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bstract

GdBaCo2O5+δ layer was coated on the Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes to enhance their oxygen permeability by employing the
ast oxygen adsorption/desorption surface-exchange properties of the GdBaCo2O5+δ material. The oxygen flux of the coated and uncoated
a0.5Sr0.5Co0.8Fe0.2O3−δ membranes was measured in the temperature range of 600–850 ◦C. The results reveal that the oxygen-permeation flux of
he Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes coated by a GdBaCo2O5+δ layer shows significant enhancement. The GdBaCo2O5+δ layer coated on the
xygen desorption side (He side) has much effect than that coated on the oxygen adsorption side (air side). At 850 ◦C, the oxygen flux with a single
oating layer on the air side can rise 16%, while a single coating on the helium side will result into a rise of 23%.

2008 Published by Elsevier Ltd.
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. Introduction

Oxygen-permeation membranes have been of much interest
ue to the selected permeability of oxygen and its poten-
ial application in oxygen separation and partial oxidation of
ethane to syngas. However, only those membranes which have

igh oxygen-permeation flux can win practical applications. In
ecent years, research effort has been focused on materials and
echniques that can provide high oxygen-permeation rate. The
xygen transport in a membrane is limited mainly by two resis-
ive steps, i.e. oxygen exchange on the surfaces of the membrane
nd oxygen-ion diffusion in the membrane bulk. Therefore,
he oxygen-permeation flux can be significantly improved by
ecreasing the membrane thickness when the oxygen perme-
tion is mostly limited by bulk diffusion,1,2 or by coating the
embrane with a catalytic layer to enhance oxygen surface

xchanges when the oxygen permeation is mostly limited by the

xygen surface-exchange kinetics.3–5 The coated layer has two-
old functions depended on the material used. The first is that
t can increase the effective surface area, thus increase the oxy-

∗ Corresponding author. Tel.: +86 37167767671; fax: +86 37167766629.
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en exchange ability. The second is that coated materials have
higher oxygen activation (a higher oxygen surface-exchange

ate) than the base membrane materials, thus can also enhance
he oxygen exchange ability.

The oxygen-deficient double perovskite structure compounds
BaM2O5+δ (R = rare-earth element, M = Co, Fe, Mn), the so-
alled “112” phases, have attracted much attention in recent
ears because of their remarkable structure and oxygen trans-
ort properties. Their crystal structure can be regarded as a
ayered crystal A′A′′B2O6 by doubling the unit cell of stan-
ard perovskite structure and consists of consecutive layers
MO2]–[BaO]–[MO2]–[ROδ] stacked along the c axis. The
xygen ions in the ROδ layer can be easily varied in concen-
ration 0 ≤ δ ≤ 1 by means of heat treatment under appropriate
tmosphere.6–9 Taskin et al. have compared the oxygen diffu-
ion behavior of the double perovskite GdBaMn2O5+δ phase
ith simple perovskite Gd0.5Ba0.5MnO3−δ phase and they found

hat the oxygen-ion diffusion can be enhanced by orders of mag-
itude if a simple perovskite structure transforms into a layered
ne, because the layered structure reduces the oxygen bonding

trength and provides disorder-free channels for ion motion.10

im et al. have also reported that PrBaCo2O5+δ bulk materials
nd thin films have unusually rapid oxygen transport kinetics at
ow temperature (300–500 ◦C).11 In our pervious work, we have

mailto:xhu@zzu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2007.12.031
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nvestigated the oxygen adsorption and desorption behavior of
BaCo2O5+δ (R = Pr, Gd, Y) over a wider temperature range

400–900 ◦C).12 Our results show that the oxygen adsorption and
esorption rate constants ka and kd of these R112 compounds are
arkedly larger than those of simple perovskite structure, com-
only used, oxygen-permeation membrane materials, such as
a0.95Ca0.05Co0.8Fe0.2O3−δ and Ba0.5Sr0.5Co0.8Fe0.2O3−δ.13

owever, attempt to use RBaCo2O5+δ (R = Pr, Gd, Y) as
xygen-permeation membranes yielded negative results. Our
xperiments have shown that the RBaCo2O5+δ materials them-
elves are not good oxygen-permeation membrane materials.
he oxygen permeability of RBaCo2O5+δ membrane is very

ower comparing with the commonly used oxygen-permeation
embrane materials. This means that even though RBaCo2O5+δ

aterials have a fast oxygen exchange ability on the membrane
urface, but the oxygen-ion diffusion in the membrane bulk is not
esirable because the difference of oxygen vacancy in oxygen
nd nitrogen (�δ, V mol) was smaller than that of the commonly
sed membrane materials, so their oxygen-permeation flux JO2

as not as high as expected. On the other hand, the remark-
ble oxygen surface-exchange rates of these double perovskite
112 oxides opens a possibility to use them as a surface-coating

ayer on other oxygen-permeation membranes to obtain a more
aster oxygen surface exchange of the membranes, and thus to
nhance the oxygen-permeation flux membranes of the mem-
ranes.

Ba0.5Sr0.5Co0.8Fe0.2O3−δ was reported to be a
romising oxygen-permeation material with attrac-
ive oxygen permeability.14,15 The oxygen-permeation
ux of Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes is about
× 10−7 mol/cm−2 s (∼1 ml/cm−2 s) at 900 ◦C. Muydinov et
l. have investigated the dependence of oxygen-permeation flux
f Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes on their thickness.16

hey found that due to the surface limited properties even for
hin film membranes (2–5 �m thick) the oxygen-permeation
ux of these thin film membranes can only reach a value
f 1.6 × 10−7 mol/cm−2 s. They concluded that when the
hickness of the membranes is 1 mm thick or larger the oxygen
ermeability is controlled mainly by the oxygen diffusion in the
aterial. In Ref. 17 for a tubular BSCFO membrane with a wall

hickness 1.7 mm, the authors also found the oxygen perme-
bility is bulk diffusion limited with little or no contribution of
he surface exchange at temperature of 700–900 ◦C. However,
ccording to the investigation of Kharton et al., the oxygen
ux of La0.3Sr0.7CoO3−δ and La2Ni0.8Cu0.2O4+δ membranes
ith thickness ∼1 mm are significantly affected by the oxygen

urface-exchange rate.18,3 This may be indicated that for a
iddle thickness 1–2 mm both factors, the bulk diffusion and

urface exchange, may be acted simultaneously.
The purpose of the present study is to use the dou-

le perovskite oxides GdBaCo2O5+δ as a coating layer
n the Ba0.5Sr0.5Co0.8Fe0.2O3−δ membrane hopefully to
mprove oxygen permeability of the membrane by increas-

ng the oxygen exchange rate at gas/solid interfaces through
dBaCo2O5+δ coating. The experimental results show that the
dBaCo2O5+δ coating indeed enhances the oxygen-permeation
ux of Ba0.5Sr0.5Co0.8Fe0.2O3−δ membrane; if coating is
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sed on both sides of Ba0.5Sr0.5Co0.8Fe0.2O3−δ membrane the
xygen-permeation flux is 41% higher than that of uncoated
a0.5Sr0.5Co0.8Fe0.2O3−δ membrane at 850 ◦C.

. Experimental

.1. Sample preparation

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCFO) and GdBaCo2O5+δ

Gd112) samples were prepared by the solid-state reaction
ethod. GdBaCo2O5+δ (Gd112) samples were using Gd2O3,
aCO3, and Co2O3 as starting materials. The stoichiomet-

ic mixture was mixed and ground in an agate mortar. After
eated in air at 1000 ◦C for 20 h, it was ground into fine
owder (average grain size about 1.41 �m) for membranes coat-
ng. Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCFO) samples used BaCO3,
rCO3, Fe2O3, and Co3O4 as starting materials. The sto-

chiometric mixture was ground in an agate mortar. After
ecarbonation at 950 ◦C for 5 h, the powder was pressed into
isks with diameter 22 mm under a pressure of 120 MPa and then
ere heated at 1100 ◦C for 5 h in air with heating and cooling

ate 2 ◦C/min. The thickness of the membranes was controlled
o 1.48 mm after calcinations in order to comparing their oxy-
en flux at the same thickness. The bulk density of the uncoated
SCFO membranes is 4.96 g/cm3 which is about 86% of its

heoretical density.
The Gd112-coated BSCFO membranes were prepared with

pin-coating method. The coating paste was a mixture of 23 wt%
f Gd112 powder, 43 wt% of glycerol, 4 wt% of a glycol and
0 wt% of ethanol. The Gd112 layer was coated on one or both
ide surfaces of the BSCFO membrane using a spin-coating
pparatus operated at 4000 rpm for 30 s. Post-heat treatment was
onducted to remove the organic additives at 1100 ◦C for 5 h with
eating and cooling rate 2◦ min−1. The thickness of the Gd112
ayer was about 6 �m observed by SEM.

.2. Phase structure and microstructure observation

X-ray diffraction (XRD) analysis was carried out with
’tert Pro system using Cu K� radiation to investigate the
hase structures of the powder samples. The microstructure of
d112-coated BSCFO membrane was observed with a scanning

lectron microscope (SEM, Model JSM-5610LV, JEOL, Japan).

.3. Measurement of oxygen surface-exchange rates

A particle size analyzer (BT-3000A, Better, China) was used
o analyze the grain size distribution and specific surface of the
d112 and BSCFO powder. The average grain size is 1.41 �m,

nd 1.40 �m and the specific surface 1.62 × 104 cm−1, and
.85 × 104 cm−1 for Gd112 and BSCFO, respectively. The oxy-
en adsorption and desorption rate constants were measured
ith the thermogravimetry (TG) method. About 100 mg powder
ample was put into a thermal analyzer (SETARAM LabsysTM)
nd heated to 600, 700, 800, and 900 ◦C, respectively, in oxy-
en (purity >99%) flow. When the weight of the sample did not
hange any more, oxygen was exchanged with nitrogen (purity
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Fig. 2. XRD patterns of Gd112 and BSCFO powder samples.
Y. Wang et al. / Journal of the Europe

99.999%) quickly. Then nitrogen was exchanged with oxygen
gain when the weight did not decrease remarkably. The flux of
he nitrogen and oxygen was 30 ml/min.

.4. Oxygen-permeation measurement

Oxygen permeability experiment was carried out in a verti-
al high-temperature gas permeation measuring system. Fig. 1
ives a sketch of the experiment setup. One BSCFO mem-
rane disk was sealed to an alumina tube by high-temperature
eramic–glass glue which can result a perfect sealing and almost
o air leak.19 In the permeation system, the membrane with seal
as heated in air at a ramp rate of 5–10 ◦C/min to a temperature

bove the softening point of the Pyrex glass (920 ◦C), and kept
t that temperature for 0.5 h. And then cooling down to tempera-
ure range (850 ◦C) at which the oxygen permeation experiment
ill be performed. High-purity helium streams were introduced

o the inner sides of the membrane at a flow rate of 50 ml/min
ith the aid of a mass flow controller, and the outside of the
embrane was exposed to static ambience air. The composi-

ion of the effluent helium stream was analyzed with an Agilent
1790 gas chromatograph and the oxygen partial pressure was
alculated based on the oxygen content in He stream. The oxy-
en permeation experiment was performed in the temperature
ange of 600–850 ◦C with a temperature interval 50 ◦C.

. Results and discussion

The crystallographic phases of BSCFO and Gd112 pow-
ers were verified by XRD as shown in Fig. 2. Perovskite
nd double perovskite structures were found for BSCFO and
d112 samples, respectively. Moreover, a superlattice structure

ap × 2ap × 2ap, ap being the cell parameter of the cubic per-
vskite) was formed in Gd112 due to ordered distribution of
xygen vacancies along b axis.6

Fig. 3 shows the weight change ([(w(t) − w(0))/w(0)] ×

00) with time during the gas changing cycle (oxy-
en → nitrogen → oxygen) at different temperature for Gd112
nd BSCFO samples. It can be seen that the weights of two sam-
les decrease (releasing oxygen) when gas flow is changed from

Fig. 1. Sketch of oxygen permeation experiment setup.
Fig. 3. Weight change of the samples during oxygen → nitrogen → oxygen
cycle at different temperature for (a) Gd112 and (b) BSCFO powder samples.
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xygen to nitrogen and increase (absorbing oxygen) when gas
ow is changed from nitrogen to oxygen at each temperature.
eaching an equilibrium state in nitrogen is more difficult than

n oxygen. Moreover, the rate of weight change for BSCFO is
bviously smaller than that for Gd112. From these TG curves,
ne can calculate the oxygen adsorption rate constant ka and oxy-
en desorption rate constant kd based on the theoretical model
roposed by Zeng and Lin20 and van Hassel et al.21 and the detail
f the calculation can be found in Refs. 12 and 13. For a com-
arison the ka and kd values of Gd112 BSCFO are presented in
able 1. It can be observed that the ka and kd values of Gd112 are

arger significantly than those of BSCFO at each temperature,
hich indicates that Gd112 has faster oxygen surface-exchange
inetics than BSCFO.

The oxygen surface-exchange rate constant k of Gd112 have
een measured by Taskin et al. by examining the weight change
f single crystals of Gd112 as a function of time over a tempera-
ure range 250–600 ◦C10 and by Tarancon et al. using 18O/16O
sotope exchange depth profile (IEDP) method over a tempera-
ure range 299–686 ◦C.22 The tracer experiments result in much
ower values of k (7.4 × 10−8, 2.8 × 10−7, 1.3 × 10−7 cm/s for
96, 575, 686 ◦C) than that of the chemical diffusion experi-
ents (3 × 10−5, 8 × 10−5, 1 × 10−4 cm/s for 500, 550, 600 ◦C),

nd Tarancon et al. attributed this difference to the method used
ecause much higher values can be expected for the kinetic
arameters determined by chemical diffusion experiments as
heoretically shown by Maier.23 Despite of the large difference
f k, the activation energies in both methods are almost same,
hich is about 0.8 eV. Comparing our results (11 × 10−7 cm/s

or 600 ◦C, which is obtained using the method proposed by
eng et al.20 and Hassel et al.21) with the results of Taskin et
l. and Tarancon et al., it can be found that our result is very
lose to the Tarancon’s results. However, our result shows very
eak temperature dependence. If assumes the Arrhenius rela-

ion k = k0 exp(−E/kBT), the activation energy is about 0.035 eV
3.3 kJ/mol) which is one order smaller than the values obtained
y Taskin et al. and Tarancon et al. This may be caused by the
ollowing reason. The temperature range we measured is dif-
erent to Tarancon et al., in our case it from 600 to 900 ◦C,
hile from 299 to 686 ◦C in the measurement of Tarancon et

l. A single activation energy may not be used to cover a larger
emperature range because the activation energy may change
ith temperature. In the Tarancon’s measurements the value
f k at 686 ◦C (1.3 × 10−7 cm/s) is obviously smaller than the

alue at 575 ◦C (2.8 × 10−7 cm/s). The same situation can be
ound in our BSCFO sample, for which the ka decreases with
he increase of temperature. In these cases, the decrease of k with
he increase of temperature does not mean a negative activation

m
t
T
t

able 1
xygen adsorption and desorption rate constants ka and kd for Gd112 and BSCFO sa

Gd112 sample

600a 700a 800a

a (10−7 cm s−1) 11.09 12.13 12.10

d (10−7 cm s−1) 1.86 2.40 2.90

a T (◦C).
ig. 4. SEM micrographs of porous Gd112 layer coated on dense BSCFO
embrane, (a) surface of Gd112 layer and (b) cross-section.

nergy according to the Arrhenius relation, but a change of acti-
ation energy with temperature. Even though different methods
ay result different k for the same material at same tempera-

ure, using the same method to comparing k values for different
aterials is relatively creditable. Therefore, we calculated that

he oxygen surface-exchange rate constants of Gd112 are higher
han that of BSCFO.

Fig. 4 shows SEM micrographs of Gd112-coated BSCFO

embrane. As seen in Fig. 4(a), Gd112 layer is porous due to

he volatilization of organic solution during post-heat treatment.
his porosity would provide adequate diffusion pathway near

he surface and increase the effective surface area of Gd112

mples

BSCFO sample

900a 600a 700a 800a 900a

12.59 4.76 4.27 4.22 3.98
3.07 1.08 1.16 1.19 1.54
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ig. 5. Oxygen-permeation fluxes of unmodified BSCFO and Gd112-coated
SCFO membranes with temperature.

ayer. From the cross-section of Gd112-coated BSCFO mem-
rane (Fig. 4(b)), we can distinguish the porous Gd112-coating
ayer, which has approximately 6 �m thickness, from the dense
SCFO membrane.

The oxygen-permeation fluxes of the uncoated BSCFO mem-
ranes and Gd112-coated BSCFO membranes are shown in
ig. 5. The BSCFO membranes show significant enhancement in
xygen-permeation flux by coating Gd112 layer within the entire
tudied temperature. The value of oxygen flux through uncoated
SCFO membrane is 0.97 ml/min cm at 850 ◦C, whereas the
alues through the membranes of Gd112 coated on air side,
elium side and both sides are 1.13, 1.23 and 1.37 ml/min cm,
espectively, i.e. 16%, 27% and 41% higher than that of uncoated
SCFO membrane. The effect of the Gd112-coating layer on the

ncreasing of oxygen-permeation flux is remarkable.
If the oxygen-permeation flux of BSCFO membranes are

ulk diffusion limited when their thickness are larger than
mm according to Refs. 16 and 17 it will be vary hard to
nderstand the present experimental results because increas-
ng the surface-exchange rate is useless for a bulk diffusion
imited membrane. We propose two possibilities hear. Firstly,
he BSCFO membranes we used may not be totally bulk dif-
usion limited. We measured the oxygen-permeation flux for
ther three BSCFO membranes with thickness 1 mm, 1.5 mm
nd 2 mm, respectively, and found their oxygen-permeation flux
ere 1.11 ml/min, 0.97 ml/min and 0.78 ml/min at 850 ◦C. A
eparture from an inversion relationship between the oxygen-
ermeation flux and thickness is remarkable. Therefore, the
urface exchange limited effect also present in our samples.
ut what cause the difference between our sample and those
f Refs. 16 and 17 is not clearly known at the present time.
econdly, a coating layer may change the “effective” oxygen
ressure imposed on the membrane surface. On the high oxy-

en pressure side of the membranes, if the coating layer has a
ast oxygen adsorption ability while the membrane body has a
ower oxygen diffusion rate the oxygen ions will accumulate
n the coating layer, thus the surface of body membrane below

e
B
i

ramic Society 28 (2008) 3125–3130 3129

he coating layer will be subject a high oxygen “pressure”. This
xygen “pressure” enhances the oxygen flux and a new equilib-
ium state will be reached between the oxygen “pressure” and
he enhanced oxygen flux. On the low oxygen pressure side of
he membranes, the fast desorption ability of the coating layer
an lower the “effective” oxygen pressure, thus also enhance the
ux. If this conjecture is true, it means that a coating layer can
lso be used to enhance the oxygen-permeation flux even for a
ulk diffusion limited membrane. However, further experiments
re needed to investigate this point carefully.

Therefore, we concluded that the increase of the oxygen
uxes for our sample should be caused by the fast oxygen
urface-exchange ability of Gd112-coating layer as well as the
ncrease of the effective surface area. However, it is difficult to
istinguish which factor is the main factor that is responsible for
he increase of the oxygen fluxes. We have coated a BSCFO layer
n BSCFO membrane using the same method as coating Gd112
ayer. However, the increase of its oxygen flux is not obvious.
his may indicate that the fast oxygen surface-exchange abil-

ty of Gd112 is an important factor besides the increase of the
ffective surface area.

It should be noted that the increase of oxygen flux for the
embrane of Gd112 coated at the helium side is more remark-

ble than that of Gd112 coated air side. Single coating the air
ide will results a rising 16% for the oxygen flux at 850 ◦C, but
ingle coating the helium side will results a rising 23% for the
xygen flux at 850 ◦C. This is because that the oxygen desorp-
ion rate constant kd of BSCFO is much smaller than its oxygen
dsorption rate constant ka, so that the oxygen desorption at the
elium side will be a dominant control factor for the oxygen flux.
hus, improving the oxygen desorption rate of the helium side
ill be more effective. A similar result was also found by Muy-
inov et al. They found that applying a Pt sublayer on the low
(O2) surface of the membrane of BSCFO, it will increase the
xygen flux. While when applying the Pt sublayer on the high
(O2) surface, it does not alter the oxygen flux obviously.16

According to Tsai et al.24 the higher the oxygen-permeation
ate, the lower the flux activation energies. The flux acti-
ation energy, if assuming the Arrhenius relation JO2 =
0 exp(−EJ/kBT ) that can cover the whole temperature range
easured, will be 51.0 kJ/mol for the uncoated BSCFO mem-

rane and 41.6 kJ/mol for the Gd112-coated (both sides) BSCFO
embrane. This little decrease of flux activation energy seems

annot fully account the 41% increase of oxygen flux for the
d112-coated BSCFO membrane. The same situation can be

ound in Ref. 14 where the BSCFO membranes synthesized by
hree different methods resulting in different oxygen-permeation
ux but almost the same flux activation energies. Therefore,
ometimes the change of the oxygen flux may not be explained
nly by the change of flux activation energies.

. Conclusion
Thermogravimetric analysis reveals that the oxygen surface-
xchange rates of Gd112 are markedly larger than that of
SCFO, which suggests that Gd112 is potential catalytic coat-

ng materials on membranes to enhance oxygen permeability.
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omparing the oxygen fluxes of uncoated BSCFO membrane
ith the Gd112-coated BSCFO membranes leads to the con-

lusion that deposition of catalytic Gd112 layer can improve
he membrane performance significantly. The values of oxygen-
ermeation fluxes for BSCFO membranes surface-modified by
Gd112 layer on air side, helium side and both sides are 16%,
7% and 41% higher than that for uncoated BSCFO membrane,
espectively, at 850 ◦C.
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