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Oxygen Permeation Through Composite Oxide-lon
and Electronic Conductors

Keqin Huang,"? Michael Schroeder, and John B. Goodenough

Texas Materials Institute, The University of Texas at Austin, Austin, Texas 78713, USA

Oxygen permeation through composites consisting of four well-known oxide-ion conductors and a noble metal, Pd or Ag,
is reported. The oxides were o4l 10795 (YSZ), (Bij75Y0.2:03)095CeD)g 05 (BYCS5), Cg gSMy0149 (SSC), and

Lag gSry ;Gay Vg 1702 815 (LSGM). The results show that (BYC5 + Ag) yields the highest oxygen permeation flux, but the com-
posite deteriorates with time. The composites (SSC + Pd), (LSGM + Pd), and (YSZ + Pd) give stable, but relatively lower exygen per
meation flux in the order of (SSC + Pd) > (LSGM + Pd) > (YSZ + Pd). The composite microstructures indicate that (BYC5 + Ag) has
the best percolating network for both oxide-ion and electronic pathways while (SSC + Pd) has the longest triple-phase boundary lengths
with the smallest grains, which is beneficial to the surface oxygen exchange. It is shown that the microstructure of the composites,
which strongly influences the competition between surface reaction and bulk diffusion, is technically as important as the oxide-ion con-
ductivity. The activation energy appears to be related more to the morphology of the metallic phase than to that of the oxide phase.
These results suggest that (SSC + Pd) is a promising composite mixed conductor for applications requiring oxygen separation.

© 1999 The Electrochemical Society. S1099-0062(98)11-052-0. All rights reserved.

Manuscript submitted November 12, 1998; revised manuscript received January 5, 1999. Available electronically May 20, 1999.

Electrochemical synthesis of syngas via ceramic membranes has In this paper, we report measurements of oxygen permeation flux
been considered an economic and efficient alternative to transforran composite mixed conductors consisting of the oxide-ion conduc-
natural gas into liquid fuel. The central component of this elec-tors Zg Y101 95 (YSZ), (Bij 75Y0.2:03)g 05Ce0)g o5 (BYCDS),
trosynthesis is the oxygen-permeable ceramic membrane that Se; gSny ,0; 9 (SSC), and LggSry JGay gdVdg 1702 515 (LSGM),
solely an oxide-ion and electronic conductor at high temperaturesand a noble metal, either palladium or silver. The oxygen permeation
The use of mixed conductors with both high oxide-ion and electronfluxes of the above composites were measured with gas chromatog-
ic conductivity assures a high oxygen permeation flux and a fast suraphy. The compositions and microstructures of the prepared com-
face exchange rate. These membranes may be categorized into [jidsites were examined by X-ray diffraction (XRD) and scanning
homogenous mixed oxide-ion and electronic conductors (MIECsklectron microscopy (SEM), respectively.
and(ii) composite oxide-ion electrolytes and metals. Most of the Co- Experimental
containing single-phase perovskite oxidéspr example, are good
MIECs that belong to the first category since both oxide ions anc{hi
electrons inside these perovskites are mobile at elevated temper.

tures. A mixed oxide-ion and electronic conduction is also possibl . .

in a composite of an oxide-ion electrolyte and a noble metal if eacly'S'¢ Made in our laboratory. The starting BYCS powder was made
component has a percolation pathway through the composite, a co y solid-state reaction after calcining at 700°C, while the starting
cept patented by Mazanec et*&lThese composites function the SC and LSGM powders were the products of decomposition at

same way as the MIECs. An immediate example is the oxide-ior'1merme‘jlate temperatures of polymer precursors made by a wet-

conductor ¥Og-stablized ZrQ plus the noble metal B4 that has chemical method. The details of the procedures are described in Ref.
-

; . 0-12. The starting oxides had been thoroughly mixed with a
been shown to have an appreciable oxygen permeation rate at efe- ™. - .
vated temperatures. equired amount of PdO or silver powder. The mixtures were then

Eressed into 2.54 cm diam pellets before sintering at high tempera-

Preparation of composites A#t the composites investigated in
lis study were made by solid-state reaction. The YSZ powders were
urchased from the Tosoh Company, and all other oxide powders

on Iﬂg rgrl]%til(\:/ee %?v%n;igrie; Sofai?jcrghtgi;;e ?Lmal)r(:t(ij O(r:](;ndﬁgtn(zgdeegce)ﬂ ures. The sintering temperature for each composite is listed in Table
prep : 9 . At these temperatures PdO is reduced to elemental Pd.

mixed conductors produce higher oxygen permeation flux, but those X-ray diffraction and SEM.Fhe component phases and the

previously studied suffer degradation with thfielue fo either oxy- .| _reactivity between the oxides and Pd or Ag were examined with a
gen ordering or compositional alteration at the oxygen-lean side der X diff PW 1740 Th der diffracti
Composite mixed conductors, on the other hand, can yield a stab owder X-ray diffractometer k - The powder diffraction was
oxygen permeation flux, but v;/ith a relativel Iowér oxygen perme- anducted from 10 to 80° with a CloKarget and Ni filter. The

ygen p ’ y ygen p microstructure and elemental analysis of the as-prepared composites

ation flux. From the commercial point of view, stability of the oxy- - . :
gen permeation is the most important criterion. Therefore, compos"fmer polishing were observed with a JEOL 35C scanning electron

ite mixed conductors have been considered more attractive for indumlcrOSCOpe equipped with a Kevex energy dispersed spectrum sys-

trial applications even though they are relatively costly. Eealgkslgagﬁeeg t&:éi%ﬁ%igg l\iggyc:lgzg: e and metal phases. &

Measurement of oxygen permeation.—The sintered composite pel-

* Electrochemical Society Student Member. lets (~ 1.75 cm in diam) were ground on both sides with a diamond
Z E-mail: kghuang@mail.utexas.edu

Table I. Compositions and sintering temperatures of the composites.

(BYC5 + Ag) (SSC + Pd) (LSGM + Pd) (YSZ + Pd)
Oxide compositions (Bi1.75Y 0.2603)0.95 (CeO)g 05 CeygSmy 019 Lag gSlp 2Gay 8dM90.1702.815  ZM0.9Y0.101.05
Composite 60:40 66:34 60:40 60:40
Compositions (oxide:metal) 60:40
50:50
Sintering temp (°C) 900 1450 1450 1450
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tube fitting Figure 2. XRD patterns of the studied oxide-metal composites.

+ more eficiently than do the YSZ and LSGM phases. Small oxide
and metal grains increase the triple-phase boundary lengths at the
He inlet surface that are crucial for tha@hange rate of oxygen and they aid
) ) ) formation of percolating pathways for both the oxide ions and the
Figure 1. Experimental setup for oxygen permeation measurements. electronswhich further increases the oxygen permeation flux. The
permeation measurements of Fig. 4 show a higher oxygen flux in the
wheel into a desired thickness. The grinding also assuresakofo  (SSC + Pd) composite compared to that of the (LSGM + Pd) com-
contaminated surface layers. The fresh pellets thus obtained were thposite @en though the oxide-ion conductivity of the oxide phase is
mounted on the top of a supporting alumina tube with a glass sealingigher in LSGM than in SSC within the measuring temperature
ring that was ceered with a glass powder slurry to insure further seal-range.This finding demonstrates the importance of the microstruc-
ing. A weight ALO5 ring (same size as the supporting tube) on the topture of the composites. The microstructure of the (LSGM + Pd) com-
of the sample was also used to keep the seals leaktight while maiposite (Fig. 3c) also shows some regions with dark color. Even
taining the same permeation area on both sides of the sample. Theough energy-dispeks spectroscopy (EDS) indicates a Ga-rich
whole setup is shown in Fig. 1. The assembly was then loaded into ttdistribution in these regions, XRD does not show the presence of an
constant temperature zone of a vertical furnace and slowly heated &xtra phase. Furtheraxk is needed to clarify the composition and
900-930°C (for BYC5 sample, 750°C) to allow the glass to soften andhe role of these dark areas.
seal the assembly. For the BYC5 composite, a different glass powder The microstructure of the (BYC5 + Ag) composite (Fig. 3d)
with a lower softening point was chosen. The oxygen permeation flushavs both well-connected BYC5 and Ag networks, which ensures
was measured with a SRI 8610C gas chromatograph; helium that halde simultaneous migration of oxide ions and electrons through their
been passed through a moisture trap was used as the carry gas atan percolation pathways. The low melting points of BYC5 and Ag
fixed flow rate of 12 mL/min. Another helium source was used as thand their wettability could contribute to the formed microstructure.
sample sweeping gas with avleate of 10 mL/min for all the studied Figure 4 indicates an oxygen permeation rate more than one order of
samples; ambient air was the feeding gas. Any detectable nitragen wmagnitude higher in (BYCS5 + Ag) than in the other composite mixed
regarded as leakage, and the corresponding oxygen content was sutenductors een though the oxide ion conductivity does not differ
tracted from the measured value. If the leaking nitrogen concentratiothat much. These results confirm the importance of establishing
was abwe 0.1%, the measurement was discarded. The experimentgood percolation pathways for the metal as well as the oxide phase
proceeded in a cooling sequence in steps of 20°C from 900-930 tand indicate that wettability of the oxide and metal interfaces may
750°C (for the BYC5 + Ag composite, from 750 to 600°C). Since pre-provide an important parameter in the choice of an oxide-metal pair.
liminary measurements on the Pd-composite mixed conductors indi- Oxygen permeation flux.—Oxygen permeation fluxes of different
cated a stable oxygen permeation flux, we chogerakhours of equi-  composite mixed conductorstigure 4 compares the measured
libration time at each temperature for these composites. oxygen permeation fluxe¥o, for the composite mixed conductors.
Results and Discussion The (BYCS5 + Ag) composite shows a significantly highey than

i . . . . _ the other three composites; it possesses loweratoti energye,
X-ray diffraction.—he XRD patterns of composite mixed con and a better-netwoekl microstructure as shown in Fig. 3d.

ductors (Fig. .2) ShOW. only the two phases: the oxide and_the_ eI!al'Jnfortunatera slow decrease db, with time was found at high
mental palladium or silver. No extra phases were found, which indi

cates no reactivity occurred between the oxide and metallic phasé) mperaturesThis probably results from the partial reduction and

S - . se instability of BYC5 at the oxygen-lean side; no degradation of
atthe sintering temperatures. Thls observation assures t_he absenc hofconductivity of BYCS was observeden a week-long period in
ary unwanted insulating phase in the prepared composites.

Microstructual examinations.Fhe microstructures of the stud- an oxidizing atmosphe#.In contrast, the (SSC + Pd), (LSGM +

ied composites are shown in Fig. 3. An oxide matrix containing dis-PdLaanI (YSZ + Pd) composites all showed a stable oxygen perme-

persed metallic particles appears to be the general feature of the%‘on;lux under the Cond'tlonj of our I(r(]jealsureTents. #Jnllke the ac
compositesThis observation is consistent with the designed com-npedance measurement made on solid electrolytes, the oxygen per-

. e . > .- ._Mmeation measurement contains, in addition to the bulk transport
o ) ,
position containing 60 vol % oxide. Even though the oxide matrix 'Scontritution from the surfacexehange reaction that cannot be so

similar in each composite, the metallic phase exhibits different mor-__ . . STz

phologies. For exarrl?ple Fig. 3a and ¢ ghow large Pd particles in th asgy resoIVﬁd. -l—ShSeCLS%C;M eflectroll_ytﬁ lhahs. ih|thgr bﬁlk (OSXS'(?"W
' e . : onductvity than . Therefore, slightly higher Jgin the

YSZ and LSGM matrixbut much smaller particles in the SSC Pd) than in the (LSGM + Pd) is probably due to a lower surface-

betweon oxitcs and metals lead 1o the variations i microstrugiur§ STENJE GCiEton energy where the inteface tple-phase bound-
ry length is smallesee Fig. 3b. On the oxygen-lean siddower

It seems that the SSC phase prohibits the growth of the Pd particl SXygen partial pressure increases the mixed conductivity of SSC,
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Figure 3.Microstructures of the prepared oxide-metal composites (a) (YSZ + Pd), (b) (SSC + Pd), (c) (LSGM + Pd), and (d) BYC5+Pd.
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which contributes to the electron percolation pathway increases the
surface &change rate. Considering thaee a lower oxygen partial
pressure would be encountered with us syngas and in other
practical applications, an enhanced mixed conductivity of SSC could
reduce the amount of costly Pd needed to obtain an electronic per-
colating pathway. Therefore the (SSC + Pd) composite appears to be
the most promising candidate for oxygen separation, offering a rela-
tively high Jo, and lower costs. It is eth mentioning that Fig. 4
representérrhenius plots for different composite mixed conductors
under a iiked flow rate instead of axéd po, gradient. Howeer,
these plots indeed reflect the maximum values because the compos-
ite mixed conductors with lowelo, are alvays ecerted on a larger
po, gradient under a gén flow rate.

Theoretically E, of the oxygen permeation should be the same as
that for oxide-ion conductioag provided thatog is independent of
po, and bulk diffusion dominates the permeation process.
Practically however, none of the composites befeal ideally
Comparison of Fig. 4 with the published aation energies for
oxide-ion conduction in the pure oxides,E 0.78 eV for BYC5
from 750 to 600°G20.78 eV for SSC from 900 to 7509€0.82 eV
for LSGM from 800 to 750°&, and 0.87 eV for YSZ from 1300 to
700°C9) shows that the astition energy of the permeation flux for
each composite is higher. The (BYC5 + Ag) has the nearest values
because of its fast surface oxygewleangé® and well-connected
network. Presumablya slow surface oxygenxehange due to insuf-
ficient electron supply and/or generation caused by a poorly con-
nected metallic phase would take control of therall permeation

Figure 4.Comparisons of oxygen permeation flux among the studied com-Process in the other composites, which increases theiratioti

posites.

energiesThis question can be determined by measurements made
for several po, gradients. It is also found from our measurements
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Conclusions

XRD shows that under thewvgin preparation conditions, no reac-
tions take place between the oxides and the metals invibstigat-
ed composites (BYC5 + Ag), (SSC + Pd), (LSGM + Pd), and (YSZ
+ Pd). Microstructural examinationvemled significant morpholog-
ical differences in the composites. These differences correlate with
higher actwation energies for the permeation process in the compos-
ites compared to electrical conduction obtained by ac impedance
analysis in the pure oxides, which indicates possible surface reaction
control over bulk diffusion in the permeation measurements. Even
though (BYC5 + Ag) yields the highedt, among the tested com-
posites,its instability at lower oxygen partial pressure prohibits its
L use for the corersion of CH to syngas. The (SSC + Pd) composite
appears to be a promising composite for oxygen separation because
of the mixed conductivity of the oxide at Iqwo,, but the morphol-
ogy of the composite must be optimized. It is predicted that use of
CH, in a practical reactor would lower the percolation threshold
concentration of Pd needed for electronic percolation in a (SSC +
Pd) composite, which would reduce the cost of practical oxidation;
but partial oxidation on the surface of an oxide must compete with
total oxidation.
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