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Abstract

The oxygen permeability and the electrical conductivity of gadolinium-doped ceria, Ce0.8Gd0.2O2-d (GDC20) was measured as a
function of temperature (1400–1600 �C) and oxygen partial pressure (0.21–10�10 atm). The measured oxygen permeation was
compared with that estimated from the electrical conductivity. The oxygen permeation driven by a oxygen potential gradient, in the

absence of an applied electrical potential, was measured by an oxygen sensor. The results of electrical conductivity measurement
show that the doped-ceria is a mixed electronic and oxygenionic conductor at high temperature, guaranteeing the high oxygen
permeability. The oxygen permeability of this compound is more than two orders of magnitude higher than that of Ca-doped ZrO2

in high Po2 region. The comparison of oxygen permeation and electrical conductivity shows that the measured permeation is less

than the expected value estimated from the electrical conductivity. The deviation was ascribed to the polarization effect.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxygen permeating ceramics with mixed ionic and
electronic conductivity have received much interest for
high temperature applications such as oxygen separa-
tion, the production of CO and H2 (fuel gases), and
oxygen removal from steel melt.1,2 The conditions
required for deoxidizing steel melt are chemical and
thermal stability in addition to high oxygen perme-
ability. Although ZrO2 doped with divalent or trivalent
ions shows the required stability, its oxygen perme-
ability is low due to the low mixed conductivity.3 Thus,
ZrO2 doped with metal oxides has been tested to induce
high electronic conductivity.4

Doped CeO2 is known as an oxygen ion conductor
with the same structure as zirconia, i.e., a fluorite struc-
ture.5 However, it shows high electronic conductivity in
addition to the high oxygen ionic conductivity due to
the reduction of the cerium ion from the tetravalent to
the trivalent state at high temperatures in a reducing
atmosphere.6 Most research5,7 mainly concern the elec-
trical conductivities at low temperatures due to its pos-
sible use as a solid electrolyte. The oxygen permeability
at high temperature (>1400 �C) has scarcely been
studied for acceptor-doped CeO2, especially in low Po2.
In this study, the oxygen permeability of Ce0.8Gd0.2O2-d

(GDC20) under a high potential gradient was investi-
gated at high temperature. The oxygen permeability was
compared with the value estimated from the electrical
conductivity data.
2. Experimental procedure

CeO2 and Gd2O3 (both 99.9%, from High Purity
Chemicals, Japan) were mixed in ethyl alcohol while
milling with alumina balls for 12 h. The mixed powder
was calcined at 1200 �C for 2 h in air, ground and
pressed into a pellet, followed by cold isostatic pressing
(CIP) at 200 MPa. The pressed pellet was sintered at
1650 �C for 4 h in air.
For the four-probe d.c. conductivity measurement, a

rectangular bar-shaped sample (3�2�18mm3) was cut
from sintered pellets. Four notches were cut for elec-
trode-wire winding and Pt wires (0.2 mm) were tightly
wound on the Pt-pasted (Engelhard model #6926) not-
ches. The direct current was supplied by current source
(Keithley, K220, USA) and the voltage difference was
detected by a multimeter (Keithley). The oxygen partial
pressure (Po2) dependence of electrical conductivity was
measured in the temperature range of 1100–1400 �C.
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The Po2 (1–10�11 atm) was controlled with He/O2 or
CO/CO2 gas mixtures.
Fig. 1 shows a schematic diagram of the oxygen per-

meation measurement system. The sintered ceria pellet
with 25 mm diameter was cut at a thickness of 2 mm.
The sample was sandwiched and pressed between two
alumina support tubes. Pt-rings were used as sealant.
The permeation measurement was performed in the
temperature range 1400–1600 �C. The Po2 at the feed
side was fixed by air (P1=0.21 atm), while the Po2 at
the permeate side was controlled by changing the He/O2

or CO/CO2 ratios (P2=0.21–10�10atm). The gas flow
rate was 100 ml/min at both feed and permeate sides.
Gas leakage through the side of the sample was detected
by monitoring the nitrogen concentration using a gas
chromatograph (HP 4890D, USA). The amount of
nitrogen was below 0.02% of the helium gas volume
(100 ml/min) which is negligible to the permeated
oxygen flux.
The oxygen flux (Jo2) was calculated by analyzing the

oxygen concentration (Co2) at the feed side using a
zirconia oxygen sensor,

Jo2 ml=min � cm2
� �

¼
F ml=min½ � � Co2 vol:fraction½ �

A cm2½ �
ð1Þ

where F is the flow rate, and A is the area of permeation.
t i e 2
3. Results and discussion

The Po2 dependence of the total electrical con-
ductivity between 1100 and 1400 �C, measured by a
four-probe d.c. method, is shown in Fig. 2. The plot of
log � versus log Po2 can be divided into two regions. In
the high Po2 region, the conductivity is nearly indepen-
dent of Po2. In this region, the ionic conductivity is
dominant due to the Gd-acceptor doping for Ce site.
This doping reaction can be written as, using the Kröger
and Vink notation:

Gd2O3 !
2CeO2

2Gd0
Ce þ 3Ox

o þ V00
o: ð2Þ

The ionic conductivity, independent on Po2, is given
by

�i ¼
A0

T
exp �Ea=kTð Þ ð3Þ

where A0 is the pre-exponential factor, and Ea is the
activation energy.
In the low Po2 region, the total conductivity increases

with decreasing Po2 due to the electronic conduction.
The occurrence of electronic conductivity in doped
CeO2 is well known in the reduced condition.6 The
equilibrium reaction which contributes to the electronic
conduction is

Oox !
1

2
O2 gð Þ þ V00

O þ 2e0: ð4Þ

In this reaction, the electronic defect (e0) is due to the
Ce reduction (Ce4+!Ce3+). The electronic con-
ductivity (�e) is dependent on Po2

�1=4 when the oxygen
vacancy concentration is fixed by Gd doping as shown
by Eq. (2).
Thus the total conductivity (�t) can be expressed by

the sum of ionic (�i) and electronic (�e) conductivity.

� ¼ � þ �oPo�1=4: ð5Þ
Fig. 1. Schematic diagram of oxygen-permeation measurement system for Ce0.8Gd0.2O2-d (or GDC20).
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In Fig. 2, the dotted lines indicate the experimental
results best-fitted by using Eq. (5). It is shown that the
results agree nicely with the defect model. The ionic and
electronic conductivities obtained by the fitting data are
given by

�i ¼
1:70� 105

T
exp �

0:72
 0:01eV

kT

� �
ð6Þ

�e ¼ 4:28� 105exp �
2:28
 0:03eV

kT

� �
Po�1=4

2 : ð7Þ

These results are in good agreement with the low
temperature data (<1000 �C).5,8

The deviation of the conductivity curve from the
simple model [Eq. (5)] in more reducing conditions at
1400 �C is due to the formation of additional oxygen
vacancies generated by the reduction that leads to the
decrease of the ionic conductivity as similarly shown for
Ce0.8Y0.2O2-d.

6

Oxygen permeability (Jo2L) of GDC20 at different
temperatures as a function of permeate side Po2 (P2) is
shown in Fig. 3, where L is the membrane thickness.
The rate of oxygen permeation is generally limited by
two factors. One factor is the solid-state diffusion
through the membrane and the other is the surface
exchange kinetics of the membrane. For this compound,
it is reported that the surface exchange kinetics are fas-
ter than the oxygen self-diffusion above 900 �C.9 Thus
oxygen flux is limited by the bulk diffusion, expressed by
the following Wagner equation:
Jo2 � L ¼
RT

42F2

ðP1

P2

�i�e
�e þ �i

dlnPo2: ð8Þ
If none of the ionic and the electronic conductivities is
negligible, this equation can be rearranged for GDC20
using Eq. (5) as following:

Jo2 � L ¼
RT�i
4F2

ln
1

�i þ �o
eP

�1=4
O2

" #P1

P2

: ð9Þ

Eq. (9) tells us that the oxygen permeability can be
estimated if we know both the electronic and the ionic
conductivities. The dotted lines in Fig. 3 show the
estimated flux using Eq. (9).
Three regions can be distinguished in Fig. 3. In region

1, the oxygen potential difference between the two sides
of the membrane is small and the measured data agree
well with the estimated values. However, in region 2, the
measured data begin to deviate from the dotted lines
and the deviation becomes severe with decreasing
permeate-side Po2. The reason for the deviation may
originate from the polarization effect as explained in the
following. The Po2 values of permeate-side gas (P2) and
that on the membrane surface are not equal. Permeation
rate decreases as the immediate surface of the mem-
brane has a higher Po2 than that in permeate-side gas.
When this occurs, the gas–solid mass-transfer depends
on the flow rate of feed and permeate sides11 as
observed in this experiment. In region 3, the deviation
from the dotted lines becomes nearly constant with fur-
ther decreases in permeate-side Po2. It implies that the
similar Po2 gradient is maintained between the mem-
brane surface and the flowing gas once P2 drops below a
certain value. The measured flux values are approxi-
mately 1/3 of the estimated values in this region. The
polarization effect was also observed by Fouletier et
al.10 for zirconia.
In Fig. 4, the estimated oxygen partial pressure (Pe)

on the membrane surface of the permeate-side was
Fig. 2. Electrical conductivities as a function of Po2 for Ce0.8Gd0.2O2-d

at different temperatures.
Fig. 3. Oxygen permeability as a function of Po2 for Ce0.8Gd0.2O2-d at

high temperatures. The dotted lines are the estimated values from the

conductivities.
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shown at different temperatures. For a given permeate-
side Po2 (P2), the measured flux is lower than the value
estimated from the conductivity data. The reduction in
flux is due to the higher Po2 (Pe) on the membrane sur-
face than that in the gas flow. The permeated oxygen
molecules file up on the membrane surface before
moving into the gas phase and thus reduce the oxygen
potential gradient. As shown in Fig. 4, the difference
between log Pe and log P2 is maintained approximately
as the constant value. For highest Po2 (log P2<�2), the
difference between Pe and P2 is small. In other words,
the polarization effect is small if the Po2 gradient
between P1 and P2 is small. For high P2 region (10�2–
10�5 atm), the polarization effect increases but it is little
different with temperature. However, for the low P2

region (<10�5 atm), the effect is the highest at 1400 �C.
In other words, the difference between log Pe and log P2

is largest at this temperature.
The temperature dependence of the oxygen perme-

ability of GDC20 was shown in Fig. 5. Since the oxygen
permeability (Jo2.L) is the activated process, it can be
shown as the following Arrhenius equation.

Jo2 � L ¼ Joexp �
Ea

kT

� �
ð10Þ

where Ea is the apparent activation energy.
When the Po2 gradient is small, for example, P1=0.21

atm and P2=0.015 atm, the apparent activation energy
(Ea=1.84 eV) of the measured permeation is only
slightly smaller than that (Ea=1.97 eV) estimated from
the conductivity data. Thus the oxygen permeation of
GDC20 is apparently limited by bulk diffusion for the
small oxygen potential gradient. The activation energy
is slightly smaller than that of the electronic conduction
[2.28 eV in Eq. (6)]. This is expected since the rate
limiting process is the minority electron movement in
high Po2 region. When the Po2 gradient is large, for
P2=10�8 atm, the activation energy is 2.05 eV, much
larger than that estimated value of 1.22 eV. While the
estimated Ea is close to that of ionic conduction as
expected, the high measured Ea value is due to the tem-
perature-dependent polarization effect as shown in
Fig. 4. Since, in the low Po2 region, the oxygen ions are
minority charge carriers and the minority carrier move-
ment is rate limiting, the Ea for oxygen conduction was
expected. In Table 1, the activation energies obtained
from the conductivity and permeation measurements
are shown.
The oxygen permeability of GDC20 is about

two orders of magnitude higher than that of
Zr0.849Ca0.151O2-d

3 as show in Fig. 5.
4. Conclusions

The total conductivity of GDC20 was measured in a
wide range of Po2 at high temperatures. The con-
ductivity curves were fitted with the Po2-independent ionic
conductivity and the Po2

�1/4 dependent electronic con-
ductivity. The activation energy of ionic and electronic
Fig. 4. The estimated oxygen partial pressure (Pe) on the membrane

surface of permeate side Po2. The dotted line is for Pe=P2.
Fig. 5. Temperature dependence of the oxygen permeability of

GDC20 for (1) P2=10�8 atm and (3) P2=0.015 atm, estimated from

the conductivity data using Eq. (9), and that of measured data for (2)

P2=10�8 atm and (4) P2=0.015 atm. The permeability of calcia-

stabilized zirconia for P2=0.015 atm was also shown for comparison.

P1 was 0.21 atm for all data.
Table 1

The activation energies obtained from the conductivity and the per-

meation measurements. P1 (feed side) is 0.21 atm for the permeation

measurement
Method
 Activation

energy (eV)
4-probe d.c.
 Ionic conductivity (�i)
 0.72
0.01
Electronic conductivity (�e)
 2.28
0.03
Permeation
 Jo2.L
 P2=0.015 atm
 1.84
0.06
P2=10�8 atm
 2.05
0.08
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conductivities are 0.72 and 2.28 eV, respectively. The
expected oxygen permeability was calculated using the
measured electrical conductivity values. The measured
oxygen permeability was in good agreement with that
estimated from the electrical conductivity in the high-
permeate Po2 region, however, it deviated from the
expected value with decreasing Po2 due possibly to the
polarization effect. The oxygen permeability of this
compound was about two orders of magnitude higher
than that of Ca-doped ZrO2.

3 In order to determine the
rate-limiting step more clearly, the oxygen flux with
varying sample thicknesses or surface treatments needs
to be measured.
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