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Abstract

The preparation and oxygen permeation properties of novel composites of Ce0.9Sm0.1O1.95–x vol% Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4

(CSO–xMCNO; 5≤ x ≤ 25; 0≤ y ≤ 1.0) have been investigated. The composites were prepared by the Pechini process to obtain fine mi-
crostructures. The composites fired at 1300◦C for 2 h were found to consist of Ce0.9Sm0.1O1.95and two different spinel-type oxides. The oxygen
flux density of 0.3 mm-thick CSO–15MCNO withy = 1.0 was found to be 1.1 and 7.5�mol cm−2 s−1 at 1000◦C under He (20 sccm)/air and
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r–10%CH4 (100 scm)/air gradients, respectively. CSO–25MCNO with a larger amount of spinel-type phases exhibited a high oxyge
ity of 6.2�mol cm−2 s−1 and CO selectivity of 72% at 1000◦C without a conventional reforming catalyst. In addition, Ce0.9Sm0.1O1.95–15 vol%
nFe2O4 (CSO–15MFO) membranes were prepared by means of tape-casting technique. As a result of the optimization of slur

ition, a crack-free dense membrane with dimensions of 5 cm× 5 cm was successfully prepared after sintering at 1300◦C for 2 h. For the
ape-cast 133�m-thick membrane, an oxygen flux density of 9.5�mol cm−2 s−1 was attained at 1000◦C. Laminated membranes has b
lso successfully prepared.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Oxygen permeation membranes based on mixed oxide-ion
nd electronic conductors have been attracting much attention
f many researchers, in view of their promising applications,
uch as production of pure oxygen from air and hydrogen
rom methane[1,2]. To date, a number of oxygen permeable
aterials based on mixed conductors have been developed.
mong them, perovskite-type oxides in La–Sr–Co–Fe and
a–Sr–Ga–Fe systems are well known to exhibit a high oxy-
en flux density,jO2, at elevated temperatures. For example,
a0.7Sr0.3Ga0.6Fe0.4O3−δ exhibits a high oxygen flux den-
ity of approximately 8.2�mol cm−2 s−1 at 1000◦C under
he reaction of partial oxidation of methane[3].

∗ Corresponding author. Tel.: +81 22 795 7335; fax: +81 22 795 7335.
E-mail address: takamura@material.tohoku.ac.jp (H. Takamura).

In addition to those, dual-phase-type mixed conduc
comprising of ionic and electronic conductive phases
been developed. For example, composites consistin
Gd-doped CeO2 (CGO) as an ion-conductive matrix a
Sr-doped LaMnO3 (LSM) or Ca-doped GdCoO3 (GCC)
responsible for electronic conduction have been report
exhibit a superior mixed conductivity and the resulting h
oxygen flux density[4,5]. As a novel member of composi
type mixed conductors, recently, CGO–15 vol% MnFe2O4
(MFO) was found to show a highjO2 of 7�mol cm−2 s−1

at 1000◦C under the same methane conversion reaction[6].
For this composite consisting of acceptor-doped ceria
spinel-type ferrites, the optimization of oxygen flux den
with respect to the acceptor elements in ceria phase an
volume fraction of spinel-type phase has been conducte
a result, Ce0.9Sm0.1O1.95–15 vol% MnFe2O4 (CSO–MFO)
with a high oxygen flux density has been develo
[7].

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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To further improve the oxygen permeation properties,
in this study, a novel spinel-type oxide of Mn(1.5−0.5y)-
Co(1+0.5y)Ni0.5O4 (MCNO; 0≤ y ≤ 1) was adopted as an
electronic conductive phase instead of MFO. Compared to
MFO that shows an electronic conductivity of 8 S cm−1

at 900◦C, MCNO reportedly shows a higher conductiv-
ity of 15 S cm−1 at 300◦C [8]. Based on its high elec-
tronic conductivity, the new composites comprising of CSO
and MCNO are expected to show high oxygen flux den-
sity as well as CSO–15MFO. Furthermore, since MCNO
contains Ni as a constituent cation, CSO–MCNO compos-
ites themselves may work as a reforming catalyst. Thus,
the first purpose of this study is to prepare the compos-
ite membranes consisting of CSO and MCNO, and then
evaluates their oxygen permeation and methane reforming
properties.

In addition to exploring novel oxygen permeable mem-
branes, from application viewpoints, such as hydrogen pro-
duction from methane, it is important to develop fabrication
techniques of large-size and thin membranes. Therefore, the
second purpose of this study is to fabricate large-size and
thin CSO–MFO membranes by means of doctor-blade-type
tape-casting technique.

2. Experimental
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ouspO2 gradients between air and either He, Ar–5%H2 or
Ar–10%CH4 within the temperature range of 800–1000◦C.
Sweep gases were fed at a rate of 20–270 [STP]cm3 min−1

(sccm). Gas concentration was determined by use of a gas
chromatograph and a mass spectrometer. For methane con-
version tests, Ar–5%H2 gas was swept to activate the catalyst
prior to Ar–10%CH4 gas flow. For the methane conversion
tests, oxygen flux densities were calculated from concentra-
tions of CO and CO2, and CO selectivity was calculated as
follows:

CO selectivity (%)= [CO]

([CO] + [CO2])
× 100 (1)

where [CO] and [CO2] denote concentrations of the respec-
tive gases.

3. Results and discussion

3.1. Ce0.9Sm0.1O1.95–x vol%
Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4 (CSO–MCNO) composites

First of all, phase identification was performed
for Ce0.9Sm0.1O1.95–15 vol% Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4
(CSO–15MCNO), where 0≤ y ≤ 1. From XRD analyses as
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For composite-type materials, it is essential to ob
ne microstructures to achieve high mixed conductivity
he resultant oxygen flux density. Therefore, the compo
f Ce0.9Sm0.1O1.95–x vol% Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4
5≤ x ≤ 25; 0≤ y ≤ 1) were prepared by the Pechini p
ess[9–11]. Raw materials used were nitrates and hydrox
erving as metal sources, and citric acid and ethylene g
erving as chelating agents. After polymerizing, carboni
nd calcination at 700◦C, oxide powders were finally sinter
t 1300◦C for 2 h. Reforming catalysts were also prepa
y the same technique. The catalysts used were 10 mas
upported on Ce0.9Pr0.1O2−δ [7].

For tape-casting, the oxide powders of Ce0.9Sm0.1O1.95–
5 vol% MnFe2O4 were prepared by the Pechini proc
s well. The resultant powders were mixed with solv
2-propanol), dispersants (terpineol[12] or phosphate e
er[13]), binders (poly-vinyl-butyral (PVB)) and plasticize
dibutyl phthalate (DBP) and polyethylene glycol (PEG
he amount of additives was optimized to give appro
te viscosity. The viscosity of slurries was evaluated
one-plate-type viscometer prior to tape-casting. The s
as tape-cast by using doctor-blade-type apparatus

er tape-casting, green sheets were sintered at 1300◦C for
–5 h.

The set-up for oxygen permeation and methane conve
ests was described elsewhere[6]. Diamond-polished (bot
ides) samples of approximatelyφ8 mm and approximate
.3 mm in thickness were sealed with gold and boro
ate glass rings. The samples were then subjected to
i

hown inFig. 1, all the samples fired at 1300C for 2 h were
ound to consist of ceria and spinel-type phases as expe
owever, compared to conventional CSO–15MFO com

tes, reflections assigned to the spinel-type phase seem
road and weak. This may suggests the disproportionati
ecomposition of the spinel-type phase. Even though A
l. reported that MCNO can be obtained as a single p

ig. 1. The X-ray diffraction patterns of Ce0.9Sm0.1O1.95–15 vol%
n(1.5−0.5y)Co(1+0.5y)Ni0.5O4 (CSO–15MCNO; 0≤ y ≤ 1) fired at 1300◦C

or 2 h.
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and shows the following cation distribution[8]:

(Co2+
(0.58+0.33x)Mn2+

(0.42−0.33x))[Ni2+
0.5Co3+

(0.42+0.17x)

× Mn3+
(0.58−0.17x)Mn4+

0.5O
2−
4 (2)

a few spinel phases with different chemical composition
may be formed in the CSO–15MCNO composites. There-
fore, a microstructural analysis was performed by using
SEM–EDS.Fig. 2 shows the back-scattering-electron im-
age of the CSO–15MCNO (y = 1) composite fired at 1300◦C
for 2 h. As can be seen, a well sintered and dispersed com-
posite was obtained under this sintering condition; however,
further increase in firing temperature caused decrease in a
relative density down to less than 90%, presumably due to
a so-called “swelling effect”. With respect to compositional
analysis, three phases, i.e. white, gray and black contrasts,
were found to exist. The white phase was identified as a
Ce0.9Sm0.1O1.95 matrix phase. Its grain size was approxi-
mately 2�m, in which the incorporation of a few percent
of Mn and Co was confirmed. Regarding the spinel-type
phases, the cation ratio (Mn:Co:Ni) of phases with black and
gray contrasts was estimated as 1:1:0.2 and 0:0.5:0.25, re-
spectively. Thus, the CSO–15MCNO composite was found
to consist of Ce0.9Sm0.1O1.95, Mn–Co–Ni and Ni–Co-based
spinel-type phases. The two spinel-type phases were also
f
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Fig. 3. The oxygen flux density of Ce0.9Sm0.1O1.95–15 vol% Mn(1.5−0.5y)

Co(1+0.5y)Ni0.5O4 (CSO–15MCNO; 0≤ y ≤ 1) under (a) He (20 sccm)/air
and (b) Ar–10%CH4 (100 sccm)/air gradients.

composites withy = 1.0 showed a highjO2 of 3.0 and
7.5�mol cm−2 s−1 at 800 and 1000◦C, respectively. These
jO2 values for the CSO–15MCNO composite are almost com-
parable to those for CSO–15MFO previously reported (2–3
and 6–7�mol cm−2 s−1 at 800 and 1000◦C, respectively, at
a flow rate of 100 sccm)[7]. Even though the role of two
spinel-type phases, i.e. Mn–Co–Ni and Ni–Co-based phases,
has to be further investigated, judging from their highjO2
values, the novel CSO–MCNO composites may be used for
methane conversion applications.

The stability of oxygen flux density with respect to elapsed
time is also one of the important characteristics for oxygen
permeable membranes, since the membranes subjected to
largepO2 gradients between reformed gas and air may cause
phase decomposition.Fig. 4 shows the time dependence of
oxygen flux density for the composites with 15 and 25 vol%
MCNO (y = 1) at 1000◦C under Ar–10%CH4 (100 sccm)/air
gradient. Both composites showed a certain level of degrada-
tion of jO2 until 5 h. After that, however,jO2 appears to be
almost constant. Even though the duration of measurements
is limited to 24 h, these CSO–MCNO composites seem to
have enough chemical stability under methane conversion
environments.

As another aspect, the catalytic activity of CSO–MCNO
composites was evaluated. As described in experimental de-
tails, the 10 mass% Ni catalyst supported on CePr O
h l oxi-
d ents
u m-
p ranes
t ity.
T ming
p ured
ound to exist in the samples with different values ofx (vol-
me fraction) andy (Co content).

The oxygen flux density of CSO–15MCNO was eva
ted as a function of Co content ofy as shown inFig. 3.
he oxygen flux density was measured within the tem
ture range of 800 to 1000◦C under He (20 sccm)/air
r–10%CH4 (100 sccm)/air gradients. The membrane th
ess was fixed to be approximately 0.3 mm. For He/air
ient (Fig. 3(a)), an oxygen flux density,jO2, increased wit

ncreasing Co content ofy; the sample withy = 1 showed
jO2 of 1.1�mol cm−2 s−1, which is larger by a factor o
pproximately two than that for the case ofy = 0. Under

he Ar–10%CH4/air gradient (Fig. 3(b)), the CSO–15MCNO

ig. 2. Back-scattering electron micrograph of Ce0.9Sm0.1O1.95–15 vol%
nCo1.5Ni0.5O4 (CSO–15MCNO) fired at 1300◦C for 2 h.
0.9 0.1 2−δ

ave been usually used to promote the reaction of partia
ation of methane for the oxygen flux density measurem
nder Ar–10%CH4/air gradients. Since CSO–MCNO co
osites contain Ni as a constituent cation these memb

hemselves may exhibit a certain level of catalytic activ
herefore, the oxygen permeation and methane refor
roperties of the CSO–MCNO composites were meas
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Fig. 4. The oxygen flux density of Ce0.9Sm0.1O1.95–x vol% MnCo1.5Ni0.5O4

(CSO–15MCNO), wherex = 15 or 25, at 1000◦C under Ar–10%CH4
(100 sccm)/air gradient.

without putting the 10 mass% Ni–Ce0.9Pr0.1O2–δ catalyst on
the surface of composite membranes.Table 1summarizes
jO2 and the CO selectivity of CSO–MCNO (y = 1.0) and
CSO–MFO composites. Compared to CSO–15MCNO with
the reforming catalyst (Fig. 3(b)), all the samples without
the reforming catalyst showed lower oxygen flux density.
However, CSO–25MCNO without the reforming catalyst ex-
hibited a relatively highjO2 of 6.2�mol cm−2 s−1, which is
comparable to that for CSO–15MFO with reforming catalyst.
This relatively highjO2 may be attributed to the presence
of Ni-containing spinel-type phases. Even though CO selec-
tivity (72%) must be further improved, the CSO–25MCNO
composite itself appears to have a catalytic activity with re-
spect to the partial oxidation of methane.

From these observations, the characteristics of novel
CSO–15MCNO composites can be summarized as fol-
lows: (1) the CSO–MCNO composites consisted of
Ce0.9Sm0.1O1.95and two different spinel-type oxides; (2) the
oxygen flux density of CSO–MCNO was comparable to that
for the CSO–MFO composites and (3) CSO–25MCNO ex-
hibited a highjO2 of 6.2�mol cm−2 s−1 at 1000◦C without
a reforming catalyst.

Table 1
The oxygen flux density and CO selectivity of CSO–MCNO and CSO–MFO
c

C

C
C
C
C

T

Fig. 5. The tape-cast CSO–15MFO membrane after sintering at 1300◦C for
2 h.

3.2. Tape-casting of Ce0.9Sm0.1O1.95–15 vol% MnFe2O4

(CSO–15MFO) composite membranes

Since oxygen permeable materials mentioned above are
supposed to be used as membrane applications, it is im-
portant to develop fabrication techniques of membranes. In
this study, tape-casting, especially, the doctor-blade-type was
employed. Prior to tape-casting, it is essential to optimize
the amount of slurry additives, such as binder and plasti-
cizer agents. In general, the strength and plasticity of ce-
ramics green sheets depend on the amount of binders and
plasticizers, respectively. On the other hand, the excess ad-
dition can be a source of the reduction of sintering density,
which may cause mechanical N2-leakages for sintered mem-
branes. As a result of trial and error manner optimization, the
composition of ceramics slurry was decided as follows: ox-
ide powders (68.7 mass%), solvent (2-propanol 19.5 mass%),
binder (PVB 2.5 mass%), dispersant (terpineol 1.9 mass%)
and plasticizer (DBP 5.1 mass% and PEG 2.3 mass%), re-
spectively. In the case of use of phosphate esters as dispersant
agents, smooth and stable slurries were obtained[13]; how-
ever, residual phosphate compounds appeared to degrade the
oxygen flux density. Thus, only terpineol was used as a disper-
sant agent[12]. The viscosity of slurries was adjusted to be
1000–2000 mPa s by controlling the evaporation of solvent
during a vacuum defoaming process. For CSO–15MFO, a
c
a sin-
t in
s eans
o sin-
t
p bulk
m

ux
d FO
omposites without a reforming catalyst

omposites Thickness
(mm)

jO2 (�mol−2 s−1) CO selectivity
(%)

SO–5MCNO 0.34 3.2 56
SO–15MCNO 0.25 3.5 61
SO–25MCNO 0.31 6.3 72
SO–15MfO 0.26 2.7 60

he data were taken at 1000 CircC under Ar–10%CH4 (270 sccm).
rack-free dense membrane with dimensions of 5 cm× 5 cm
nd 140�m in thickness was successfully prepared after

ering at 1300◦C for 2 h as shown inFig. 5. Phases present
intered ceramics membranes were then analyzed by m
f XRD. As a result, the CSO–15MFO membrane after

ering was found to consist of (Ce, Sm)O2 and MnFe2O4
hases. These phases present were identical with the
aterial.
Fig. 6 shows Arrhenius-type plots of oxygen fl

ensity and CO selectivity of the tape-cast CSO–15M



1088 H. Takamura et al. / Journal of Alloys and Compounds 408–412 (2006) 1084–1089

Fig. 6. Arrhenius-type plots of oxygen flux density and CO selectivity of
CSO–15MFO membranes.

membrane with a thickness of 133�m. The oxygen flux
density was measured under Ar–10%CH4 (100 sccm)/air
gradients. As a reference,jO2 for the bulk specimen with
same composition but approximately doubled thickness
was also plotted. As a result of decrease in membrane
thickness, the oxygen flux density of CSO–15MFO was
enhanced up to 9.5�mol cm−2 s−1 at 1000◦C. Even at
800◦C, the tape-cast CSO–15MFO membrane showed
a high jO2 of 3.9�mol cm−2 s−1. Based on thejO2 val-
ues for CSO–15MFO, to produce H2 for 1 kW-PEFC, a
membrane area size of approximately 200 cm2 is required
at 1000◦C. These area sizes can be achieved by using
eight sheets of 5 cm× 5 cm-size membranes shown in
Fig. 5. For CSO–15MFO, which showed the highestjO2
of 9.5�mol cm−2 s−1 at 1000◦C, the corresponding CO
selectivity was 93% under a methane conversion rate of 22%.

With respect tojO2 obtained for the tape-cast membrane
at 1000◦C, note that the value was enhanced only 50% com-
pared to those for the bulk specimen, even though the mem-
brane thickness was reduced by a factor of about 1/2. This
implies that the oxygen permeation flux was limited by sur-
face exchange kinetics rather than ambipolar diffusion pro-
cess in ceramics. If this is the case, the Wagner’s equation
can be modified by including a characteristic thickness ofLc
as follows[14]:

j

∫ ′′

w

γ

cal
j
I
M of

the membrane thickness[7]. From a fitting analysis,Lc for
CGO–15MFO under Ar–5%H2/air gradients was estimated
to be approximately 500�m. Thus, it would not be surprising
to find the limitation ofjO2 due to surface exchange kinet-
ics for CSO–15MFO in the membrane thickness range of
100–300�m.

To further increase the oxygen flux density ofjO2, lami-
nated membrane structures were examined. From our previ-
ous work, it is found that higherjO2 can be obtained in the
case of use of CoFe2O4 (CFO) instead of MFO as an elec-
tronic conductive phase; however, ceria-based composites
with CFO are not chemically stable enough under methane
conversion atmosphere[6]. Based on these observations,
laminated membrane structures, in which CSO–30CFO lay-
ers were laminated on CSO–15MFO layers were fabricated.
Prior to lamination process, CSO–15MFO and CSO–30CFO
green sheets with a thickness of 30–40�m were prepared
by the same tape-casting technique. By using uniaxial die-
press, these thin green sheets were laminated in the man-
ner of CSO–15MFO× (6− N) + CSO–30CFO× N to be
210± 30�m as total membrane thickness.

Fig. 7 show SEM cross sectional images of lami-
nated membranes of CSO–15MFO× (6− N) sheets/CSO–
30CFO× N sheets, whereN = 3, 4 and 5, after sintering
at 1300◦C for 5 h. The laminated membranes were suc-
cessfully sintered without showing any cracks and edge
c ost
i en
r n
C erent
c n
b rs to
b CFO
l n
fl ted
m of

F tering
a the
m
a and
C

O2 = γ
RT

16F2L

ln p(O2)

ln p(O2)′

σiσel

σiσel
d lnp(O2) (3)

here

= 1

1 + 2(Lc/L)
(4)

The term ofγ works as a reduction factor for theoreti
O2; jO2 can be reduced by a factor of 1/3 in the case ofL = Lc.
n our previous work,jO2 for Ce0.8Gd0.2O2−δ–15 vol%
nFe2O4 (CGO–15MFO) was evaluated as a function
url, since their thermal expansion coefficients are alm
dentical (≈1.3× 10−5 K as an average value betwe
oom temperature and 1000◦C). The interface betwee
SO–15MFO and CSO–30CFO can be seen as diff
ontrast. From the magnified image (Fig. 7(d)), the adhesio
etween CSO–15MFO and CSO–30CFO layers appea
e good. For methane conversion tests, the CSO–30

ayer was exposed to air-feed side.Fig. 8 shows oxyge
ux density of CSO–15MFO/CSO–30CFO lamina
embranes at 1000◦C as a function of the number

ig. 7. SEM images of cross-section of laminated membranes after sin
t 1300◦C for 5 h. CSO–15MFO and CSO–30CFO were laminated in
anner of CSO–15MFO× (6− N) + CSO–30CFO× N. (a)N = 3, (b)N = 4
nd (c)N = 5. The magnified image of interface between CSO–15MFO
SO–30CFO in (a) were shown in (d).



H. Takamura et al. / Journal of Alloys and Compounds 408–412 (2006) 1084–1089 1089

Fig. 8. The oxygen flux density of laminated membranes as a function of
the number of CSO–30CFO layers.

CSO–30CFO layers. The membrane thickness was in the
range of 180–240�m. As expected, in the case ofN = 1,
i.e. CSO–15MFO× 5 + CSO–30CFO× jO2 increased by a
factor of 40% compared to the CSO–15MFO× 6 (N = 0)
membrane. This enhancement may suggest that the lami-
nation of oxygen permeable membranes with highjO2 and
high chemical stability is effective to improve the oxygen
flux density. However, further increase in the number of
CSO–30CFO reducedjO2, presumably due to the partial
decomposition of CFO phase. In fact, in the case ofN = 4 or
higher, the laminated membranes were cracked during the
methane conversion tests.

4. Conclusions

The preparation and oxygen permeation properties
of novel composite-type oxygen permeable ceramics
of Ce0.9Sm0.1O1.95–x vol% Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4
(CSO–xMCNO; 5≤ x ≤ 25; 0≤ y ≤ 1) have been firstly
investigated. The composites fired at 1300◦C for 2 h
were found to consist of Ce0.9Sm0.1O1.95 and two dif-
ferent spinel-type oxides. The oxygen flux density of
0.3 mm-thick CSO–15MCNO withy = 1.0 was found to
be 1.1 and 7.5�mol cm−2 s−1 at 1000◦C under He
(20 sccm)/air and Ar–10%CH(100 scm)/air gradients, re-
s
o
w ence
o

Furthermore, the preparation of Ce0.9Sm0.1O1.95–15 vol%
MnFe2O4 (CSO–15MFO) membranes by means of tape-
casting technique and their oxygen permeation properties
have been also investigated. A crack-free dense membrane
with dimensions of 5 cm× 5 cm was successfully prepared
after sintering at 1300◦C for 2 h. For the 133�m-thick
CSO–15MFO membrane, an oxygen flux density of
9.5�mol cm−2 s−1 was attained at 1000◦C. Laminated
membranes comprising of CSO–15MFO and CSO–30CFO
were also prepared. The laminated membrane with one
CSO–30CFO layer showed a higher oxygen flux density by
a factor of 40% than that without CSO–30CFO layer.
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