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Abstract. The oxygen flux density of CeygGdp,01.9—x vol% MnFe,04 (CGO-xMFO) composite-type ceramics
membranes has been investigated. The samples and reforming catalysts were prepared by the Pechini process. For
the CGO-xMFO composites, oxygen permeation was observed even at x = 3 vol%, presumably due to the presence
of grain boundary phases. For CGO-15MFO, the n-type electronic conductivity was found to be dominant at 900°C
or higher. The thickness dependence of jO, revealed that surface exchange kinetics was significantly involved in
the case of the membrane thickness of L < 0.5 mm. The highest oxygen flux density of 10 xmol-cm™2.s~' was

achieved for CGO-15MFO with the 10 mass% Ni-Pr:CeO, catalyst (L =0.25 mm) at 1000°C and a flow rate of

270 sccm.
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Introduction

Oxygen separation membranes based on mixed
oxygen-ion and electronic conductors are of interest, in
view of their promising applications, such as produc-
tion of pure oxygen from air and syngas from methane
[1]. Perovskite-type oxides in La-Sr-Co-Fe and La-Sr-
Ga-Fe systems are well known to exhibit a high oxygen
flux density, jO,, at elevated temperatures [2, 3]. For
example, Lag 7Sry 3Gag gFey 4O3_s exhibits a high oxy-
gen flux density of approximately 8.2 umol-cm™2.s~!
at 1000°C under methane conversion atmosphere [3].
In addition to those, dual-phase-type mixed conductors
comprising of ionic and electronic conductive phases
have been developed. For example, composites con-
sisting of Gd-doped CeO, (CGO) as an ion-conductive
matrix and Sr-doped LaMnO; (LSM) or Ca-doped
GdCoO3 (GCC) responsible for electronic conduction
have been reported to exhibit a superior mixed con-
ductivity and the resulting high oxygen flux density
[4, 5]. As a novel member of composite-type mixed
conductors, recently, CGO-15 vol% MnFe,04 (MFO)
was found to show a high jO, of 7 pumol-cm™2.s~!
at 1000°C under methane conversion tests [6]. How-
ever, the nature of this composite including the effect of

volume fraction of MFO on jO,, electrical conductivity
and rate-determining process, remains unknown.

Thus, the purpose of this study is to firstly evaluate
the oxygen flux density of CGO-MFO composites in
the context of volume fraction of the electronic con-
ductive MFO phase, and then to consider their electri-
cal conductivity and rate-determining process based on
the membrane thickness dependence of jO,. Moreover,
the enhancement of jO, under methane conversion at-
mosphere was examined in view of reforming catalyst
supports.

Experimental Details

The composites of CepsGdy,0;9—x vol% MnFe,04
(1 <x <50) were prepared by the Pechini process
[6-9]. Raw materials used were nitrates and hydroxides
serving as metal sources, and citric acid and ethylene
glycol serving as chelating agents. After polymerizing,
carbonizing, and calcination at 700°C, oxide powders
were finally sintered at 1300°C for 2 h. Reforming cat-
alysts were also prepared by the same technique. The
catalysts evaluated were 10 mass% Ni supported on
either CeO, or (CeypgRE(2)0,_s where RE=Pr, Sm
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or Gd. In the case of catalyst preparation, carbonized
powders were calcined at 1000°C. The resultant cata-
lyst powders were tape-cast on composite disks to be
around 200 pm in thickness.

Electrical conductivity was measured by means of
the four-probe DC technique at 800—1000°C. For the
electrical measurement, partial oxygen pressure, pO,,
was varied in the range of 0.21-107!2 atm. The setup
for oxygen permeation and methane conversion tests
was described elsewhere [10]. Diamond-polished (both
sides) samples of approximately ¢ 8 mm x 0.1-1 mm
in thickness were sealed with gold and borosili-
cate glass rings. The samples were then subjected
to various pO, gradients between air and either He,
Ar-5%H,;, or Ar-10%CH,4 within the temperature range
of 800-1000°C. Sweep gases were fed at a rate of 20—
270 sccm. Gas concentration was determined by use
of a gas chromatograph and a mass spectrometer. For
methane conversion tests, Ar-5%H, gas was swept to
activate the catalyst prior to Ar-10%CHy gas flow. In
this case, oxygen flux densities were calculated from
concentrations of CO and CO,, and CO selectivity was
calculated as follows:

CO selectivity (%) = [CO]/([CO] 4 [CO,]) x 100
(D

where [CO] and [CO,] denote concentrations of the
respective gases.

Results and Discussion

First of all, phase identification was performed for
CGO—x vol% MFO (CGO-xMFO), where 1 <x <50.
From XRD analyses, the composites with x =5 or
higher were found to comprise of CGO and MFO
phases. In addition, a small amount of GdFeO; was
observed. As well as CGO-CoFe;04 (CFO) compos-
ites in the previous work [6], the lattice constant of
fluorite-type CGO phase was found to decrease, com-
pared to that of pure CGO. The formation of GdFeOs,
which would reduce the Gd content in CGO, may be
responsible for decrease in the lattice constant.

The oxygen flux density of CGO-MFO was eval-
uated as a function of volume fraction of MFO as
shown in Fig. 1. The oxygen permeation property
was measured within the temperature range of 800-
1000°C under Ar-10%CHy (20 sccm) / air gradients.
The oxygen flux density was multiplied by a thickness
of L for comparison. As expected, for 1 vol% MFO
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Fig. 1. The oxygen permeability, jO, x L, of CGO-xMFO as a func-
tion of the volume fraction of MFO. T = 800, 900, and 1000°C.

sample, the permeability is limited to less than 1 x
1078 mol-cm~!-s~! due to the lack of electronic con-
ductivity; however, CGO-MFO was found to be oxygen
permeable even at 3 vol% MFO. This volume fraction
is considerably lower than that of percolation threshold,
which is expected to be around 25 vol%. This behav-
ior will be discussed in the context of the formation
of grain boundary phase later. The jO, x L value in-
creases with increasing the volume fraction of MFO
up to 30 vol%. However, CGO-MFO membranes with
40 vol% MFO or higher caused fracture during the
methane conversion test. Figure 2 shows the TEM mi-
crograph of CGO-17CFO fired at 1300°C. Even though
CGO usually requires a high sintering temperature such
as 1600°C for densification, ceria-spinel-ferrite-based
composites are found to be well densified by firing at
1300°C for 2 h. This decrease in the sintering temper-
ature is presumably due to the presence of spinel-type
ferrite that can work as a sintering agent. As a result
of low-temperature sintering, a fine grain size of less
than 500 nm was obtained. In addition, somewhat dif-
ferent contrasts were observed around grain boundary
regions. By taking dark-field images, the grain bound-
ary phase was found to consist of nano-sized CGO and
spinel-type ferrite grains, but not GdFeOs;. This grain
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Fig. 2. TEM micrograph of CGO-17MFO fired at 1300°C for 2 h.

boundary phase seems to be responsible for oxygen
permeation at a lower volume fraction of electronic
conductive phase.

The total electrical conductivity of CGO-MFO
was evaluated as a function of temperature and pO,.
Figure 3 shows conductivity isotherms of CGO-
15MFO at temperatures ranging from 800 to 1000°C.
The reversibility of o as a function of pO, was con-
firmed by returning to a reference point at pO, ~ 1073
atm. A plateau regime followed by upturned increase
in total o with decreasing pO, was observed at 800°C,
while additional increase in o emerged at pO, ~ 104
atm at 900°C or above. Given that spinel-type ferrites
tend to show n-type behavior [6], changes in the shape
of conductivity isotherms can be explained as follows:
n-type conductivity originating from MFO is slightly
lower than ionic conductivity of CGO at 800°C ex-
cept for a low pO, region; as temperature increases,
the n-type conductivity of MFO starts to become a
major carrier at a wide pO, region as a result of dif-
ference in activation energies, i.e. AEMFO > A ECCO,
This scenario is schematically illustrated in Fig. 3. If
this is the case, upturned increase in o at low pO; is
attributed to the reduction of MFO. It should be also
noted that n-type conduction is dominant at tempera-
tures above 900°C, and as a result, the oxygen perme-
ation of CGO-MFO should be limited by its effective

ionic conductivity, i.e. volume fraction x o*iCGO when
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Fig. 3. The conductivity isotherms of CGO-15MFO taken at tem-
peratures ranging from 800 to 1000°C. The inset shows a schematic
illustration of conductivity isotherms at 800 and 1000°C for expla-
nation.

the rate-determining process is the bulk diffusion. The
effective ionic conductivity and rate-determining pro-
cess were then considered in view of the membrane
thickness dependence of jO,.

Figure 4 shows the oxygen flux density of CGO-
15MFO as a function of membrane thickness, L, at
temperatures ranging from 800 to 1000°C. The sweep
gas used was Ar-5%H; in order to simplify the calcu-
lation of pO, of the permeate side. The oxygen flux
density (left axis) increases with decreasing L; for ex-
ample, the jO, values were 2.0 and 2.7 umol-cm™2.s~!
for L=1.0 and 0.67 mm, respectively. However, as
expected, jO, as a function of L tends to be flatten as
the membrane thickness decreases to less than 0.5 mm,
presumably due to the involvement of surface exchange
kinetics. Solid lines for jO, were obtained by fitting the
following equation proposed by Bouwmeester et al. at
given temperatures [11]:

JO, =

RT (P9 4,0,
dInpO, 2)
1

— y—
PF2L Jinpo, e+ 0

where o; and o, denote ionic conductivity and
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Fig. 4. The oxygen flux density and reduction factor of CGO-15MFO
as a function of the membrane thickness. 7' = 800-1000°C.

electronic conductivity, pO) and pOj denote partial
oxygen pressures at the feed and permeate sides, and
T, L, R, F denote temperature, membrane thickness,
the gas constant, and the faraday constant, respectively.
In addition, a factor of y can be express as follows:

1

“1+QL./L) ®)

14

where L. means a characteristic thickness. The factor
of y can be regarded as a sort of “reduction factor”
that restricts the oxygen flux density due to surface ex-
change kinetics. Assuming that the ambipolar conduc-
tivity term is approximated by the ionic conductivity
that is independent on pO;, one can obtain:

. RT pOy
0,~ —y———o0;1 4
IR TEY Y n(p0’2> @

In the fitting procedures, L., and a theoretical oxygen
permeability term were used as adjusting parameters.
As a fitting result, L, was estimated to be around 0.5
mm regardless of temperature. The reduction factor
of ygas also plotted in Fig. 4 as dotted lines (right
axis). For example, the value of y was found to be
0.53 for L = 1.0 mm at 1000°C. This implies that jO,

observed at 1000°C and L =1.0 mm is only 53% of
the theoretical jO, value. Moreover, o; in Eq. (4) can
be calculated by using the theoretical oxygen flux den-
sity, pOj and pOj. The value of pOj was estimated
from gas concentration of H, and H,O. For exam-
ple, o; estimated from the theoretical oxygen flux den-
sity was 0.18 S/cm at 1000°C, showing a good agree-
ment with the expected effective ionic conductivity of
0.85 x 0.24 =0.20 S/cm. However, to further discuss
about L., another experimental results, for example,
by means of conductivity relaxation techniques will be
needed. In any case, apart from the L. value obtained
by the fitting procedure, jO, was obviously saturated
at around L < 0.5 mm in Fig. 4. This implies that, as
well as other MIEC-based oxygen permeable ceram-
ics, the rate-determining process of CGO-MFO shifts
from bulk diffusion to surface exchange kinetics as the
membrane thickness decreases.

The effect of catalyst supports on the oxygen flux
density of CGO-MFO under methane conversion at-
mosphere was also considered. Among a number of
reforming catalyst supports, CeO, is well known as a
promoter which gives high CO selectivity. The possible
mechanism for giving high CO selectivity is proposed
in the context of oxygen nonstoichiometry of CeO, as
follows [12]:

CeO; + nCHy — CeO,_, +nCO + 2nH, (5)
CeO,_, +nC0O,; — CeO, +nCO (6)

RE-substituted CeO, supports, where RE =Pr, Sm,
and Gd, were prepared in this study, and the oxy-
gen flux density of CGO-15MFO with those reform-
ing catalysts was evaluated. The amount of Ni-catalyst
was fixed to 10 mass%. Figures 5(a) and (b) show
the jO, of CGO-15MFO with the 10Ni-RE:CeO; cat-
alysts (L =0.25 +0.01 mm) as a function of tempera-
ture and the corresponding CO selectivity, respectively.
Compared to CeO, without RE dopants, doped-CeO,,
especially Pr:CeO,, shows a high oxygen flux den-
sity and CO selectivity at elevated temperatures. Un-
like Sm:CeO, and Gd:CeO,, Pr:CeO, is known to be
an n-type electronic conductor even at high pO, re-
gion [13]. This unique behavior may be relevant to
the high jO, and CO selectivity. For the CGO-15MFO
with the 10Ni-RE:CeOQ, catalysts, the flow rate depen-
dence of jO, and CO selectivity at 1000°C was plotted
in Figs. 6 (a) and (b), respectively. The highest jO,
of 10 wmol-cm™2.s~! was attained at 1000°C and a
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Fig. 5. The temperature dependence of (a) the oxygen flux density
and (b) CO selectivity of CGO-15MFO with 10Ni-RE:CeO; cata-
lysts (L =0.25 £0.01 mm), where RE = Pr, Sm or Gd.
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Fig. 6. The flow rate dependence of (a) the oxygen flux density and
(b) CO selectivity of CGO-15MFO with 10Ni-RE:CeO; catalysts
(L =0.25 £ 0.01 mm), where RE =Pr, Sm or Gd. T = 1000°C.

flow rate of 270 sccm for CGO-15MFO with the 10Ni-
Pr:CeO, catalyst. Even though a relatively high tem-
perature of 1000°C and a thinner membrane thickness
of ~ 0.25 mm are required, this oxygen flux density
is comparable to those for the perovskite-type oxides
such as Lag 7Sry3Gag¢Feg403_s (8.2 pmol-cm™2-s~!
at 1000°C [3]) and Ba0,5Sr0,5C00,gFeo_203_5(8.6
,t,LmoLcm’z-s’1 at 875°C [14]).

Conclusions

The oxygen flux density, jO,, of CeygGdy,0;9—x
vol% MnFe,0,; (CGO-xMFOQO) was examined in the
context of volume fraction of MFO, membrane thick-
ness of L, and reforming catalysts. For the CGO-xMFO
composites, oxygen permeation phenomena was ob-
served even at x = 3 vol%, presumably due to the pres-
ence of grain boundary phases. For CFO-15MFO, the
n-type electronic conductivity was found to be domi-
nant at 900°C or higher. The thickness dependence of
jO, revealed that surface exchange kinetics was signif-
icantly involved in the case of L < 0.5 mm. The highest
jO, of 10 pmol-cm™2-s~! was attained at 1000°C and a
flow rate of 270 sccm for CGO-15MFO with the 10Ni-
Pr:CeO, catalyst.
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