Pt and the resistance at
the Pt-membrane interface. It may also indicate that MIEC
surface sites required for the oxygen exchange are blocked
by the Pt layer, which does not conduct oxygen ions.

The fact that a surface sparsely populated with Pt led to a
higher flux than the bare MIEC suggests that a triple phase
consisting of (Pt)/(MIEC surface)/(oxygen gas) is involved in
the exchange process. Several different mechanisms may
explain the role of Pt in incorporating oxygen from the gas
phase into the ionic lattice. Explanations include:

i Pt facilitates the transfer of electrons from O2(ads) on
the MIEC surface;

ii O2� is produced at a MIEC surface site, and Pt stabil-
izes O2�;

iii Pt aides the adsorption of O2(g), and catalyzes its dis-
sociation to O2�.

To explain these effects consider the reaction sequence
(written in Kroger–Vink notation),

O2 þ SðsÞ $ O2ðads;MIECÞ (1)

O2ðads;MIECÞ þ 4e� $ 2O2�
ðads;MIECÞ (2)

2O2�
ðads;MIECÞ þ V��

o $ O�
o (3)

where Ss is adsorptive surface site, V��
o is an oxygen vacancy,

and O�
o is an oxygen ion on the oxygen lattice. The first and

second effects may be explained by reactions (1) and (2),
respectively.

The third effect may be due to either the reaction
sequence

O2 þ PtðsÞ $ O2ðads;PtÞ (4)

O2ðads;PtÞ þ 4e� $ 2O2�
ðads;PtÞ (5a)

2O2�
ðads;PtÞ þ V��

o $ O�
o (6a)

or the reactions,

Figure 1. Dependence of oxygen flux rate on ph for
LSFG tube coated with a 5–10 Å thick layer
of Pt (^, Fout

Pt ); &, Fin
Pt and for a bare tube (~,

Fout
bare). Temperature is 10008C.
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O2 þ PtðsÞ $ O2ðads;PtÞ (4)

O2ðads;PtÞ þ 4e� $ 2O2�
ðads;MIECÞ (5b)

2O2�
ðads;MIECÞ þ V ��

o $ O�
o (6b)

where Pt(s) is a Pt surface site. In reaction sequence (4)
through (6a), it is hypothesized that Pt transfers the O2�

directly to an oxygen surface vacancy, i.e., the participating
MIEC surface specie is an oxygen vacancy. In reaction
sequence (4) through (6b), surface migration of O2� occurs
from Pt to some MIEC site. Here, the triple phase is replaced
by a series of oxygen surface transfer steps.

The basic proposed mechanisms are not intended to fully
describe the entire set of possible reaction steps. The surface
exchange mechanism for a bare MIEC has only recently
been narrowed to a small set of likely steps, with many ques-
tions remaining.8 For example, the adsorbed oxygen specie(s)
could be any of the group O2�, 2O�, O2 and may or may
not share some charge with the bulk surface. Likewise, the
single limiting step could be adsorption of oxygen, oxygen
dissociation, or incorporation of oxygen. Once the surface
exchange mechanism on the bare MIEC tube is more reliably
known, the role of Pt may be clarified.

Conclusions

Adding a sparse Pt layer to the surface can increase the
oxygen flux because of an enhancement of the surface
exchange. A photo-lithographical deposition of a platinum
surface layer on the order of 5–10 Å thick enhanced the
ionic flux through the membrane by more than 90% in some
cases. The sparse platinum layer inverted the model predicted
directional dependence in the tubular membrane so that Fin

> Fout. On the other hand, deposition of a micro-layer of Pt
did not increase the oxygen flux but also did not invert the
predicted directional dependence.

Acknowledgments

The authors thank Susan Stagg–Williams and David Slade at the Uni-
versity of Kansas for preparing the Pt-coated membranes and for discus-
sions of its performance, and Allan Jacobson at the University of Hous-
ton for helpful advice and suggestions.

Literature Cited

1. Kim S, Wang S, Chen X, Yang YL, Wu N, Igantiev A, Jacobson AJ,
Abeles B. Oxygen surface exchange in mixed ionic electronic conduc-
tors: application to La0.5Sr0.5Fe0.8Ga0.2O3-d. J Electrochem Soc. 2000;
147:2398–2406.

2. Kim S, Jacobson AJ, Abeles B. Oxygen transport in La0.5Sr0.5Fe0.8-
Ga0.2O3-d membranes under both small and large oxygen partial pres-
sure gradients. Mater Res Soc Symp Proc. 1999;548:563–568.

3. Ishihara T, Tsuruta Y, Chunying Y, Todaka T, Nishiguchi H, Takita
Y. La(Sr)Ga(Fe)O3 perovskite oxide as a new mixed ionic-electronic
conductor for oxygen permeating membrane. J Electrochem Soc. 2003;
150:E17–E23.

4. Bouwmeester HJM. Dense ceramic membranes for methane conver-
sion. Catal Today. 2003;82:141–150.

5. Gerdes K, Luss D. Directional dependence of oxygen ionic transport
in a tubular miec membrane. Solid State Ionics. 2006;177:1157–1162.

6. Gerdes K, Luss D. Ionic transport in layered MIEC composite mem-
branes. Solid State Ionics. 2006;177:2931–2938.

7. Murphy SM, Slade DA, Nordheden KJ, Stagg-Williams SM. Increas-
ing oxygen flux through a dense oxygen permeable membrane by
photolithographic patterning of platinum. J Membr Sci. 2006;277:94–
98.

8. Adler SB, Chen XY, Wilson JR. Mechanisms and rate laws for oxy-
gen exchange on mixed-conducting oxide surfaces. J Catal. 2007;245:
91–109.

Manuscript received Jun. 18, 2006, and revision received Feb. 25, 2007.

AIChE Journal May 2007 Vol. 53, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1391


