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Oxygen concentration cells, with dense dual phase composite membranes made from erbia-stabilized
bismuth oxide and a noble metal (Au, Ag), were investigated in the temperature range 650±850 °C
under controlled oxygen partial pressure gradients. An electrochemical treatment was applied to
interpretation of the oxygen permeation data. It is found that the composite membranes exhibit high
oxygen permeability relative to the single phase bismuth oxide, since oxygen ions and electrons are
allowed to transport through the oxide and metal phase, respectively. The oxygen permeability of the
silver-containing composite is at least one order higher than that of the gold-containing one, which
can be explained by the fact that silver has a higher catalytic activity than gold for the surface oxygen
exchange reaction and thus less limitations are exerted on the overall oxygen transport.
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1. Introduction

Oxygen ion-electron mixed conducting materials hold
promise as dense membranes for separation of oxy-
gen from air [1] and manipulation of chemical reac-
tions especially at elevated temperatures such as
conversion of methane to synthesis gas (CO/H2) [2].
Mixed-conducting oxides with the ¯uorite and per-
ovskite structure have been found to possess good
oxygen permeability at elevated temperatures, typi-
cally above 700 °C. Besides the high oxygen perme-
ability, membranes should possess su�cient
thermodynamic stability over the used ranges of
temperature and oxygen activity, chemical stability
and compatibility in contact with other membrane
components, and mechanical stability [3]. It is di�-
cult to meet all these requirements in one single-phase
material. The improvement in some aspects is often
accompanied by the deterioration of others. To avoid
this dilemma, dual phase composite membranes made
from an oxygen-ion conducting oxide and an electron
conducting metal have been investigated [4±8]. In this
paper, an electrochemical approach is adopted to
interpret the results from oxygen permeability mea-
surements on dual phase composites of stabilized
bismuth oxide [9] and noble metal.

2. Concept and theory

Figure 1a gives a schematic representation of oxygen
permeation through the dual phase composite mem-

brane, in which the composite of erbia-stabilized
bismuth oxide and silver is used for the sake of il-
lustration. The equivalent circuit is also given in
Fig. 1b, which is established by viewing the oxygen
permeation as an electrochemical process [10]. As
shown in Fig. 1a, the permeation process consists of
transport of oxygen ions and electrons through the
respective phase, and oxygen exchange at three-phase
boundaries of oxide, metal and gas phase. Each of
these steps corresponds to a resistance in the equiv-
alent circuit.

As the oxygen permeation is driven by an oxygen
partial pressure di�erence across the membrane, it is
appropriate to express the driving force in terms of

E � lO2
�h� ÿ lO2

�l�
4F 0

� RT
4F 0

ln
pO2
�h�

pO2
�l� �1�

where lO2
(h) and lO2

(l) are the oxygen chemical
potential at the high and low oxygen partial pres-
sure side, respectively, pO2

(h) and pO2
(l) are the re-

spective oxygen partial pressure, F 0 is the Faraday
constant.

With the help of the given equivalent circuit
(Fig. 1b), one can arrive at the expression for the
internal current circulating in the oxide and metal
phase

i � E ÿ jg�h�j ÿ jg�l�j
Re � Ri

�2�

where g(h) and g(l) are the driving force consumed by
the surface process at the high pO2

and low pO2
side,
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respectively; Ri, Re are the electronic resistance in the
metal phase and the oxygen ionic resistance in the
oxide phase.

Inserting Ri�L/ri, Re�L/re into Equation 2
yields

i � rire

ri � re

E ÿ jg�l�j ÿ jg�h�j
L

�3�

where L is the thickness of the membranes, ri and re
are the conductivity of the oxide and metal phase,
respectively. Note that the term rire/(ri+re) is usu-
ally called the ambipolar conductivity ramp, which
was originally introduced to describe the joint
movement of ions and electrons in a medium.

In characterizing the membrane materials, per-
meation ¯ux JO2

and permeance FO2
(i.e., the ¯ux per

unit driving force) are the two key quantities, and in
this case they can be connected to the internal current
density i and the total resistance Rt via Faraday law:

JO2
� i

4F 0
� ramb

4F 0L
�E ÿ jg�l�j ÿ jg�h�j�

� ramb
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and

FO2
� JO2

E
� i

4F 0E
� 1

4F 0Rt

� 1

4F 0�Ri � Re � Rs�h� � Rs�l�� �5�

Equations 4 and 5 provide us fundamental expres-
sions for oxygen permeation through the dual phase
composite. Now let us examine the two extreme
cases. When the surface oxygen exchange process is
su�ciently fast relative to the transport of charged
species in the bulk of the membrane (i.e., g(h),
g(l) � 0, Rs(h), Rs(l) � 0), oxygen permeance is inv-
ersely proportional to the bulk resistance and thus the

thickness of the membrane. In this case, Equation 4
simpli®es to the one for oxygen permeation through
the single phase mixed conducting oxide based on
Wagner theory [1]. For the other extreme case that
the surface oxygen exchange process is much slower
than the bulk process, the oxygen permeance is then
determined by the surface resistance and thus inde-
pendent to the thickness of the membrane.

3. Experimental details

3.1. Sample preparation

Bismuth oxide powder stabilized with 25mol% erbia
(denoted BE25) was prepared by a solid state reaction
[9]. The appropriate amount of gold (Analar, BDH)
or silver (Specpure, Johnson-Matthey) powder was
mixed in a mortar with BE25 powder to prepare a
composite powder containing 40 v/o gold (denoted
BEAu40) or silver (denoted BEAg40). The composite
powder compacts were sintered in air at 860 °C for
16 h using both heating and cooling rates of
0.3 °Cmin)1. The sintered samples had 95% of the
theoretical density as determined by the Archimedes
technique (in mercury). The electrical resistance of
the samples measured at room temperature was
found to be very small, indicating that a three-di-
mensional continuous network was formed, thus
allowing transport of electrons.

3.2. Oxygen permeation measurements

Oxygen permeation experiments were performed with
disc-shaped specimens. The gold-containing specimen
had a thickness of 1.0mm and a diameter of 15mm,
and the silver-containing specimen a thickness of
1.6mm and a diameter of 15mm. The discs were
sealed into a quartz reactor with a volume of about
3ml using a Pyrex glass ring (trade name Duran,

Fig. 1. Schematic representation of oxygen permeation through bismuth oxide±silver composites. (a) Simpli®ed scheme for surface oxygen
exchange and bulk transport processes; (b) equivalent circuit for oxygen permeation.
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Schott Netherlands BV) by heating to 850 °C in
stagnant air. Ambient air was then fed into one side
of the disc specimen, while high purity helium
(UCAR Specialty Gases NV, pO2

� 1.1 ´ 10)4 atm)
was introduced to the other side to sweep away the
permeated oxygen. The oxygen and nitrogen con-
centrations in the e�uent at the gas outlet of the
permeate side were measured by gas chromatography
(Varian model 3400) with a molecular sieve column
(80±100 mesh, 6 ft s.s.). Due to the partial failure of
the glass sealing at temperatures below 750 °C, a
considerable amount of oxygen leaked into the low
pO2

side, as revealed by the presence of nitrogen.
Since the leaked oxygen ¯ux is equal to the nitrogen
¯ux times the ratio of oxygen to nitrogen in the feed
gas, the oxygen ¯ux that permeated through the bulk
of the dense membranes was estimated by subtracting
the leaked oxygen ¯ux from the total oxygen ¯ux
measured.

In the permeation cell, the membrane surface area
exposed to the gas phase at the permeate side was
somewhat reduced compared with that at the feed
side due to the glass sealing method. This complicates
the ¯ux pro®le in the bulk of the membrane, and an
appropriate data processing method has to be used.
In the present study, the oxygen ¯ux, JO2

(mol cm)2 s)1), was normalized on the available geo-
metric surface area at the permeate side of the
membrane, and the permeance FO2

(mol cm)2 s)1) was
calculated from

FO2
� 1

G
JO2

E
�6�

Where G is a dimensionless factor that accounts for
the above mentioned e�ect of nonaxial di�usion. The
values of G were obtained from a two-dimensionless
analysis of Fick's di�usion equation (in cylindrical
coordinates) solved under the appropriate boundary
conditions assuming an isotropic di�usion coe�cient
[10]. For the 1.6mm thick silver-containing compos-
ite membrane a value of 1.24 for G was calculated.
For the 1.0mm thick gold-containing composite the
corresponding value was 1.15.

4. Results and discussion

The oxygen permeation ¯ux and the calculated per-
meance for the 1.0mm thick gold-containing and the
1.6mm thick silver-containing composite membranes
are plotted in Fig. 2 as a function of temperature.
For comparison, the oxygen ¯ux values through a
0.7mm thick single phase bismuth oxide and the
permeance are also given [11]. The oxygen partial
pressure at one side of the permeation cell, pO2

(h),
was kept at 0.209 atm by passing ambient air, while
at the other side the oxygen partial pressure, pO2

(l),
was maintained in the range 2.5 ´ 10)2 to
2.0 ´ 10)3 atm by sweeping the membrane surface
with high purity helium. The given oxygen ¯uxes
have been corrected for the leakage that resulted

from the partial failure of the glass sealing. The
percentages of the correction can be found in Ta-
ble 1. The permeated ¯uxes are dominant for
BEAg40 at T ³ 800 °C and for BEAu40 at
T ³ 750 °C, as marked by the ®lled symbols in
Fig. 2. The open symbols in Fig. 2 represent the case
where a considerable amount of oxygen detected at
the low pO2

side had leaked from the high pO2
side.

The open points fall on the same straight lines as the
®lled points which gives con®dence in the reliability
of the applied correction procedure.

As can be seen from Fig. 2, the presence of the
percolative metal network in both composite mem-
branes results in a net increase in the oxygen perme-
ation ¯ux. Compared with that observed through the
single phase bismuth oxide, the oxygen ¯ux through

Fig. 2. Temperature dependence of the (a) oxygen ¯ux and (b)
permeance of (s, d) 1.0mm thick BEAu40 composite
(pO2

(l) � 0.0096 atm at 850 °C; pO2
(l) � 0.0021 atm at 750 °C),

(h, j) 1.6mm thick BEAg40 composite (pO2
(l) � 0.024 atm at

850 °C; pO2
(l) � 0.016 atm at 750 °C). Data obtained for 0.7mm

thick single phase BE25 (pO2
(l) � 0.0001 atm) from previous work

[11] is given for comparison (dashed lines). The ®lled symbols
represent the case that the permeate ¯ux rather than leaked ¯ux is
dominant, while the open symbols represent the case that consid-
erable amount of oxygen leaked into low pressure side (see also
Table 1).
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the gold-containing composite is less than one order of
magnitude higher, while an increase of almost two
orders of magnitude occurs for the silver-containing
composite. The remarkable di�erence in the oxygen
permeation behaviour for the two composite speci-
mens is also re¯ected in the corresponding data for
oxygen permeance as given in Fig. 2b. For example, at
850 °C, for the silver-containing composite an oxygen
¯ux of 1.6 ´ 10)7mol cm)2 s)1 and 2.5 ´ 10)6mol
cm)2 s)1 V)1 at pO2

(l) of 0.024 atm was measured,
while 6.0 ´ 10)8mol)1 cm)2 s)1 and7.4 ´ 10)7mol cm)2

s)1 V)1 was measured for the 1.0mm gold-containing
composite at the same temperature and pO2

(l) �
0.0096 atm. The di�erences in the oxygen ¯ux and
permeance between the two composites become more
pronounced with decreasing temperature. At 750 °C a
¯ux of 8.5 ´ 10)8mol cm)2 s)1 and permeance of
1.2 ´ 10)6mol cm)2 s)1 V)1 at pO2

(l) of 0.016 atm
was obtained for the silver-containing composite,
while 1.6 ´ 10)8mol cm)2 s)1 and 1.5 ´ 10)7 mol cm)2

s)1 V)1 was obtained for the gold-containing com-
posite at the same temperature and pO2

(l) of
0.0021 atm.

The activation energy of 76�5kJmol)1 calculated
from the permeance data for the silver-containing
composite is close to the value of 72�4kJmol)1 ob-
tained from ionic conductivity measurements on the
erbia-stabilized oxide BE25 [9]. This is taken as evi-
dence that oxygen permeation through the silver-con-
taining composite is mainly limited by the transport of
oxygen ions through the bismuth oxide phase. This
judgement is further supported by the inverse propor-
tionality between the permeance and the thickness of
the membrane [7]. On the other hand, permeation of
oxygen through the gold-containing composite is sug-
gested to be mainly limited by the oxygen exchange at
themembrane surfaces, based on the close resemblance
between the activation energy 148�3kJmol)1 ob-
tained fromtheoxygenpermeancedataofBEAu40and
the value of 145�7kJmol)1 derived from exchange
current densitymeasurements ofAu electrode onBE25
at pO2

of 1.0 atm [12]. These judgements provide a basis
for us to describe the bulk and surface transport
properties of these two composites quantitatively, as
shown below.

4.1. E�ective ionic conductivity of the composites

For the case that the overall oxygen permeation
process is limited by the bulk transport, combining
Equations 4 and 5 yields that

FO2
� ramb

4F 0L
�7�

With this equation, the ambipolar conductivity of the
membrane can be calculated using permeance data in
the bulk controlled region. For the percolative dual
phase composites, the electronic conductivity of the
metal phase is usually much larger than the ionic
conductivity of the oxide; the value of latter is then
virtually equal to the ambipolar conductivity. Fig-
ure 3 gives the ionic conductivity corrected for the
volume fraction of the oxide phase (60 v/o). For
comparison, the ionic conductivity of single phase
BE25 ceramics is also shown. The e�ective ionic
conductivity of the oxide phase in the composite is
smaller than that of single phase bismuth oxide by a
factor of about 3. The decrease in ionic conductivity
of the oxide in the composite can be attributed to the
presence of `dead ends' and a large tortuosity of the
oxygen ion conducting path due to the blocking of
the metal phase.

4.2. Interface resistance of BEAu40 composite

Silver is by far the best oxygen electrode in terms of
polarizability and electrode resistance [13]. It was
found that the electrode resistance of silver sputtered
electrodes on yttria-stabilized zirconia is much smal-
ler than that of gold sputtered electrodes [14]. This
illustrates that silver is very active for surface oxygen
exchange while gold is much less active. Oxygen ex-
change at the surface of the silver-containing com-
posite is thus relatively fast, imposing less limitation
on the overall transport process, compared with the
use of gold as the metallic phase. Since the catalytic

Fig. 3. Temperature dependence of the ionic conductivity of (m)
BEAg40 composite (from this study) and the dashed line is for
single phase BE25 ceramics (from [9]).

Table 1. Relative amount of permeated and leaked oxygen ¯uxes

BE25/Au (40 v/o) BE25/Ag (40 v/o)

T

/ °C
Perm. ¯ux

/%

Leaked ¯ux

/%

T

/ °C
Perm. ¯ux

/%

Leaked ¯ux

/%

900 100 0

831 100 0 850 96 4

809 100 0 828 96 4

800 100 0 801 70 30

773 42 58

752 86 14 750 38 62

702 47 53 702 25 75

650 19 81 650 13 87
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activity of gold for oxygen exchange is known to be
low, oxygen exchange on the gold-containing com-
posite occurs at the bismuth oxide surface which ex-
hibits a considerable activity in oxygen exchange [15].

The extent of the surface limitation can be ex-
pressed in terms of interface resistance Rs, which can
be calculated from [10, 16]

Rs � Rt ÿ L
ramb

�8�

The value of Rt is given by the ratio of driving force
(E) to the internal current density (i) as shown before.
The value of Rs can be readily calculated provided
that data of the `ambipolar' conductivity ramb are
available.

For the calculation of Rs for the gold-containing
composite, the `ambipolar' conductivities of the gold
and silver-containing composites were assumed to
have similar values. The Arrhenius plot of Rs for the
BEAu40 membrane is shown in Fig. 4. The activation
energy was evaluated to be 156�3kJmol)1. The
overall oxygen transport process thus turns out to be
largely controlled by the surface process at low tem-
peratures. The interface resistance Rs accounts for
about 83% of the total resistance Rt at 850 °C, in-
creasing up to a value of 93% at 750 °C. These values
fairly agree with those obtained from oxygen pump
experiments in which sputtered gold electrodes were
used in solid electrolyte [12]. At 637 °C, it was found
that between 86±91% of the applied overvoltage was
consumed by the surface exchange process [12].

5. Conclusions

The oxygen permeation ¯ux through the erbia-stabi-
lized bismuth oxide electrolyte BE25 increase by in-
troducing of 40 v/o either silver or gold relative to
that exhibited by the single phase oxide ceramics.
This increase is much more pronounced when silver
metal is used to provide a percolative network for

electronic conduction. The observed behaviour can be
attributed to a greater catalytic activity of silver to-
wards surface oxygen exchange compared with that of
gold. As an example, for a 1.6mm thick silver-con-
taining composite a value of 8.5 ´ 10)8mol cm2 s)1

was measured at 750 °C with pO2
(h) � 0.209

and pO2
(l) � 0.016 atm, while a value of 1.6 ´ 10)8

mol cm)2 s)1 was found for a 1.0mm thick gold-
containing composite at the same temperature with
pO2

(h) � 0.209 and pO2
(l) � 0.016 atm.

The e�ective ionic conductivity of the oxide phase
in the silver-containing composite is lowered by a
factor of about 3 relative to that of single phase bis-
muth oxide. This behaviour can be attributed to the
microstructure of the composite, i.e. the presence of
`dead ends' and the tortuosity of the ion conducting
path. The large interfacial resistance calculated for
the gold-containing composite con®rms that neither
gold nor the oxide phase has a su�cient catalytic
activity to sustain large oxygen permeation ¯ux.

The present results show that for optimization of
oxygen ¯uxes through composite membranes, in ad-
dition to generating continuous pathways for ionic
and electronic conduction, at least one of the con-
sistent material should exhibit a large catalytic ac-
tivity towards oxygen exchange. Provided that its
volatility is not a serious problem under actual op-
erating conditions, this work demonstrates that silver
is a promising material. Extended research is required
to study the performance of such membranes under
prolonged use.
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