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Abstract

The ionic and electronic conductivities and surface properties of a perovskite-type oxide, Sr0.25Bi0.5FeO3� d (SBF), are

studied using impedance spectroscopy and gas permeation measurements. SBF is a promising cathode material for

intermediate-temperature solid oxide fuel cells (SOFCs) and has a good potential to be used as a membrane material for

methane conversion. The ionic conductivities and the interfacial resistances are determined from the dependence of oxygen

permeation rate on membrane thickness, which are further confirmed from the dependence of oxygen permeation rate on the

partial pressure of oxygen. Results suggest that the interfacial resistances limit the oxygen permeation rates in the temperature

range studied (700–800 jC) at low partial pressures of oxygen. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mixed ionic–electronic conductors (MIECs) play

an important role in many solid-state electrochemical

devices (such as gas sensors, batteries, and fuel cells)

and processes (such as fuel processing and gas separa-

tion) [1,2]. For example, the ambipolar diffusion of

oxygen through a dense MIEC membrane, as a con-

sequence of simultaneous transport of both ionic and

electronic charge carriers under the influence of a

gradient in partial pressure of oxygen, can be used for

oxygen separation. However, the permeation of oxygen

through a dense MIEC membrane involves two pro-

cesses, the surface exchange reactions at the gas/MIEC

interfaces and the ambipolar transport through the bulk

membrane. For a thin MIEC membrane with high

oxygen ion conductivities, the surface exchange reac-

tions could become the rate-limiting step in oxygen

permeation [3,4]. MIECs can be a multi-phase compo-

site or single-phase (homogeneous) oxide, such as

fluorites (e.g., CeO2), pyrochlores (e.g., Gd2Ti2O7),

and traditional perovskites (e.g., LaCoO3-based com-

positions) [5]. Perovskite-type mixed conductor,

Sr0.25Bi0.5FeO3 � d (SBF), appears to have superior

ionic and electronic conductivities, good chemical

and thermal stability, and high catalytic activity for

oxygen reduction [6,7]. SBF is considered to be a

promising cathode material for intermediate-temper-

ature solid oxide fuel cells (SOFCs) [6] and a potential

membrane material for methane conversion [7]. The

use of an MIEC as electrode may reduce the polar-
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ization losses due to the extension of active electro-

chemical reaction sites from the triple-phase boundary

(TPB) to the surface of the MIEC electrode. In the case

of methane conversion, the use of MIEC membranes

may integrate oxygen separation, steam reforming, and

partial oxidation of methane into a one-step process

[8,9], eliminating not only a costly oxygen plant but

also the generation of harmful pollutants (NOx).

The objective of this study is to separate the

ionic from the electronic transport properties of

Sr0.25Bi0.5FeO3�d in order to further improve its prop-

erties for better performance in oxygen perme-

ation and electrocatalysis. The interfacial resistances

were separated from the bulk resistance by the de-

pendence of the oxygen permeation rate on membrane

thickness and on the partial pressure of oxygen.

Fig. 1. A schematic experimental setup for oxygen permeation measurements.
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2. Experimental

Sr0.25Bi0.5FeO3�d was prepared using a solid-state

reaction method as described previously [7]. The

microstructures of the sintered samples were exam-

ined using a scanning electron microscope (SEM,

Hitachi S-800). Schematically shown in Fig. 1 is the

home-built set-up for gas permeation measurements.

The SBF pellet was sealed between two spring-forced

alumina tubes using silver rings. In order to secure the

sealing, the ends of the alumina tubes and both sides

of the silver ring and the SBF pellet were grinded and

polished. Further, all SBF samples were taken from

the same batch and all surfaces were prepared under

the same conditions in order to minimize the variation

in surface properties from sample to sample. The final

thicknesses of the SBF pellets (1.60 cm in diameter)

varied from 0.040 to 0.104 cm.

Argon (Air Products: 99.998%) was used as the

carrier gas throughout the gas permeation measure-

ments. The residue oxygen content in the carrier gas

was about 1.4� 10� 5 atm, as determined using an

oxygen sensor based on yttria-stabilized zirconia

(YSZ). Air (Air Products: breathing quality) and

0.995% O2 balanced with N2 (Air Products) were

used to make gas mixtures containing 1%, 5%, and

21% of oxygen. Oxygen (Air Products: 99.8%) was

also used in gas permeation measurements and in

determining the total electrical conductivity of the

SBF samples. A gas chromatograph (Varian 3800)

was used to monitor the leakage by checking the

existence of the N2 peak on the permeate side. The

flow rates of all gases and gas mixtures were con-

trolled by mass flow controllers (MFCs). The flow

rate was always kept constant (35.3 ml�min� 1) on the

permeate side, since the oxygen permeation rate is

very sensitive to gas flow rate. On the feed side, the

flow rate was kept at 40.0 ml�min� 1. The oxygen

permeation rates were measured at temperatures from

700 to 800 jC. For thickness dependence measure-

ments, the partial pressure of oxygen was kept at 0.21

atm on the feed side and 1.4� 10� 5 atm on the

permeate side. To measure the dependence of oxygen

permeation rate on partial pressure of oxygen, oxygen

partial pressure was changed from 0.01 to 1 atm on

the feed side and maintained constant at 1.4� 10� 5

atm on the permeate side. It typically took about 30

min to 1 h for the system to reach a steady state when

the temperature or the oxygen partial pressure was

changed for each measurement.

The currents due to the motion of ionic defects

through the SBF membranes (pellets) were calculated

from the observed molar flux of oxygen as follows

[10],

jO2� ¼ 78:38ðv2x2 � v1x1Þ=T1 ð1Þ

where v1 and v2 are the volume flow rates (cm3/min)

of the incoming and the outgoing gas stream, respec-

tively, as measured at room temperature (T1) in

Kelvin, whereas x1 and x2 are the molar fraction of

Fig. 2. SEM micrographs of an as-polished SBF pellet: (a) a cross-

sectional view and (b) a top view of the polished surface.
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oxygen in the incoming and the outgoing gas stream,

respectively, which were determined using a YSZ-

based oxygen sensor.

A bar sample (with dimension of 0.080� 0.40�
1.46 cm3) of SBF was used to measure the total

electrical conductivities in a uniform atmosphere at

different temperatures using impedance spectroscopy.

An EG&G lock-in amplifier (5201) and an EG&G

potentiostat/galvanostat (273A), interfaced with

a computer, were used for impedance measurements

in the frequency range from 10 � 2 Hz to 100

kHz. The resistance of the lead wires was carefully

removed in the measurements.

3. Results and discussion

3.1. Microstructures of the SBF samples

Shown in Fig. 2 are a cross-sectional view and a

top view of an as-polished SBF pellet. Both surface

and cross-sectional views show that the grain size of

the SBF is about 1 Am with narrow size distribution.

The relative density of the SBF sample is about 95%

of the theoretical value (impermeable to molecular

gases). The surface is relatively smooth, and the

surface microstructure and morphology are repeatable

from sample to sample. XRD analysis indicates that

the SBF has an orthorhombic structure with

a = 11.705, b = 19.195, and c= 5.513 [11].

3.2. Dependence of oxygen permeation rate on

membrane thickness (L)

Shown in Fig. 3 are the plots of EN/jO2 � as a

function of membrane thickness (L) at temperatures

from 700 to 800 jC with an interval of 25 jC. In these
permeation measurements, air and argon were used as

the feed gas and the carrier gas, respectively, and the

Nernst potential (EN) across the SBF membranes,

EN ¼ RT

4F

� �
ln

pO2
W

pO2
V

� �
ð2Þ

remained constant for all thicknesses, where pO2
V and

pO2
W are the partial pressures of oxygen on the

permeate side and on the feed side, respectively.

Fig. 3. Oxygen permeation versus the thickness of the SBF pellets at different temperatures.
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The ambipolar conductivities of the MIEC mem-

branes were determined from the slope of the plot of

EN/jO2 � versus the membrane thickness (L) at a

constant Nernst potential as

ramb: ¼
@ðEN=jO2�Þ

@L

� ��1

ð3Þ

For an MIEC whose electronic conductivity is

much greater than the ionic conductivity (re� >>
rO2�), the ambipolar conductivity is approximately

equal to the ionic conductivity (i.e.,ramb.crO2�).

The interfacial polarization resistances, Rp, were esti-

mated from the intercepts of the plots as

Rp ¼
EN

jO2�

� �
L!0

ð4Þ

The oxygen ion fluxes ( jO2�) increased with tem-

perature for all SBF samples of different thicknesses.

As implied by Eqs. (3) and (4), the ambipolar con-

ductivities can be determined from the slopes of the

plots, whereas the interfacial resistances can be

obtained directly from the intercepts of the linear

plots at the vertical axis (when extrapolated to the

zero thickness) (Table 1). For each thickness, the

subtraction of the interfacial resistance from each

datapoint gives the bulk resistance (Rb) of the mem-

brane. All SBF membranes displayed significant

interfacial resistances (RbbRp) in the temperature

range studied. As shown in Fig. 4, the activation

energies are 87.3, 85.5, and 86.8 kJ�mol � 1 for SBF

pellets of thickness 0.040, 0.072, and 0.104 cm,

respectively (the activation energies are within 5%

of each other).

Table 1

The ambipolar conductivities and the interfacial resistances from the

thickness dependence measurements

T (jC) 700 725 750 775 800

ramb.

(S�cm� 1)

0.03763 0.04704 0.06209 0.07761 0.1018

Rp (V�cm2) 9.266 6.707 4.596 3.144 2.156

Fig. 4. Bulk resistances of the SBF samples with different thickness (0.040, 0.072, and 0.104 cm) as a function of temperature.
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3.3. Total conductivities of the SBF samples

Shown in Fig. 5 are the total electrical conductiv-

ities (rT) of the SBF samples as determined in air and

in O2 at different temperatures, together with the

ambipolar conductivities calculated from Fig. 3. The

total electrical conductivity values in O2 are greater

than those in air, indicating that the SBF exhibits p-

type conduction. This can be explained as follows.

The substitution of Bi by Sr produces oxygen vacan-

cies and the incorporation of O2 into Sr-doped BiFeO3

results in electron holes. The defect reactions may be

expressed, using Kröger–Vink notation, as

2SrO��!
Bi

2
O

3
2SrBiVþ 2O�

O þ VSS

O ð5Þ

VSS

O þ 1=2O2 ! O�
O þ 2hS ð6Þ

Since the ambipolar conductivities are about 1 to 2

orders of magnitude lower than the total electrical

conductivities, the electronic conductivities are much

greater than the ionic conductivities. In this case, the

measurement of the oxygen permeation flux across

the SBF pellet is the key for the calculation of ionic

conductivity. At 800 jC, the oxygen ionic conductiv-

ity of the SBF is about 0.102 S�cm � 1, which is close

to that of Sr0.9Ce0.1CoO3� d (0.15 S�cm� 1 at 800 jC)
and even higher than that of YSZ [12] at 800 jC. The
oxygen ion conduction in SBF depends strongly on

temperature because the activation energy for oxygen

ion conduction (86.5 kJ�mol� 1) is much greater than

those for total electrical conduction (35.6 and 53.2

kJ�mol � 1). Shown in Fig. 6 are the transference

numbers of oxygen ion, as calculated from the data

shown in Fig. 5.

3.4. Dependence of jO2� on pO2
W

When an MIEC membrane is exposed to a chem-

ical potential gradient and the external circuit is open,

the dependence of the ionic current density (A/cm2)

Fig. 5. Oxygen ion conductivities obtained from the thickness dependence measurements (Fig. 3) and total electrical conductivities determined

from impedance measurements in air and oxygen.
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Fig. 7. Ionic current density versus the partial pressure of oxygen on the feed side at different temperatures (thickness of the SBF pellet was

0.072 cm).

Fig. 6. Oxygen ion transference numbers determined from the data shown in Fig. 5 at different temperatures.
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on the partial pressure of oxygen (PO2
W) can be

described as [5]

@jO2�

@ lnPOO2
W

� �
2
4

3
5
L;PO2

V

¼ RTramb:

4FL

� �
1

1þ Rpramb:

L

 !

ð7Þ

where ramb. is the ambipolar conductivity, which is

given by

ramb: ¼
rO2�re�

rO2� þ re�
ð8Þ

For SBF, ramb.c rO2 � since reHrO2 � . Shown in

Fig. 7 are ionic current densities ( jO2 �) as a function of

the partial pressure of oxygen (PO2
W as in Eq. (2)) at

different temperatures. The partial pressure of oxygen

on the feed side has more influence on the change of

the interfacial resistance than that of the ionic con-

ductivity. Here, the ionic conductivity was assumed

constant (using rO2 � from the thickness dependence

measurements) as the partial pressure of oxygen was

changed. Then, the interfacial resistances for different

partial pressures of oxygen on the feed side can be

calculated using Eq. (7) after the cubic polynomial fits

were made in Fig. 7. Shown in Fig. 8 are the interfacial

resistances determined from the dependence on partial

pressure of oxygen and on membrane thickness,

respectively. Although errors in these measurements

are inevitable, the results show a clear tendency: the

interfacial resistance increases as the partial pressure of

oxygen on the feed side is reduced. Accordingly, the

overall oxygen transport process was dominated by the

interfacial resistances, especially for thin samples at

lower operating temperatures and lower partial pres-

sures of oxygen on the feed side. As temperature

increases, the partial pressure of oxygen on the feed

side has less influence on the interfacial resistance. The

differences between the interfacial resistances deter-

mined from the thickness dependence measurements

(PO2
W = 0.21) and those determined from the oxygen

partial pressure measurements (PO2
W = 0.21) are less

Fig. 8. Overall interfacial resistances determined from the oxygen partial pressure dependence and from the thickness dependence.
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than 10%, indicating that the experimental errors are

still significant.

4. Conclusions

The dependence of oxygen permeation rate on

membrane thickness and on partial pressure of oxygen

were used to determine the ionic conductivities and

the interfacial resistances of Sr0.25Bi0.5FeO3 � d at

temperatures from 700 to 800 jC. The interfacial

resistance primarily limits the oxygen permeability

of the SBF membranes at 700 to 800 jC and at low

oxygen partial pressures. Thus, adding a catalytically

active layer on the surface of the SBF membranes

would enhance the oxygen permeability under these

conditions.
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