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ABSTRACT

A dual-phase ceramic membrane consisting of gadolinium-doped ceria (GDC) as an oxygen ion conducting phase and MnCo
2
O

4

as an electron conducting phase was fabricated by sintering a GDC and MnCo
2
O

4
 powder mixture. The MnCo

2
O

4
 was found to

maintain its spinel structure at temperatures lower than 1200oC. (Mn,Co)(Mn,Co)O
4
 spinel, manganese and cobalt oxides formed

in the sample sintered at 1300oC in an air atmosphere. XRD analysis revealed that no reaction phases occurred between GDC

and MnCo
2
O

4
 at 1200oC. The electrical conductivity did not exhibit a linear relationship with the MnCo

2
O

4
 content in the com-

posite membranes, in accordance with percolation theory. It increased when more than 15 vol% of MnCo
2
O

4
 was added. The oxy-

gen permeation fluxes of the composite membranes increased with increasing MnCo
2
O

4
 content and this can be explained by the

increase in electrical conductivity. However, the oxygen permeation flux of the composite membranes appeared to be governed not

only by electrical conductivity, but also by the microstructure, such as the grain size of the GDC matrix.
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1. Introduction

ense ceramic membranes with ionic and electronic con-

ductivity, such as those composed of perovskite oxides,

can be used for high-temperature oxygen separation and cata-

lytic reactions, such as the partial oxidation of methane. They

can separate oxygen selectively from air if an oxygen pressure

difference is applied across the membrane. Oxygen is reduced

to oxygen ions on the high-oxygen pressure side, which diffuse

through the membrane and are oxidized to oxygen molecules

on the low-oxygen pressure side. When hydrocarbons such as

methane are supplied on the low-oxygen pressure side, they

react with oxygen to produce hydrogen and carbon monoxide.

This unique behavior originates from the presence of oxygen

vacancies and free electrons in the crystal structure of the

mixed ionic and electronic conducting (MIEC) oxide. Among

the various oxides, SrCo
0.8

Fe
0.2

O
3-δ

 (SCF), La
1-x

Sr
x
Co

1-y
Fe

y
O

3-δ

(LSCF) and Ba
0.5

Sr
0.5

Co
0.8

Fe
0.2

O
3-δ

 (BSCF) perovskites are the

most famous and have been widely investigated by many

researchers.1-3)

In general, oxygen permeation flux across the membrane

depends not only on its conductivity, or so-called ambipolar

conductivity (σ
el
· σ

ion
/σ

el
+σ

ion
), but also on its geometry, i.e.,

the thickness of the membrane.4,5) Thus, the membrane

should be as thin as possible. This requires the membrane

to be tough, especially at high temperatures. However, per-

ovskite-type MIEC oxides do not have high strength and

toughness and suffer from low structural stability at high

temperatures.6) A thin film perovskite membrane, which is

coated on a mechanically tough and chemically inert sup-

port, i.e., a bi-layer type membrane, might serve as an alter-

native.7) However, it may also have some problems, such as

cracking, delamination, etc., which are derived from the

thermal expansion mismatch between the support and thin

film.

A dual-phase composite membrane can usually be fabri-

cated by incorporating an electronic conducting phase into an

ionic conducting matrix. The advantages of dual-phase com-

posites over single-phase, mixed ionic-electronic conductors

are their chemical stability, compatibility with other mem-

brane components, and mechanical stability.8,9) YSZ/Pd,10)

Bi
1.5

Y
0.3

Sm
0.2

O
3
 (BYS)/Ag,11) erbia-stabilized bismuth oxide

(BE)/noble metal,8) and La
0.2

Sr
0.8

CoO
3-δ

 (Pd/Ag)12) are typical

examples of dual-phase composite membranes. Recently,

spinel- or perovskite-type electronic conducting oxide parti-

cles-dispersed dual-phase composite membranes were

reported by Kagomiya et al.13,14) and Li et al.,15) respectively.

In this work, Gd-doped ceria (Gd
0.1

Ce
0.9

O
2, 

GDC) was used

as an ionic conductor and MnCo
2
O

4
 as an electronic conduc-

tor. Generally, spinels containing manganese and cobalt are

known to have the highest electrical conductivity and the

largest degree of non-stoichiometry because of their multi-

ple valence states.16) In addition, MnCo
2
O

4
 is stable at high

temperature, is easier to sinter than other spinel-type

oxides, and has a low thermal expansion coefficient. The

D
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sintering behavior, electrical properties and oxygen perme-

ation characteristics of the GDC/MnCo
2
O

4
 composite mem-

brane were investigated.

2. Experimental Procedure

Commercially available Gd
0.1

Ce
0.9

O
2
, (GDC, Aanan Kasei

Co. Ltd., Japan) and MnCo
2
O

4
 powders, which were synthe-

sized in-house using a conventional solid-state reaction

method from MnO
2
 (99%, Sigma Aldrich, USA) and Co

3
O

4

(99%, High Purity Chemicals, Japan) were mixed using a

planetary mill. The dried powder mixture was uniaxially

pressed into disk or rectangular bar-type green compacts

with a diameter of 25 mm and subsequently CIPed at

200 MPa. The green compacts were sintered at 1200 and

1300oC for 5 h in an air atmosphere. The heating rate was

5oC/min. The sintered membrane samples were then ground

and polished using diamond slurries to a thickness of

0.5 mm for oxygen permeation measurement.

The crystalline phases of the powders and sintered mem-

branes were determined by X-ray diffractometry (XRD)

with CuKα radiation. The diffraction patterns were col-

lected at room temperature in the range of 20o≤2θ≤80o. The

bulk density was measured via the Archimedes method.

The electrical conductivity of the sintered membranes was

measured in a stagnant air atmosphere by a four-probe

method in which a few milliamperes was applied to the two

outer electrodes of a rectangular bar-type membrane sam-

ple and the resulting potential difference between the two

inner electrodes was read using a high-accuracy multime-

ter. Pt wires were used as the electrodes. The surface micro-

structure was observed by field emission scanning electron

microscopy (FESEM, HITACHI, S-4200, Japan).

Disk-type membrane samples, each 0.5 mm thick, were

held in place by two alumina tubes and two Pyrex rings

were inserted between the sample and the alumina tube.

Pure oxygen was introduced into the upstream side of the

membrane sample at a flow rate of 50 sccm. Argon gas was

fed to the downstream side of the membrane at a flow rate

of 50 sccm. Both the upstream and downstream sides were

maintained at atmospheric pressure. The effluent gas from

the downstream side was analyzed by micro gas chromatog-

raphy (Micro-GC). If any nitrogen was found in the effluents

by Micro-GC due to slight sealing imperfections, the corre-

sponding leakage of oxygen was subtracted when calculat-

ing the oxygen permeation flux through the membrane. In

addition, oxygen leakage through the membrane was

checked by flowing nitrogen to the upstream side of the

membrane before and after the oxygen permeation mea-

surement.

3. Results and Discussion

Fig. 1 shows the XRD patterns of the MnCo
2
O

4
 and

MnCo
2
O

4
/GDC composite membranes sintered at 1100,

1200, 1300 and 1400oC for 5 h. All of the peaks for the

MnCo
2
O

4
 samples sintered at 1100 and 1200oC were

assigned to a spinel phase. On the other hand, cobalt oxide

and (Co, Mn)(Mn,Co)
2
O

4
, which is a non-stoichiometric

spinel with a tetrahedral structure and octahedral sites

occupied randomly by Co and Mn, were observed in the

MnCo
2
O

4
 sample sintered at 1300oC. The relative peak

intensity of CoO increased and manganese oxide peaks

were also observed in the XRD pattern of the sample sin-

tered at 1400oC. This result suggests that the MnCo
2
O

4

phase is unstable at temperatures higher than 1200oC.

The MnCo
2
O

4
/GDC composite membranes exhibited simi-

lar phase evolution behavior to the MnCo
2
O

4
 sample. The

peaks responsible for the MnCo
2
O

4
 spinel phase were

clearly observed in the samples sintered at 1100 and

1200oC. It was found that all of the peaks corresponded to

an MnCo
2
O

4
 or GDC phase and there were no extra peaks

due to unwanted reactions between the two phases, sug-

gesting that MnCo
2
O

4
 is the phase that is compatible with

the GDC matrix at 1200oC. However, the relative peak

intensity of MnCo
2
O

4
 decreased in the 1300oC-sintered sam-

Fig. 1. XRD patterns of the MnCo2O4 (a) and MnCo2O4/GDC composite membranes (b) sintered at various temperatures.
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ple and a manganese oxide phase appeared in the 1400oC-

sintered sample.

Table 1 summarizes the bulk and relative densities of the

MnCo
2
O

4
/GDC composite membranes sintered at various

temperatures. It seems that there is no distinct relationship

between the bulk density and the sintering temperature.

The bulk density of the 8 vol% MnCo
2
O

4
/GDC composite

membrane sintered at 1300oC was higher than that of the

corresponding sample sintered at 1200oC and decreased

slightly at 1400oC. On the other hand, the situation was dif-

ferent in the 24 vol% MnCo
2
O

4
/GDC composite membranes.

This might be associated with the phase stability of the

MnCo
2
O

4
 phase. As mentioned previously, the MnCo

2
O

4

phase is not stable at temperatures higher than 1200oC and,

thus the sintering behavior of the composite membrane

might be complicated, depending on both the MnCo
2
O

4
 con-

tent and sintering temperature. In addition, since the melt-

ing temperature of MnCo
2
O

4
 lies between 1300 and 1400oC,

depending on its atomic ratio of Mn and Co,17) presumably

the density anomaly is caused by the so-called swelling

effect, which was reported by Takamura et al..13)

Supposing that the theoretical densities of the 8, 15 and

24 vol% MnCo
2
O

4
/GDC composites are 7.10, 6.98 and 6.82 g/cm3,

respectively, the relative density of the membranes sintered

at 1200oC can be estimated to be 94.6, 96.1 and 96.1%. This

suggests that MnCo
2
O

4 
accelerated the sintering of the GDC

matrix. In the case of the samples sintered at 1400oC, it is

hard to evaluate their relative density because of their

phase instability. However, it can be inferred that adding

MnCo
2
O

4
 has a positive effect on the sinterability of the

composite membrane.

Figs. 2 and 3 provide SEM photographs showing the typi-

cal microstructures of the MnCo
2
O

4
/GDC composite mem-

branes sintered at 1200oC and 1300oC, respectively. MnCo
2
O

4

particles, which have a somewhat irregular morphology,

were homogeneously dispersed in the GDC matrix grains.

For the 8 vol% MnCo
2
O

4
/GDC composite, MnCo

2
O

4
 existed

as isolated particles, as can be seen in Fig. 2 (a) and Fig. 3

(a), while they began to connect to each other in the 15 vol%

and formed a three-dimensional network structure in the

24 vol% MnCo
2
O

4
/GDC composite membrane. For the 1200oC-

sintered samples, the grain size of the GDC matrix was esti-

mated to be approximately 2~3 µm and it increased slightly as

the MnCo
2
O

4
 content was increased. This result suggests that

the MnCo
2
O

4
 particles did not act as a grain growth inhibitor

during the sintering of the GDC matrix. The grain size of the

GDC matrix increased with increasing temperature.

Generally, spinels with transition metals in their octahe-

dral sites show high electrical conductivity and are known

to conduct electrons or holes by a hopping mechanism. Of

the various spinel-type materials, MnCo
2
O

4
 has an electri-

Table 1. Bulk and Relative Densities of  MnCo2O4/GDC Composites
Membranes Sintered at Various Temperatures

Sintering 
temperature. 

(oC)

8 vol%
MnCo2O4/GDC

15 vol%
 MnCo2O4/GDC

24 vol%
MnCo2O4/GDC

bulk† rela-
tive‡ bulk relative bulk relative

1200 6.61 94.6 6.84 96.1 6.69 96.1

1300 6.75 97.5 6.60 96.0 6.59 95.6

1400 6.32 - 6.67 - 6.71 -

†g/cm3

‡theoretical density: 7.102, 6.978 and 6.820 g/cm3 for 8, 15 and
24 vol% MnCo2O4/GDC

Fig. 2. SEM photographs of the MnCo2O4/GDC composite membranes sintered at 1200oC; (a) 8 vol% MnCo2O4 (b) 15 vol% MnCo2O4,
(c) 24 vol% MnCo2O4.

Fig. 3. SEM photographs of the MnCo2O4/GDC composite membranes sintered at 1300oC; (a) 8 vol% MnCo2O4 (b) 15 vol% MnCo2O4,
(c) 24 vol% MnCo2O4.
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cal conductivity of over 100 S/cm at 900oC.18) Fig. 4 shows

the electrical conductivity of the MnCo
2
O

4
 samples sintered

at 1200 and 1300oC as a function of temperature. The elec-

trical conductivity increased with increasing temperature,

indicating that the MnCo
2
O

4
 spinel shows a typical semicon-

ductor- type conduction mechanism. The electrical conduc-

tivities of the MnCo
2
O

4
 samples were 7~8 and 34~36 S/cm

at 600 and 900oC, respectively.

Fig. 5 shows the electrical conductivity of the MnCo
2
O

4
/

GDC composite membranes as a function of the MnCo
2
O

4

content. The electrical conductivity of the composite mem-

branes was lower than that of the pure MnCo
2
O

4
 and higher

than that of the GDC matrix (10-2 and 10-1 S/cm at 600oC

and 900oC, respectively). The electrical conductivity of the 8

vol% MnCo
2
O

4
/GDC composite membrane was almost the

same or slightly lower than that of the GDC matrix. This

result suggests that adding less than 8 vol% of MnCo
2
O

4

does not allow for the creation of electronic conduction

paths, because the MnCo
2
O

4
 exists in the form of isolated

particles. On the other hand, the electrical conductivity of

the composite membranes containing more than 15 vol% of

MnCo
2
O

4
 increased with increasing MnCo

2
O

4
 content. As

can be seen in Figs. 2 and 3, the MnCo
2
O

4
 particles began to

connect to each other at 15 vol% MnCo
2
O

4
 and formed a

three-dimensional network at 24 vol% MnCo
2
O

4
. As the

MnCo
2
O

4
 content increases, the connectivity of the particles

was improved, thereby increasing the electrical conductivity.

Fig. 6 shows the oxygen permeation fluxes of the compos-

ite membranes sintered at 1200 and 1300oC. It is well

Fig. 4. Electrical conductivity of the MnCo2O4 samples sin-
tered at 1200 and 1300oC as a function of temperature. 

Fig. 5. Electrical conductivity of MnCo2O4/GDC composite membranes sintered at 1200 (a) and 1300oC (b).

Fig. 6. Oxygen permeation flux of the MnCO2O4/GDC composite membranes sintered at 1200oC (a) and 1300oC (b) as a function of
temperature.
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known that GDC is a good oxygen ion conductor. Since the

oxygen ion conductivity of MnCo
2
O

4
 is negligible, the oxygen

ion transport through the MnCo
2
O

4
/GDC composite mem-

brane is thought to be mainly via GDC matrix grains or

grain boundaries. In addition, the connectivity of the

MnCo
2
O

4
 phase is very important to produce an oxygen-per-

meable composite membrane, i.e., both GDC and MnCo
2
O

4

phases should form three-dimensional network structures.

It was found that the 8 vol% MnCo
2
O

4
/GDC composite

membranes did not show any oxygen permeation in the

temperature region of 750 to 950oC. This was due to the

poor connectivity of the MnCo
2
O

4
 phase and the resulting

low conductivity of the composite, as can be seen in Figs. 5

(a) and (b). In this study, it appears that the interconnection

between MnCo
2
O

4
 particles started to form when 15 vol%

MnCo
2
O

4
 was added to the GDC matrix. The 15 and 24 vol%

MnCo
2
O

4
/GDC composite membranes exhibited oxygen per-

meability which increased with increasing temperature,

because the oxygen ion diffusivity increased with increasing

temperature. An interesting feature observed in Fig. 6 is

that the composite membranes sintered at 1300oC exhibited

a higher oxygen permeation flux than the composites sin-

tered at 1200oC, although their electrical conductivities

were almost the same, as is evident in Fig. 4.

The observed high oxygen permeability in the 1300oC-sin-

tered composite membranes appeared to be closely related

to the increase in the grain size, as can be seen in Figs. 2

and 3. The grain size of the 1300oC-sintered composite

membranes was higher than that of the 1200oC-sintered

ones. Since the grain boundaries served as an undesirable

scattering center for the diffusion of oxygen ions, the oxygen

permeation flux increased as the grain size of the mem-

brane increased. Several researchers reported that an

increase in the average grain size leads to increased oxygen

permeation in MIEC materials. They explained this phe-

nomenon in terms of the higher oxygen ion transport rate

through the grain than through the grain boundaries.19,20)

The oxygen permeation flux vs. MnCo
2
O

4
 content curves

of the composite membranes sintered at 1200 and 1300oC

are shown in Fig. 7. The oxygen permeation flux increases

with increasing MnCo
2
O

4
 content. However, the increase in

the oxygen permeation flux was remarkable in the 15 vol%

MnCo
2
O

4
/GDC samples and modest in the 24 vol% MnCo

2
O

4
/

GDC sample. This observed phenomenon is considered to be

associated with the microstructure change and the resulting

increase in the oxygen ion diffusivity. Generally, the oxygen

permeation flux, jO
2
, of a mixed ionic and electronic con-

ducting (MIEC) material can be expressed in terms of its

ionic conductivity, σ
i
, electronic conductivity, σ

e
, and oxygen

partial pressure gradient using Wagner’s formula, as fol-

lows:21)

where R, F, T, and L are the gas constant, Faraday con-

stant, temperature and membrane thickness, respectively.

The oxygen permeation flux is proportional to ambipolar

conductivity, i.e., σ
i
σ

e
/(σ

i
+σ

e
), not ionic conductivity or elec-

tronic conductivity. In other words, the oxygen permeability

of the membrane was limited by the lower of the two con-

ductivities.

The pure GDC and 8 vol% MnCo
2
O

4
/GDC composite mem-

branes did not show any oxygen permeability, because of

their low electronic conductivity. The increase in the elec-

tronic conductivity in the 15 vol% MnCo
2
O

4
 composite mem-

brane was responsible for the increase in its oxygen

permeation flux. The fact that the increase in the oxygen

permeation flux in the 24 vol% MnCo
2
O

4
/GDC composite

membrane sintered at 1200oC was modest means that its

oxygen permeation was not limited by the electronic conduc-

tivity, i.e., the increase in the electronic conductivity in the

24 vol% MnCo
2
O

4
/GDC composite membrane did not con-

tribute to the enhancement of the oxygen permeation flux.

4. Conclusion

Almost fully densified MnCo
2
O

4
/GDC composite mem-

branes were fabricated at 1200 and 1300oC by a pressure-

less sintering technique from a GDC and MnCo
2
O

4
 powder

mixture. The XRD analysis revealed that MnCo
2
O

4
 was

compatible with the GDC matrix up to 1200oC. However,

the MnCo
2
O

4
 spinel decomposed at temperatures above

1300oC, leading to the formation of tetragonal-type (Mn,Co)

(Co,Mn)O
4
, manganese and cobalt oxides. It was found that

the electrical conductivity of the composite membranes

depended on the connectivity of the MnCo
2
O

4
 particles. At

MnCo
2
O

4
 contents of more than 15 vol%, electron conduct-

ing pathways started to form and the electrical conductivity

of the composite increased with increasing MnCo
2
O

4
 con-

tent. The MnCo
2
O

4
/GDC composite membranes showed oxy-

gen permeability in the temperature region of 800 to 950oC,

irrespective of the content of MnCo
2
O

4
. The oxygen perme-

jO2

RT

16F
2
L

-----------------
σiσe

σi σe+
--------------- lnP O2( )d

lnP O
2

( )'

lnP O
2

( )''

∫–=

Fig. 7. Oxygen permeation flux of the MnCO2O4/GDC com-
posite membranes sintered at 1200 and 1300oC as a
function of the MnCo2O4 content.
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ation flux of the composite membranes was determined by

their electrical conductivity and microstructure. It was con-

sidered that a high electrical conductivity (an enhanced con-

nectivity between MnCo
2
O

4
 particles) and large grain size is

beneficial to produce a composite membrane with high oxy-

gen permeability.
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