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A novel perovskite-type mixed-conducting oxide of SrScy 5C09.0503.5 (SSC) was syn-
thesized by a combined EDTA-citrate complexing method. The 5 mol % of S¢>* doping
into the B-site of SrCoQOj.s (SC) through the sol-gel synthesis effectively stabilized the
oxygen vacancy disordered cubic perovskite structure of the oxide, and simultaneously
resulted in a substantial increase of the electrical conductivity. The oxide was fabri-
cated into dense ceramic membrane for oxygen separation by pressing/sintering
process. The oxygen permeation flux of the SSC membrane and the rate-determination
step of the permeation process were investigated between 750 and 900°C. The experi-
mental results demonstrated that SSC is a promising membrane for oxygen separation
with ultrahigh permeation fluxes, compared favorably with reported high oxygen semi-
permeable Bag sSrgsCogsFep-03.5 and SrCopgFep»03.s membranes under air/helium
gradient. At the condition of reduced temperature and low oxygen partial pressure at
the sweep side atmosphere, the permeation process was found to be rate-determined
mainly by the slow oxygen surface exchange kinetics at the air (feed) side membrane
surface based on the single cell oxygen permeation study. The activation energy for
the oxygen surface exchange and oxygen bulk diffusion was found to be around 126 kJ
mol~" and <62.1 kJ mol™", respectively. © 2007 American Institute of Chemical Engineers
AIChE J, 53: 3116-3124, 2007
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Introduction

Oxygen is one of the most important chemicals in the
world. Many industrial processes and other special fields like
military, aerospace, and medical applications, require oxygen
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or oxygen-enriched streams. Oxygen is normally obtained
from air by one of the three conventional processes: the dis-
tillation of cryogenic air (for large scale production), pressure
swing adsorption, and vacuum swing adsorption (for applica-
tion requiring oxygen purities <93%). The cost of the pro-
cess depends strongly on the required purity and the produc-
tion scale. On the other hand, some composite oxides with
defined structure, like perovskite, have mixed oxygen ionic
and electronic conductivity at high temperature.'™ The ce-
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ramic membranes made from such materials allow oxygen to
permeate through with infinite oxygen selectivity under the
driven of oxygen partial pressure difference across the mem-
brane.*® Such membranes have several potential applications
including: pure oxygen production, partial oxidation of meth-
ane to syngas, oxidative coupling of hydrocarbon to value-
added products, and oxygen-enriched combustion, and so
on.*'> As compared with the traditional oxygen separation
process, such as the distillation of cryogenic air, the advan-
tages of ceramic membrane process are obvious: simple in
operation, substantially reduction in capital cost both for
plant construction and the daily operation, and capable of
coupling reaction.

The oxygen permeation flux is one of the most important
parameters that usually have been first considered in the de-
velopment of new materials for commercial application
purposes.'®!” However, for most of the materials developed
up to now, their oxygen permeability is still too low to be
commercially considered.'®*° High permeation flux means
more compact of the reactor system; therefore a reduction
in capital cost for the reactor construction can be envis-
aged. Additional benefit of high permeation flux is the
effective protection of the membrane from reduction during
the coupling reaction.?’**> The high permeation flux ensures
a sufficient oxygen supply from the high oxygen partial
pressure side atmosphere (air side) to form a protecting ox-
ygen layer on the membrane surface at the sweep side, thus
suppressing the consumption of the lattice oxygen of the
membrane material by the reducing atmosphere.”' The de-
velopment of new membrane materials with high oxygen
permeability and phase/chemical stability is critical in
accelerating the industrial scale application of mixed con-
ducting membrane.

The oxygen permeability of the membrane is strongly
dependent on the material structure and composition.”* >
Compared with other phase structures like fluorite?®>* and
K,NiF,,> the perovskite membranes displays much higher
oxygen permeability with favorable phase/chemical stabil-
ity.26_28 The perovskite is a group of oxides with a general
structure of ABOs. The BOs; atoms form the framework of
interconnected octahedral with B ion at the corners. Elements
for the A sites can be chosen from cerium, calcium, barium,
strontium, or various rare earth metals to form 12 coordina-
tion with adjacent oxygen ions. The B site can be occupied
by cobalt, iron, or other transition metal ions. The advantages
of perovskite as oxygen separation membrane material lie on
its compositional versatility, high electrical conductivity, and
favorable structural and phase stability. More than 90% of
the metal elements in periodic table can be doped to form a
stable perovskite structure. Some perovskites can be strategi-
cally formulated to simultaneously possess high electronic
and oxygen ionic conductivities, which ensure the high oxy-
gen permeability.*”*°

Earlier, we reported the influence of S doping in the
B-site of SrCoO;.s on its lattice structure/phase stability,
electrical conductivity, and cathode performance for interme-
diate-temperature solid-oxide fuel cells.>' It was found that
SrCo05_5 doped by 5 mol % of Sc** resulted in a very stable
cubic perovskite structure and the highest electrical conduc-
tivity. In this article, we further investigated the potential of
using this new perovskite as a mixed conducting ceramic
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membrane for air separation. The membrane was prepared by
a combined dry pressing and sintering method. Oxygen per-
meation was studied by exposing the membrane under air/
helium gradient. For a more in-depth understanding, the rate-
determination steps for oxygen transport process were clari-
fied by theoretical and experimental investigation.

Experimental

SrCo05_5 (SC) and SrScg 05C00.0505.5 (SSC) oxides were
synthesized by a combined EDTA-citrate complexing sol—gel
process. Sr(NOs3),, Co(NO3),-xH,0O, and Sc,O5 (all in A.R.
grade) were applied as the raw materials for the metal-ion
sources.”’ For a typical synthesis, 0.2689 g Sc,0; powder
was first dissolved in 0.82 mL HNOj; (14.50 mol L™ ') solu-
tion at 90°C under stirring. The as-obtained Sc(NOj3); solu-
tion and 16.5072 g Sr(NO;3), and 88.44 mL Co(NOs;),
(0.8379 mol Lfl) were mixed with 90 mL deionized water
to obtain a mixed solution under stirring. 45.56 g EDTA acid
powder was dissolved in 117 mL NH;3-H,O (13.33 mol LY
solution at a parallel experiment, which was then added to
the mixed solution, followed by the addition of 65.64 g citric
acid. NH;-H,O was used to maintain the pH value of the sys-
tem at ~6. Under stirring and gentle heating at 90°C, a clear
pink colored solution was obtained. A viscous gel was finally
obtained with the evaporation of the water. The gel was pre-
treated at 250°C for primary decomposition and the forma-
tion of a gray solid precursor, which was then fired at vari-
ous temperatures in air for 5 h to result in the final product
of SSC. The powder calcined at 900°C was pressed into
disk-shape green membranes with a diameter of 15 mm,
which were then sintered into dense membranes at 1100°C
for 5 h under stagnant air. The sintered membranes had a
diameter of 12—13 mm and thickness of 0.7-1.5 mm.

The phase structure of the samples was investigated using
a Bruker D8 Advance diffractometer with Cu Ko radiation.
The experimental diffraction patterns were collected at room
temperature by step scanning in the range of 10°< 6 < 90°.

The electrical conductivity was measured by the four-
probe DC method on sintered bars under air upon cooling
from 900 to 300°C, 5°C per step. Silver paste was painted on
the bar edges (separated by a distance L) to form current and
voltage electrodes. Two silver wires acted as current contacts
while the other two sliver wires acted as the voltage contacts,
which were attached to the electrodes using silver paste. The
sample was placed in a vertical split tube furnace. A constant
current was applied to the two current wires and the voltage
response on the two voltage wires were recorded using a
Keithley 2420 source meter. The current was increased from
1 ptA to a maximum value of 2A.

Symmetric cell configuration was used for the determina-
tion of the activation energy for oxygen surface exchange
over SSC membrane. Two nominally identical SSC cathodes
(121 cm?) were deposited on each side of the Smgs-
Ce.3501 925 electrolyte pellet by painting technique and cal-
cined at 1000°C for 5 h under static air atmosphere. Imped-
ance measurements were performed using an electrochemical
workstation based on Solartron 1260A frequency response
analyzer together with a 1287 Potentiostat/Galvanostat. The
two-electrode cells were tested under air at open circuit volt-
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Figure 1. The diagram of the set-up for the oxygen per-
meation measurement.

age with the frequency range of 0.1-10° Hz and applied AC
voltage amplitude of 10 mV.

Permeation properties of the membranes were investigated
using a high-temperature oxygen permeation cell as shown in
Figure 1. Silver paste was used as the sealant to seal the
membrane disk onto a dense quartz tube. An inner surface
area of around 0.45 cm” was exposed for permeation study.
The sidewall of the membrane disk was also covered with
the silver paste to avoid radial contribution to the oxygen
permeation flux. Helium was used as the sweep gas to carry
the permeated oxygen to a Varian 3800 gas chromatography
(GC) equipped with a 5 A molecular sieve capillary column
for in-situ gas composition analysis. Helium also acted as the
diluted gas to create the oxygen partial pressure gradient
across the membrane. Helium flowrates were controlled by
DO07-19/ZM Mass Flow Controller and D08-8C/ZM Flow In-
tegrator (with an accuracy of * 2 mL/min). The detection
limit of oxygen permeation flux by GC was 0.004 mL/(min
cmz), values lower than which will be became undetectable.

Results and Discussion

Figure 2 shows the room-temperature X-ray diffraction
patterns of SC and SSC powders prepared by calcination of
the sol-gel precursors at 1000°C for 5 h under air atmos-
phere. SC oxide demonstrates the typical 2-H hexagonal per-
ovskite, while SSC displays the pure phase cubic perovskite
structure. It suggests that the small amount of Sc** (5 mol %)
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doping into the B-site of SC effectively stabilized the cubic
perovskite phase. Depending on the operating temperature,
oxygen partial pressure of the environment, thermal history,
and synthesis methods, SC can take several crystal structures:
2H-type hexagonal perovskite, oxygen vacancy-ordered
brownmillerite, rhombohedral perovskite, or cubic perovskite
structure. However, only the cubic perovskite is the oxygen
vacancy disordered structure giving the best oxygen perme-
ability. Under the oxygen permeation condition, the SC
membrane may experience a large oxygen partial pressure
gradient and complicated thermal environment/history.
Therefore the phase transition may be accompanied during
the operation,® which is highly detrimental to the integration
of the membrane because a large dimensional change may be
accompanied, which can lead to the failure of the membrane
reactor. The cubic structure of SSC was found to be stable
from room temperature to high temperature under oxygen,
air or argon atmosphere.31 It therefore suggests the effective-
ness of the small amount of Sc** to stabilize the cubic per-
ovskite of SC phase.

The electrical conductivity of SC and SSC was measured
by the four-probe DC method under pure oxygen, air or ar-
gon atmosphere, and the results are shown in Figure 3. The
2H-type hexagonal perovskite structured SC shows relative
lower conductivity. A value of only ~4 S cm ' was
observed at 300°C under air atmosphere. With the increase
of the operation temperature, the conductivity increased
steadily and reached a value of 24 S cm™ ' at 900°C. The
slight enhancement of electrical conductivity with the
increase of oxygen partial pressure in the atmosphere indi-
cates the P-type conducting mechanism. However, the small
amount of Sc®* (5 mol %) doping into the lattice structure
of SC, i.e., the formation of SSC resulted in the substantial
increase of the electrical conductivity, which reached about
140 S cm™ ! at 300°C under air. SSC showed the semicon-
ductor behavior at the relatively low operation temperature,
characterized by the increase of the conductivity with the
increase of operation temperature, until it reached a maxi-
mum value of ~176 S cm™' at ~410°C. With the further
increase of the operation temperature, the electrical conduc-
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Figure 2. Room-temperature X-ray diffraction patterns

of SC and SSC powders calcined at 1000°C.

The index of SC and SSC was based on the 2H-type hexag-
onal and cubic perovskite structure, respectively.
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Figure 3. A comparison of the temperature depend-
ence of the conductivity of SSC and SC
under air.

tivity of SSC started to show the metal-like behavior, i.e.,
the decrease of the electrical conductivity with the increase
of the operation temperature. However, the conductivity of
SSC still reached 70 S ecm™ ! at 900°C, which was about
three times that of the SC at the same condition.

It is suggested that the electronic conduction was created
via the overlapping of the oxygen 2P orbital with the transi-
tion metal 3D orbital through a mechanism named as the
Zerner double exchange process as shown below™>:

B™ — 0%~ — B+ — BirtD+ _ - — gnt+
= B(11+l)+ _ 027 o Bn+

In the cubic perovskite phase, the angle of the B—O—B
bond is 180°, most favorable for the electronic conduction
because of the complete orbital overlapping. On the other
hand, the cubic perovskite also allows the highest degree of
freedom for oxide ion and electron to transport due to the
highest symmetric mobility for the 3D; therefore, it also pro-
motes the maximum oxygen ionic conductivity.
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For the ceramic membranes with mixed oxygen ionic and
electronic conductivity, when the permeation process is con-
trolled by the bulk diffusion, the oxygen permeation flux can
be expressed by Eq. 1:

InPg
RT Oion * Oe
Jo, = — —. Zion e dllnP 1
0, 42F?], / Gion + Te [n 02] (D
lnPg2

Pgsz, P’C’)S2 are the oxygen partial pressures at the feed side
membrane surface and sweep side membrane surface, respec-
tively, oion and o, are the oxygen ionic and electronic con-
ductivity, respectively, L is the thickness of the membrane.
The increase of both electronic and oxygen ionic conductiv-
ity suggests that a much higher oxygen permeation flux could
be achieved for membrane based on SSC as compared with
that of its parent compound SC.

Disk-shaped membranes from SSC perovskite oxide were
employed for oxygen permeation study. Figure 4 shows the
typical SEM morphologies of the SSC membranes after sin-
tering the green membranes at 1100°C in air for 5 h. It
clearly shows that the resulted membranes were well sintered
with small amount of closed holes trapped inside the mem-
branes. No connected pores penetrated the membrane was
observed from the SEM of the crosssectional view of the pel-
let. The gas tightness was confirmed by the gas leaking test
detected by the GC method at room temperature. The relative
density is higher than 95% as measured by the Archimedes
method using water as media. The sintered membrane does
not have a distinguished grain boundary, especially at the
cross section. This is very different from that of BagsSr .
CoosFe0203.5 (BSCF)! or Lag,6S10.4C00.5Fe0.205.5 (LSCH)™
membranes sintered at similar conditions. The estimated
grain size for the 1100°C sintered SSC membrane is 4-10 pm.

The obtained membranes were sealed with Ag paste onto
the top of quartz tubes. The reactor was slowly heated to
950°C and maintained at 950°C for half hour to soften the
Ag seals. The softened Ag provided the required sealing.
The membrane was cooled down to 900°C, followed by the
introduction of the sweep gas of helium to create an oxygen
partial pressure gradient across the membrane. A net oxygen
flux permeated from the air side to the sweep side was im-
mediately observed. The oxygen flux resulted in the increase
of the oxygen partial pressure at the sweep side, which re-
versely led to the decrease of oxygen permeation rate until a
steady permeation flux was reached. Figure 5 shows the
steady state oxygen permeation fluxes of SSC at constant he-
lium sweep rate of 100 mL min ' [STP] and oxygen partial
pressure of the sweep side atmosphere (P() ) of 0.014 atm. A
quite high oxygen permeation flux was observed, which is
comparable with that of the high-permeable perovskite
BSCF*?'5 and SrCooAgFeoA203_5l’35’36 membranes under the
similar operation conditions. For example, a permeation flux
as high as 3.1 mL-cm 2 -min~ ' [STP] was reached at
900°C; and even at 675°C, the oxygen flux still arrived at
about 0.26 mL-cm ™ >-min . On the contrary, the SC mem-
brane before the phase transition from 2-H hexagonal struc-
ture to perovskite showed negligible permeation flux.*> The
significant higher permeation fluxes of SSC as compared
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(b)

Figure 4. SEM morphologies of the SSC membranes
after sintered of the green membranes at
1100°C for 5 h under air.

(a) Surface section, (b) cross section.

with that of SC membrane demonstrated the importance and
effectiveness of the strategic doping of small amount of Sc>*
in promoting the oxygen permeability of the oxides. In con-
nection with the XRD and the electrical conductivity results,
the higher oxygen permeation rate can be attributed to the
successful transformation of the oxygen vacancy ordered
2H-type hexagonal structure to the much more conductive
oxygen vacancy disordered cubic perovskite structure.

For the oxygen permeation through a dense ceramic mem-
brane composed of the mixed oxygen ionic and electronic
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conducting oxide, the oxygen surface exchange rates at either
or both sides of the membrane surface(s) and the oxygen va-
cancy bulk diffusion process may all have important impacts
on the oxygen permeation fluxes. Each of them or a combi-
nation could be the rate-determination step for the oxygen
permeation. If the permeation process is mainly rate-deter-
mined by the slow oxygen bulk diffusion process, the thin
membrane technology can be applied to increase the permea-
tion flux. However, if the permeation process is mainly rate-
determined by the slow oxygen surface exchange kinetics,
the further decrease in the membrane thickness would have
no obvious effect on the improvement of the flux. Instead, a
modification of the surface properties will be of great help.
Therefore, recognition of the rate-determination step of the
oxygen permeation process is of practical importance. Typi-
cally, the investigation of oxygen permeation fluxes through
membranes with different thicknesses is applied to determine
the rate-determination step in oxygen permeation process.
However, it was very difficult to ensure that these mem-
branes with different thickness have identical surface mor-
phologies and bulk properties. The use of improper mem-
branes could lead to misleading conclusions. Furthermore, it
is not able to distinguish which surface exchange reaction is
the rate determination step simply by varying the membrane
thickness. The determination of the rate-limiting step of
oxygen permeation process from the single cell permeation
measurement then has intrinsic advantages.

For the ceramic membrane with mixed oxygen ionic and
electronic conductivity, the permeation flux through the
membranes under the driving force of chemical potential dif-
ferential could be expressed by Egs. 2 and 337

_lo,

Jo. =4

@)
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Figure 5. The steady state oxygen permeation fluxes of
SSC membrane at constant helium sweep
rate of 100 mL min~' [STP] (Curve 1) and at
constant oxygen partial pressure of the
sweep side atmosphere (Pg) of 0.014 atm
(Curve 2).
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where I, is the current density; Eg;, Es», E,, the chemical
potentials inputted at the surface of high oxygen partial pres-
sure, the low oxygen partial pressure and the bulk, respec-
tively; Rsy, Rso, and R, the resistances to surface oxygen
exchange at high oxygen partial pressure side (S1), at the
low oxygen partial pressure side (S2), and the resistance to
oxygen bulk diffusion, respectively.

The chemical potentials inputted at the surfaces and bulk
are:

RT . P
Esi = In > (4)
Pg,
RT P/lx
ESZ = E . 1'11__)7/0/2 (5)
02
RT = P§
Ep=—.In—2 (6)
4F T PE

where P(, , P{, , P§ , PS5 are the oxygen partial pressures at
the oxygen feed side atmosphere, sweep side atmosphere,
feed side membrane surface, and sweep side membrane sur-
face, respectively.

The resistance to oxygen surface exchange can be calcu-
lated based on Eq. 7.%®

R RT 1
S S42F2K 3/V Voo]

)

where S is the membrane surface area, K the surface
exchange coefficient, V,,, the mole volume of the oxide, and
[V&]s the oxygen vacancy concentration at the surface.

The oxygen vacancy concentration can be related with the
oxygen ionic conductivity byg:

4F2[VID
Oion = # (8)

where D, is the oxygen diffusion coefficient, and o;,, the
oxygen ionic conductivity.

The oxygen ionic conductivity can be further related with
the oxygen partial pressure by the empirical equation”'

(C))

_ o —n
Oion = —Ojg P02

o

O%n 18 the oxygen ionic conductivity of the material at the
standard condition.
Combining (7), (8), and (9) gives

RT 1

R, = .
‘ 22 7 RTV,, .
S42F2K % ‘z'FZD (Pf)z) n

(10)

The oxygen permeation flux for the SSC membrane can be
calculated based on any of the following three equations:

/ N
P, .(i_ o (P RTVm) an

=S-K-In
PS \Vn 4F2D,
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P”S 3 62 - (PSY".RTV,,
—S K-In = ion ( 02) (12)
P” Vi 4F2D,
lnPé’)S2
RT - =
foz:_m‘ / GiondlnPOz:a[(ng) "_(sz) 7}
InPg,
13)
where
a=—al -RT/4*F’n (14)

When the permeation process is rate-limited by the slow
oxygen surface exchange at the feed side membrane surface,
the permeation flux can be expressed by:

Jo,

s5)

Pl . ( 3 101’1 (P/l )7’1

P” Vi 4F2D,

-RTVm)
If it is rate limited by the slow oxygen surface exchange of
the sweep side membrane surface, the permeation flux can be
expressed by:

(16)

Jo, Py, (3 08 (Pp,) " RTV,
7 \Va 4F?D,

Under the slow bulk oxygen diffusion controlling of the per-
meation process and with overwhelming electronic conduc-
tivity of the oxide, the permeation flux can be rewritten as
Eq. 17.

lnPg2

RT ) )

Yo =~ ppp / Gion - d1n[Po,] = a[(PL,) ™" = (Pp,) "]
lnIPL)2

a7

Based on Eq. 17, at fixed P, " Joo should increase with the
decrease of sz when the permeation process is rate-deter-
mined by the slow oxygen bulk diffusion. However, if the
permeation process is rate-limited by the slow surface
exchange kinetics at the feed side membrane surface, accord-
ing to Eq. 15, the decrease of P’c’)2 would have two opposite
effects on the permeation flux at the fixed P(, . The increase

/

P, . .
of In Pf,’z would lead to the increase of the permeation flux,

while the decrease of {— — o, - (PG,) " -RTVm] with the

decrease of P{, would lead to the decrease of the permeation
flux. As a whole, J,, could increase or decrease with the
decrease of Pg , depending on the relative importance of

/

Po 3 /L .
Inz* and [V*— — 0%, - (Po,) -RTVm} on the permeation
02

flux. A decrease or constant of Jo, with the decrease of P’(’)2
strongly suggests that the oxygen permeation process is
mainly rate-determined by the slow oxygen exchange at the
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Figure 6. The PZ,Z dependence on the oxygen permea-
tion fluxes though SSC membrane at various
temperatures with ambient air applied as the
feed side atmosphere and varied PQS2 created
by the changing of the helium sweep rate.

air side membrane surface. If the permeation process was
totally rate-determined by the slow oxygen exchange at the
sweep side membrane surface, the permeation flux would
increase with the decrease of Pf, . More specifically, the per-

Oy
P/I .
/)

meation flux would be proportionally to the value of In

Figure 6 shows the Pf) dependence of the oxygen permea-
tion fluxes through SSC membrane at various temperatures
with ambient air applied as the feed side atmosphere and var-
ied P{, by the changing of the helium sweep rate. It was
found that the permeation flux increased with the decrease of
sz within the investigated oxygen partial pressure range
from 0.005 to 0.065 atm at 900°C, and 0.026 to 0.005 atm at
850°C. However, at the temperature of 800 and 750°C, the
permeation flux first increased with the decrease of P¢, and
then decreased. For example, at 800°C, the permeation flux
increased with the decrease of P, within the P, range of
0.002 to 0.004 atm, and then decreased with the further
decrease of P(, . Based on above modeling, the decrease of
P{, led to the increasing importance of surface exchange in
the rate determination of the oxygen permeation process.
Therefore, the decrease of oxygen permeation flux with the
decrease of sz at 750 and 800°C at relatively lower oxygen
partial pressure strongly suggests that the permeation rate
was mainly rate-determined by the slow surface exchange
kinetics at the feed side membrane surface.

It is well known that the activation energy (E,) for oxygen
surface exchange and bulk diffusion may differ significantly
from each other. The occurrence of rate determination of the
oxygen permeation process by the slow surface oxygen
exchange at the relatively low operation temperature strongly
suggests that the oxygen surface exchange kinetics had
higher activation energy than that for the oxygen bulk diffu-
sion. The impedance spectroscopy can be used to learn the
information of the surface exchange process. For the oxygen
reduction over mixed conducting cathode, oxygen was first
adsorbed on the cathode surface and dissociated into oxygen
ion, which was then incorporated into the bulk of the cathode
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or diffused along the cathode surface to the electrolyte-
cathode interface. Finally the oxygen ion was diffused into
the electrolyte layer. The impedance spectroscopy can get
the information of the resistance to the oxygen surface reduc-
tion and the oxygen transport within the bulk of electrode.
Different shapes of the impedance spectroscopy should be
observed for the surface exchange kinetics or the bulk oxy-
gen diffusion as a limiting step in the oxygen reduction pro-
cess.*® Figure 7 shows the typical impedance spectroscopy of
the SSC as the cathode for SDC electrolyte. The symmetric
shape of the impedance spectroscopy suggests the oxygen
reduction over the SSC cathode was mainly rate-limited by
the slow oxygen surface exchange process, coincided with
the fact of thin layer of the cathode (10 pm) and the high
ionic conductivity of SSC. Therefore, the activation energy
(E,) derived based the temperature dependence of area spe-
cific resistance, measured by the symmetric cell configura-
tion, reflected the E, for the oxygen surface change, which
was found to be about 126 kJ mol ' on the basis of Figure
7. The E, for oxygen permeation derived from the 1000/T
dependence of log Jo, is the apparent E, which combines
oxygen surface exchange and oxygen bulk diffusion proc-
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Figure 7. The impedance spectroscopy of the SSC as
the cathode for SDC electrolyte.
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Table 1. Activation Energy for Oxygen Permeation Through
SrScy.05C09.0505.; Membrane

Temperature 750°C 800°C 850°C 900°C

750°C —  122.0kJmol~ ! 96.1 kJ mol ! 84.3 kJ mol !
800°C - - 66.8 kJ mol ™! 65.0 kJ mol ™!
850°C - - - 62.1 kJ mol !

d =091 mm, p’oZ = 0.21 atm, and pgz = 0.0144 atm.

esses. Table 1 shows the E, for oxygen permeation through
SSC membrane at different temperature zone at the constant
Pg, of 0.21 atm and Pg, of 0.014 atm. The apparent Ea is
found to increase with the decrease of the investigated opera-
tion temperature zone. Within the temperature zone of 750—
800°C, the E, for oxygen permeation is found to be around
122 kJ mol ™', which is close to the value of the activation
energy for the oxygen surface exchange process (126 kJ
molfl). In connection with the results of Figure 6, we can
conclude that the oxygen permeation process at 750-800°C
was mainly rate determined by the slow surface exchange
kinetics at the air side membrane surface. Because of the
higher E, of the oxygen surface exchange than the oxygen
bulk diffusion, the surface exchange kinetics increase more
quickly than the oxygen bulk diffusion with the increase of
operation temperature. Therefore, the importance of the oxy-
gen bulk diffusion in rate determination of the oxygen per-
meation process was gradually growing with the increase of
operation temperature and a decrease in the overall E, for
oxygen permeation would be then observed. Between 850
and 900°C, an average E, of 62.1 kJ mol ! was observed. It
therefore suggests that the E, for bulk oxygen diffusion
should be equal or less than 62.1 kJ mol .

Conclusion

About 5 mol % of Sc** doping into the B-site of SrCoO;.
s resulted in an effective phase transfer from the oxygen
vacancy ordered and structurally distorted 2-H hexagonal
perovskite to the oxygen vacancy disordered cubic perovskite
structure. Such a phase transition substantially increased the
electrical conductivity from only ~4 to ~180 S cm ' at
300°C. Ultra high permeation flux was observed for the SSC
membrane between 750-900°C, which are comparable with
that reported highly permeable Bag sSrgsCoggFep,05.5 and
SrCoq gFen,05.5 membranes. The permeation process of SSC
was found to be mainly rate-determined by the slow oxygen
surface exchange kinetics at the air side membrane surface at
reduced temperatures. To increase the oxygen permeation
flux at lower temperatures, future work should be focused on
the membrane surface modification, particularly at the air
sweep side. The activation energy for oxygen surface
exchange is around 126 kJ mol ', while the E, for oxygen
bulk diffusion is <62.1 kJ mol .
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Notation

Jo, = oxygen flux, mL - cm 2 min” !

Io2 = current density, A
F = Faraday, 96,500 C
E; = chemical potential inputted at the surface of high oxygen partial
pressure, V
E, = chemical potential inputted at the surface of low oxygen partial
pressure, V
E,, = chemical potential inputted at the bulk, V
Ry = the resistances to surface oxygen exchange at high oxygen par-
tial pressure side, Q
R, = the resistances to surface oxygen exchange at low oxygen par-
tial pressure side, Q
Ry, = the resistances to surface oxygen exchange at bulk, Q
T = operating temperature, K
R = gas constant, 8.314 J - mol 'K ™!
pé)z = oxygen partial pressure at the oxygen feed side atmosphere, Pa
PG, = oxygen partial pressure at the oxygen sweep side atmosphere,

Pa

p%ﬁ = oxygen partial pressure at the oxygen feed side membrane sur-
face, Pa

pgsz = oxygen partial pressure at the oxygen sweep side membrane sur-
face, Pa

S = membrane surface area, m>
V. = mole volume of the oxide, m>
[V5°]s = oxygen vacancy concentration at the surface
Gion = OXygen ionic conductivity, S cm ™!
g, = electronic conductivity, S cm !
Dy = Effective diffusivity of oxygen vacancy, m”> s~
Gion = OXygen ionic conductivity of the material at standard condition,
Scm-
n = n the power of oxygen partial pressure, dimensionless
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