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Abstract An oxygen-permeable composite constituted to
oxide ionic conductor phase (Ce0.75Nd0.25O1.875) and oxide
electronic conductor phase (Nd1.8Ce0.2CuO4) was prepared
using the acetate pyrolysis method. Based on electrical
conductivity measurements, total electrical conductivity of
75 mol% Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4

composite material was governed by the electronic
conduction paths. With respect to the oxygen permeation
properties, the results showed that oxygen permeation
properties were unexplainable by a simple composite rule
using the electrical transport properties of the bulk
Ce0.75Nd0.25O1.875 and the bulk Nd1.8Ce0.2CuO4.
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Introduction

SinceMazanec proposed thematerials design concept for the
dual-phase oxygen permeable composites [1], oxygen
permeation properties of an oxide ionic conductor–noble
metal composites and an oxide ionic conductor–oxide

electronic conductor composites have been investigated by
numerous researchers [1–23]. Oxygen-permeable compos-
ites constituted to an oxide ionic conductor and an oxide
electronic conductor have attracted attention because anom-
alous electrical transport properties or oxygen diffusion and
surface reaction have been reported in (Sc2O3+Y2O3)-doped
zirconia–La0:85Sr0:15Mn1:10Oξ composite [14] and yttria-
stabilized zirconia–LaSrMnO3�δ composite [22, 23].

For designing this dual-phase composite constituted to
an oxide ionic conductor and an oxide electronic conductor,
the electrical transport properties of the constituent phases
must be considered. Furthermore, the phase equilibrium
must be examined to avoid the chemical reaction and phase
decomposition at the interface of an oxide ionic conductor
and an electronic conductor because the oxygen-permeable
composite membrane is used at high temperatures [19, 20].

For this study, we selected a Ce0.75Nd0.25O1.875–Nd1.8
Ce0.2CuO4 system because the combination of these phases
is formed as the equilibrium state [24]. It is difficult to
fabricate a dense Ce0.75Nd0.25O1.875–Nd1.8Ce0.2CuO4 com-
posite membrane using conventional solid-state reaction
method because the reaction and sintering temperature of
Ce0.75Nd0.25O1.875 (1,923 K) is much higher than the
reaction and sintering temperature of Nd1.8Ce0.2CuO4

(1,373 K). However, we succeeded to fabricate the
dense composite membrane constituted to 75 mol%
Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4 employing
the acetate pyrolysis method. Using the dense composite,
we investigated the oxygen permeation properties of this
composite material.

Experimental

Sample preparation

A composite sample with a composition of 75 mol%
Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4 was pre-
pared using the acetate pyrolysis method. This composition
corresponds to 57 vol% Ce0.75Nd0.25O1.875–43 vol%
Nd1.8Ce0.2CuO4.
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The starting materials were cerium (III) acetate mono-
hydrate, neodymium acetate monohydrate, and copper (II)
acetate monohydrate (99.9% purity, Wako, Tokyo, Japan).
These raw materials were weighed to the intended
composition. Neodymium acetate monohydrate and copper
(II) acetate monohydrate were dissolved in distilled water.
Then, the cerium (III) acetate monohydrate was added to
the solution. The solution became opaque because of the
cerium hydroxide dispersion. The solution was heated
during stirring on the hot plate to evaporate the water;
thereby, we were able to obtain precipitates. The
precipitates were heated to about 473 K in a mantle heater
for the thermal decomposition.

The residuals were crushed into powder, which was used
as the precursor. The precursor was pressed into disks using
mechanical pressing at 179 MP; it was heated for 3 h in air
at 673, 873, 1,073, 1,273, and 1,323 K. The formation
phases were confirmed using X-ray diffraction analyses.
Disks with high sintering density were obtained by heating
at 1,323 K.

Electrical conductivity

Total electrical conductivity was measured by conventional
four-probe DC method between 1,073 and 1,173 K.
Oxygen fugacity, pO2 ; was changed from 10−2.5 to 0.21
using the Ar and air mixture. Oxygen fugacity is defined as
pO2 ¼ PO2

�
P�� �

using the oxygen partial pressure PO2ð Þ
and standard pressure P�ð Þ. The pO2 values were measured
using a zirconia oxygen sensor fixed near the sample.

Oxygen permeation measurements

Oxygen permeation flux was measured using the gas flow
method with helium and air. Sample thicknesses were 0.58,
0.83, 1.03, 1.81, and 1.13 mm.With respect to the 1.13-mm-
thick sample, platinum catalyst was pasted on both of the
sample surfaces. In addition, we measured the electromotive
force as the oxygen concentration cell using the two platinum
wires attached to the platinum catalyst on both of the surfaces
of the composite. The sample disks were fixed between two
alumina tubes using silver ring seals. The sealing temper-
ature was about 1,223 K. The permeation area was 0.95 cm2.
After sealing, air flowed at one side of the sample and helium
flow at the other side. After reaching the steady state, the
electrochemical leakage of oxygen was detected by a gas
chromatograph (GC-8A, Shimadzu, Japan). The N2 concen-
tration at each measurement was measured at that time using
gas chromatography. Themechanical leakagewas concluded
to be negligible because the oxygen permeation rate by the
mechanical leakage was estimated as less than 1% of oxygen
permeation rate by the electrochemical leakage through the
sample. The pO2 at the surface of oxygen-permeated side
ppermO2

was changed by changing the helium gas flow rate of
between 100 and 5 ml/min. The ppermO2

values were assumed
as equivalent to the oxygen fugacity of the outlet gas.

Results

Characterization by X-ray diffraction analyses

The X-ray diffraction profiles of the precursor and samples
heated for 3 h in air at 673, 873, 1,073, and 1,323 K are
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Fig. 1 X-ray powder diffrac-
tion profiles of 75 mol%
Ce0.75Nd0.25O1.875–25 mol%
Nd1.8Ce0.2CuO4 powder heat-
treated at 623 (precursor), 873,
1,073, and 1,323 K for 3 h in air.
Identified peaks are labeled as:
CeO2 with fluorite structure
(open circle) and Nd2CuO4
with K2NiF4 structure
(closed triangle). Small peaks
of CuO are shown by arrows
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shown in Fig. 1. The profiles of the sample that was heat-
treated below 873 K mainly comprised peaks that were
assignable to the CeO2 phase with fluorite structure. We
were able to find the small peaks of CuO phase. On the
other hand, the small peaks assigned to Nd2CuO4 phase
appeared by heating at 1,073 K; the peaks of Nd2CuO4

phase grew and CuO peaks disappeared by heating at
1,323 K.

The microstructure of the 75 mol% Ce0.75Nd0.25O1.875–
25 mol% Nd1.8Ce0.2CuO4 heat-treated at 1,323 K for 3 h in
air is shown in Fig. 2. The particles of the electronic
conduction phase (Nd1.8Ce0.2CuO4) are about 20–30 μm.

Electrical conductivity and oxygen permeability

Total electrical conductivity (σt) was revealed as almost
independent of pO2 with a temperature, which is similar to
the electrical transport properties of CeO2-doped Nd2CuO4

[25, 26], as shown in Fig. 3. Moreover, we confirmed that
the electromotive force was equal to 0 during oxygen
permeation when the composite was used as the electrolyte
for the oxygen concentration cell. Hence, the σt of 75 mol%
Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4 is governed
by the electronic conduction paths generated by the
Nd1.8Ce0.2CuO4 connections.

Although a plot of the oxygen permeation flux JO2 vs

log pfeedO2

.
ppermO2

� �
showed a linear relationship, the lines

Fig. 2 Microstructure of 75 mol% Ce0.75Nd0.25O1.875–25 mol%
Nd1.8Ce0.2CuO4 composite sintered at 1,323 K. The lighter part is
an oxide ionic conduction phase (Ce0.75Nd0.25O1.875); the darker
part is an electronic conduction phase (Nd1.8Ce0.2CuO4)

Fig. 4 Dependences of oxygen fugacity difference on oxygen
permeation flux JO2ð Þ for 75 mol% Ce0.75Nd0.25O1.875–25 mol%
Nd1.8Ce0.2CuO4 composite: a Relationship between JO2 and
logarithm of the oxygen fugacity difference between the oxygen

feed side and oxygen permeated side log pfeedO2

.
ppermO2

� �� �
.

b Relationship between JO2 and difference of one sixth power of

oxygen fugacity pfeedO2

� �1=6
� ppermO2

� �1=6
� �
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Fig. 3 Relationship between total electrical conductivity and
logarithm of the oxygen fugacity for the 75 mol%
Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4 composite
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did not intersect with the origin, as shown in Fig. 4a. The

relationship between the JO2 and pfeedO2

� �1=6
� ppermO2

� �1=6

was linear through the origin (Fig. 4b). The JO2 values
increased with decreasing sample thickness (Fig. 5). The

relationship between the JO2 at pfeedO2

.
ppermO2

¼ 10 J �O2

� �
and reciprocal sample thickness (L−1) is scattered slightly,
but the plot showed a linear relationship across the origin
(Fig. 6).

Only a small influence of JO2 on the addition to the
platinum catalyst on both surfaces appeared, as shown

in Fig. 7. If the oxygen permeation flux is limited by
the surface reaction rate as a result of the insufficient
triple-phase boundary area among an oxide ionic conduc-
tion phase (Ce0.75Nd0.25O1.875), an oxide electronic con-
duction phase (Nd1.8Ce0.2CuO4), and gas phase at the
surface, then a drastic increase of the JO2 might occur by
pasting the platinum catalyst because of increasing the
triple-phase boundary area on the surface. Considering the
dependence of the sample thickness on the JO2; along with
the influence of the catalyst addition on the JO2 ; as shown
in Figs. 4, 5, 6 and 7, it is suggested that the main limiting
process of the oxygen permeation is the conduction of the
oxide ions in the composite.

Discussion

It is assumed that the oxide ions and electrons are
conducted, respectively, in the oxide ionic conduction
paths and in the electronic conduction paths during the
oxygen permeation. The oxygen flux JO2ð Þ and electronic
flux Je0 are given as [27, 28]

JO2 ¼ �σCNO
O2�

4F2

@ ηCNO
O2�

@ x
; (1)

and

Je0 ¼ �σNCCO
e0

F2

@ ηNCCO
e0

@ x
; (2)

where σCNO
O2� and σNCCO

e0 are the effective oxide ionic
conductivity of Ce0.75Nd0.25O1.875 paths and the effective
electronic conductivity of Nd1.8Ce0.2CuO4 paths. The
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ηCNO
O2� is the electrochemical potential of oxide ions in

Ce0.75Nd0.25O1.875 paths and ηNCCO
e0 is the electrochemical

potential of electrons in Nd1.8Ce0.2CuO4 paths. If the
equilibrium condition of the electrochemical potentials is
established at the Ce0.75Nd0.25O1.875 / Nd1.8Ce0.2CuO4

hetero-junction in the composite, then the following
relationships pertain:

ηCNO
O2� ¼ ηNCCO

O2� and ηCNO
e0 ¼ ηNCCO

e0 : (3)

Therein, ηNCCO
O2� and ηCNO

e0 are the electrochemical
potential of oxide ions in Nd1.8Ce0.2CuO4 and the potential
of electrons in Ce0.75Nd0.25O1.875. In addition, the equilib-
rium condition of neutral oxygen (O) in Ce0.75Nd0.25O1.875

and Nd1.8Ce0.2CuO4 are given using the chemical potential
of O2 μO2

� �
as

μCNO
O ¼ μNCCO

O ¼ 1

2
μO2

¼ 1

2
μo
O2

þ RT ln pO2

� �
; (4)

where μCNO
O and μNCCO

O are the chemical potentials of O
in Ce0.75Nd0.25O1.875 and Nd1.8Ce0.2CuO4, respectively,
and μo

O2
is the standard chemical potential of O2. In

addition, the electrical neutrality of the oxide ionic flux and
electronic flux during the oxygen permeation must be
established as

4 JO2 ¼ Je0 : (5)

Hence, the oxygen permeation flux can be led to
combinations of Eqs. 1, 2, 3, 4 and 5:

JO2 ¼ � RT

16F2L

Z ln ppermO2

ln pfeedO2

σCNO
O2� σNCCO

e0

σCNO
O2� þ σNCCO

e0
d ln pO2 : (6)

In that equation, L is the distance between the oxygen-
fed side and oxygen-permeated side of the sample. Based
on the σt measurements, as shown in Fig. 3, and
electromotive force measurements, the σNCCO

e0 values are
much larger than the σCNO

O2� values, and Eq. 6 can be
rewritten as

JO2 ¼ � RT

16F2L

Z ln ppermO2

ln pfeedO2

σCNO
O2� d ln pO2 : (7)

If the σCNO
O2� values are independent of pO2 in this

experimental region as the same with the oxide ionic
conductivity of bulk Ce0.75Nd0.25O1.875, the plot of JO2 vs

log pfeedO2

.
ppermO2

� �
must show a linear relationship

through the origin from Eq. 7. However, the experimental
results did not support that expectation. In contrast to the
bases of the experimental results, the Δp1=6O2

depended on

JO2 as shown in Fig. 4b, meaning that σCNO
O2� is proportional

to p1=6O2
from the Eq. 7.

Establishing to the local equilibrium at the
Ce0.75Nd0.25O1.875/Nd1.8Ce0.2CuO4 hetero-junction inter-
face (Eqs. 3 and 4), the concentrations of the constituent
elements, including the oxide ion vacancy, close to the
hetero-junction should differ from the concentrations in the
bulk that are created by the formation of the space charge
layer [29–32]. The oxygen permeation properties of the
Ce0.75Nd0.25O1.875–Nd1.8Ce0.2CuO4 composite were un-
explainable using the simple composite rule with the
electrical transport properties of the Ce0.75Nd0.25O1.875

phase and Nd1.8Ce0.2CuO4 phase if the oxide ionic
conduction properties for the oxygen permeation were
strongly influenced by conduction properties of the space
charge layer.

With respect to the anomalous electrical conductivity of
the composite material constituted to an oxide ionic
conductor and an oxide electronic conductor, Bonanos et
al. have reported that abnormal oxide ionic conductivity
appeared for the (Sc2O3+Y2O3)-stabilized zirconia and
La0:85Sr0:15Mn1:10Oξ composite, with the composition
close to the percolation threshold [14]. We have also
confirmed the anomalous AC conductivity dispersion in
the high-frequency region for Ce0.75Nd0.25O1.875–Nd1.8
Ce0.2CuO4 composite with the composition close to the
percolation threshold of Nd1.8Ce0.2CuO4 phase (Kobayashi
et al., prepared for publish). Based on these results, the
space charge layer with specific conduction properties is
suggested to exist close to the oxide ionic conductor/oxide
electronic conductor junction in the composite material.
However, we were unable to explain the physical meaning
of the pO2 dependences for JO2 as shown in Fig. 4b.
Therefore, further study is necessary to clarify the oxygen
permeation properties and electrical transport properties of
the region close to the Ce0.75Nd0.25O1.875/Nd1.8Ce0.2CuO4

junction in the composite.

Conclusions

A dense composite membrane with the composition of
75 mol% Ce0.75Nd0.25O1.875–25 mol% Nd1.8Ce0.2CuO4

was synthesized by heat treatment at 1,323 K using the
precursor prepared through the acetate pyrolysis route.
Based on the conductivity measurements, the total
electrical conductivity was governed by the electronic
conduction phase (Nd1.8Ce0.2CuO4). It was found that the
oxygen fugacity dependence of the oxygen permeation flux
was not explained by the simple composite rule using the
electrical transport properties of bulk Ce0.75Nd0.25O1.875

and bulk Nd1.8Ce0.2CuO4. Based on our results, it is
speculated that the specific electrical conduction properties
exist close to the Ce0.75Nd0.25O1.875/Nd1.8Ce0.2CuO4 het-
ero-junction in the composite.
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