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a b s t r a c t

A supported mixed-conducting LNCO membrane with a pore-gradient structure LNO support was suc-
cessfully prepared via a dry pressing and co-sintering route. The match of sintering behaviors between
membrane and support was realized by the preparation of an ABB′B′ ′B′BA-type membrane. A scanning
electron microscopy (SEM) test demonstrated that the surface of the supported membrane was dense and
crack-free and the pore-gradient structure of the support can be observed clearly. The oxygen flux of the
eywords:
upported membrane
o-sintering
elf-catalytic membrane reactor
xygen permeation

supported membrane was about 5.6 times that of the symmetric LNCO membrane. A self-catalytic mixed-
conducting membrane reactor was constructed using the prepared membrane for hydrogen production
from methane. It was found that this membrane reactor exhibited high performance and good stability
for hydrogen production. At 1123 K, the CH4 conversion, hydrogen selectivity and hydrogen production
remained at about 60%, 89% and 8.0 ml(STP) cm−2 min−1, respectively, for more than 120 h.
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. Introduction

Because of its high-energy conversion efficiency and low emis-
ion of air pollutants, the fuel cell holds promise for application as
n energy source. Up to now, various types of fuel cell have been
perated with hydrogen [1–3]. For successful commercialization, a
table supply of hydrogen is required at low cost and high efficiency
4]. During the past two decades, studies on hydrogen generation
rom various sources, such as fossil fuels, water and biomass, etc.
ave been extensively reported. However, it is generally accepted
hat hydrogen production will mainly rely on fossil fuels, primar-
ly natural gas, for at least another half-century or so [5]. There
re many techniques for converting natural gas to hydrogen [6–8].
mong these technologies, steam reforming is most commonly uti-

ized [7], and can be represented by the reactions (1) and (2):

H4 + H2O = CO + 3H2 �H0
298 = 206 kJ mol−1 (1)

0 −1
O + H2O = CO2 + H2 �H298 = −41.2 kJ mol (2)

owever, a high consumption of energy is inevitable due to the
igh endothermic nature of the reaction and the need to use excess
team to reduce carbon formation. An alternative process to pro-

∗ Corresponding author. Fax: +86 25 8358 7211.
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uce hydrogen is the partial oxidation of methane (POM) using pure
xygen in the presence of a catalyst. This has greater selectivity and
xothermicity [9], as represented by the reactions (3):

H4 + 1
2

O2 = CO + 2H2 �H0
298 = −36 kJ mol−1 (3)

he main difficulty with the POM process lies in the consumption of
arge quantities of expensive pure oxygen, which is produced by the
ryogenic separation of air. Recently, an important advance in using
ir directly as a feedstock for the POM process has resulted from the
pplication of a mixed-conducting oxide membrane reactor (with
igh oxygen ionic and electronic conductivities), which integrated
he oxygen separation and POM processes in a single unit [10,11].
owever, for this process, the performance of the membrane reac-

or is always restricted by the membrane permeability and catalytic
ctivity.

In this work we propose a novel self-catalytic membrane reac-
or (SCMR) based on a supported mixed-conducting membrane to
mprove the performance of the membrane reactor. As depicted in
ig. 1, porous La2NiO4+ı (LNO), a mixed ionic–electronic conduc-
or with catalytic activity for methane reforming [12], was used
ot only for the membrane support but also for the catalyst pre-

ursor. Considering the match of thermal performances between
he membrane and the support, La2Ni0.9Co0.1O4+ı (LNCO) mixed-
onducting oxide was selected as the membrane. The reduction of
xygen to oxygen ion occurs on the membrane side and the POM
akes place simultaneously on the support side. At the start of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wqjin@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.066
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Fig. 1. Schematic diagram of the self-cataly

OM reaction, CH4 is partial oxidized by the porous support (LNO)
o CO and H2, and simultaneously parts of the LNO on the surface of
he support were reduced to zero valent nickel (Ni0) and La2O3 [13].
his process can be considered as a self-catalytic process because
i0 as the catalyst for the POM reaction can be produced during the

eaction.

. Experimental

.1. Powder synthesis

The LNO and LNCO oxides were prepared via a gel-
ombustion method [14]. Analytical-grade La2O3, Ni(NO3)2·6H2O
nd Co(NO3)2·6H2O were used as the starting materials. For the
ynthesis of LNO oxide, La2O3 was dissolved in dilute nitric acid.
n aqueous solution containing La and Ni ions then prepared by
issolving stoichiometric amounts of La(NO3)3 and Ni(NO3)2·6H2O

nto a measured volume of deionized water under continuous agi-
ation. The required amount of EDTA, dissolved in NH3·H2O, was
hen dropped into the mixed metal nitrate solution, followed by the
ddition of solid citric acid whilst stirring; the mole ratio of total
etal ions to EDTA and to citrate was 1:1:2. NH3·H2O was used to

djust the pH value of the solution to 7–8. The solution containing
he complex precursor was then heated on a hot plate at ∼523 K
o form a black, soft and fluffy product. Finally, the product was
alcined in air at 1173 K for 5 h to prepare LNO oxide.

.2. Membrane preparation

A dry pressing technique and co-sintering route [15] were
tilized to prepare the supported dense mixed-conducting mem-
ranes. An ABB′B′ ′B′BA-type membrane, with two dense membrane

ayers and five porous support layers, was prepared. Appropriate
mounts of membrane material (LNCO) were first poured into a
tainless die. The surface of the membrane material was leveled
ff at an intermediate pressure of 60 MPa. After holding under the
oad for several minutes, the pressure was released and then five
ayers of support material (LNO) together with the 5–25 wt.% of the
ctive carbon, which acted as the porous former, were added onto
he surface of the membrane material layer by layer in the order
f 5, 15, 25, 15 and 5 wt.%. Each layer of the support needed to be

eveled off at about 60 MPa and held for several minutes. After the
fth layer of the support had been completed, appropriate amounts
f membrane material were added on to the surface of the support
aterial. A pressure of 240 MPa was applied to form the green sup-

orted membranes with a sandwich structure and a diameter of

2

h

embrane reactor for hydrogen production.

6 mm. Finally, the green supported membranes were sintered at
523 K for 2 h. As the temperature rose, the support shrunk at a rate
lose to that of the membrane layer. Meanwhile, with the increase
n temperature, the active carbon burned out to form many pores in
he support. The removal of the active carbon provided the higher
orosity in the support than in the membrane layer. After sintering,
upported membranes were obtained with a dense and defect-free
embrane layer and a pore-gradient structure support layer. Before

sing as a membrane reactor, the supported membrane was cut into
wo ABB′B′ ′-type membranes with a dicing cutter (EC400, Kejing,
henYang, China). The complete process for preparing the ABB′B′ ′-
ype membrane is shown in Fig. 2. In order to simplify the narration,
he symbols LNO-5, LNO-15 and LNO-25 were used to denote the
ifferent support layers that contained 5, 15 and 25 wt.% active car-
on. The thickness of every layer of the supported membrane was
ontrolled by the amount of the added materials.

For the comparison of membrane performance, a dense sym-
etric LNCO membrane and an AB-type membrane were also

repared under identical conditions to that of the ABB′B′ ′-type
embrane.

.3. Characterization

The crystal structures of the samples were characterized by X-
ay diffraction (XRD, D8-advance, Bruker, Germany) using Cu K�
adiation. The experimental diffraction patterns were collected at
oom temperature by step scanning in the range 20◦ ≤ 2� ≤ 80◦ with
n increment of 0.05◦. The sintering behaviors of the samples were
nvestigated by a dilatometer (NETZSCH DIL 402C) in still air to
523 K at a heating rate of 2 K min−1. The morphology of the sup-
orted mixed-conducting membrane was examined by scanning
lectron microscopy (SEM) (FEI, Model Quanta-2000, Holland). The
orking parameters of the SEM are as follows: high voltage (HV)
5–30 kV, work distance (WD) 8–10 mm and Spot 3.0. The surface
hemical composition of the support before and after POM was
nalyzed by X-ray photoelectron spectroscopy (XPS) (PerkinElmer,
HI-550 ESCA/SAM, USA), equipped with an Al K� X-ray source
h� = 1486.6 eV). The pressure in the ion-pumped analysis chamber
as below 1.0 × 10−6 Pa. All binding energies (BE) were referenced

o the adventitious C 1s line at 284.6 eV. This reference gave BE
alues with an accuracy of ±0.1 eV.
.4. Membrane reactor set-up

The membrane reactor module and experimental apparatus for
ydrogen production was described in our previous work [16]. The
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Fig. 2. Preparation procedure for the

embrane disk was sealed between two gold rings and the edge
f the disk was surrounded with ceramic sealant. The effective
rea of the membrane for oxygen permeation was about 0.283 cm2.
efore starting the POM reaction, the assembly was heated from
oom temperature to 1313 K at 2 K min−1 and held for 4 h to ensure
he softening of the gold rings. Gas leakage, if present, could be
etected by monitoring the nitrogen concentration in the effluent
rom the support side. The inlet gas flow rates were controlled by

ass flow controllers (Models D07/ZM, Beijing Jianzhong Machine
actory, China), which were calibrated by a bubble flowmeter. Both
ides of the membrane were maintained at atmospheric pressure. A
rogrammable temperature controller (Model AI-708PA, Xiameng
udian automation technology Co., Ltd.) was utilized to monitor the
emperature around the membrane.

Air was introduced to the membrane layer surface and CH4,
ogether with He, was introduced to the porous support surface. The
ow rates of air, CH4 and He were 100, 2.0 and 18.0 ml(STP) min−1,
espectively. The effluent streams were analyzed by two on-line gas
hromatographs (Shimadzu Model GC-8A, Japan). A 5 A molecular
ieve column of 2 m was used for the separation of H2, O2, N2, CH4
nd CO, and a TDX-01 column of 1 m was used for separating CO2
nd hydrocarbons. The chromatograph with 5 A molecular sieve
as operated under a current of 180 mA and the attenuation of 1,

onditions under which a trace amount of oxygen (>1 Pa) could be
etected. The analyses were checked by the carbon balance, which
as within 5% for all reaction experiments. For oxygen permeation
easurements, helium gas (30 ml(STP) min−1) was used as the

weeping gas in the permeation side, and an internal standard gas
H4 (about 1.0 ml(STP) min−1) was added to the effluent streams
nd passed through the on-line analysis loop. In the membrane
eaction experiments, methane diluted by helium was introduced
nto the reaction side of the membrane, and the unreacted feed
ases and products passed through the loop of the on-line analysis.

The conversion of CH4, selectivity and production of H2 for the
OM were defined, respectively, as follows:

CH4 = FCH4inlet − FCH4outlet

FCH4inlet
(4)
H2 = FH2

2(FCH4inlet − FCH4outlet)
(5)

H2 = 2XCH4 SH2 FCH4inlet

Am
(6)

e
s
t
s
l

rted mixed-conducting membrane.

here XCH4 is the conversion of CH4, SH2 and PH2 are selectivity
nd production of H2 for the POM, respectively. Fi is the flow rate of
pecies i, in mol s−1. The oxygen flux in the membrane reactor could
e calculated by the mass balance on the basis of the components
f CO, CO2, O2 and H2O in the exit stream:

O2inlet = FO2outlet + 1
2

FCO + FCO2 + 1
2

FH2O (7)

here FH2O can be calculated based on the hydrogen balance as
ollows:

CH4inlet = FCH4outlet + 1
2

FH2 + 1
2

FH2O (8)

ubstitution of Eq. (8) into Eq. (7) yields:

O2inlet = FO2outlet + 1
2

FCO + FCO2 + FCH4inlet − FCH4outlet − 1
2

FH2 (9)

. Results and discussion

.1. Sintering behaviors of membrane and porous support

For the co-sintering method, it is crucial for the support layers
o have similar sintering behavior to the membrane layers in order
o obtain a dense, crack-free supported membrane. In other words,
uring the densification process of the supported membrane, the
imensions of the support layers should undergo a similar change
o those of the membrane layers. The sintering behaviors of mem-
rane and support layers (with various amounts of active carbon)
ere investigated individually by a dilatometer and the results

re presented in Fig. 3. It can be seen that the sintering behavior
f LNCO is quite different to that of LNO-5, LNO-15 and LNO-25
n the temperature range 750–1523 K. LNCO begins to shrink at
bout 1323 K and the linear shrinkage is 14% at 1523 K. In con-
rast, the onset shrinkage temperatures of the LNO-5, LNO-15 and
NO-25 are about 1173 K and the linear shrinkage are 14.5, 19.3 and
3.5%, respectively, at 1523 K. The ABB′B′ ′-type membrane (with
membrane layer and three support layers), is therefore difficult

o prepare successfully with a direct dry pressing and co-sintering
echnology. The experimental results show that the ABB′B′ ′-type

embrane is prone to bend during sintering. This result can be

xplained by the stress state analysis of the membrane layer and
upport layers during sintering. From Fig. 3, the support layers begin
o shrink at about 1173 K, whereas the membrane layer does not
hrink at this temperature. The large sintering stress in the support
ayers causes a compressive stress at the bottom of the membrane
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ig. 3. Sintering behavior of the LNCO membrane and LNO support layers (with
arious amounts of active carbon).

ayer. This compressive stress leads to the bending of the whole
upported membrane (see Fig. 4). The bending of the membrane
ayer results in a large space between powders in the membrane,

hich is disadvantageous for the densification of the membrane.
s seen in the inset of Fig. 4, the surface of the curved membrane

s porous.

.2. Formation of the supported dense mixed-conducting
embrane

In order to avoid this mismatch of sintering behavior between
he membrane and support, an ABB′B′ ′B′BA-type membrane, with
wo dense membrane layers and five porous support layers, was
repared. The symmetric stress in this type of membrane during
he sintering process ensures successful preparation of a dense and
rack-free supported membrane.

Fig. 5 shows the SEM micrograph of the ABB′B′ ′-type membrane
′ ′ ′ ′
cutting from ABB B B BA-type membrane), which consists of a

NCO membrane layer and LNO-5, LNO-15 and LNO-25 as sup-
ort layers. ML, SL1, SL2 and SL3 refer to the membrane layer,
NO-5 support layer, LNO-15 support layer and LNO-25 support
ayer, respectively. It can be seen that the membrane with a

ig. 4. SEM images of the curved ABB′B′ ′-type membrane prepared by a direct dry
ressing and co-sintering route. The inset shows the surface microstructure of the
urved membrane. SM, ML and SL refer to the surface of the membrane, the mem-
rane layer and the porous support layer, respectively.
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hickness of about 120 �m is well bonded to the support, and
he support is porous (Fig. 5a). The surface of the membrane is
ense and crack-free and ceramic grains with clear grain bound-
ries are visible (Fig. 5b). The porosity of the support increases
ith increasing amounts of active carbon (Fig. 5SL1–SL3). As

or the supported membrane, the porous support layers should
ave high porosity and low gas transport resistance so that the
et transport rate is not determined by the diffusion of gas in
he support. However, the mechanical strength of the membrane
eceases with increasing porosity of the support. Therefore, a pore-
radient structure support was designed in this work to achieve
ot only low gas transport resistance, but also high mechanical
trength.

.3. Oxygen permeability of the supported dense
ixed-conducting membrane

In the POM reaction, the consumption of 1 mol O2 will pro-
uce 4 mol H2, so the oxygen permeability of the membrane

s a significant factor in the production rate of hydrogen. The
BB′B′ ′-type membrane with a membrane layer 120 �m thick and

he whole porous layer about 880 �m thick (LNO-5 ≈ 250 �m;
NO-15 ≈ 250 �m; LNO-25 ≈ 380 �m) was applied to evaluate the
xygen permeability. For comparison, the oxygen fluxes of an AB-
ype membrane, which had a 120 �m LNCO membrane layer and
n 880 �m LNO-15 porous support layer, and a symmetric 1 mm
NCO membrane were also tested under identical experimental
onditions. Measurements were made between 1073 and 1223 K
t an oxygen partial pressure gradient of 2.1 × 104/1 × 102 Pa. As
hown in Fig. 6, the oxygen flux of the ABB′B′ ′-type membrane is
reater than that of the AB-type membrane and symmetric LNCO
embrane. At 1173 K, the oxygen flux of the ABB′B′ ′-type mem-

rane is 5.44 × 10−7 mol cm−2 s−1, which is about 5.6 times that of
he symmetric LNCO membrane and 1.6 times that of the AB-type

embrane.
For a dense mixed-conducting membrane, the oxygen perme-

tion rate is controlled by two factors: the rate of oxygen ion
iffusion within the bulk and the oxygen surface exchange on each
ide of the membrane [17]. Therefore, the preparation of the sup-
orted membrane is an effective way to reduce the membrane
hickness and improve the oxygen flux. In addition, for a thin
ense ceramic membrane (e.g. a supported membrane), the sur-

ace exchange rate is often the main factor determining the oxygen
ux. Further increase in the permeability of this membrane can
esult from the surface activation, which would promote a faster
urface oxygen exchange reaction because of the enhanced catalytic
ctivity and increased effective area. This viewpoint is commonly
ccepted and the surface activation methods are widely used to
nhance the surface oxygen change rate [18–20]. In this work, the
xygen flux through an ABB′B′ ′-type membrane is dramatically
mproved by a decrease of the membrane thickness. Furthermore,
he porous LNO catalyst layer coating on the dense LNCO thin mem-
rane increases the effective area for the surface oxygen exchange
eaction (the oxidation of oxygen ions to oxygen molecules). Con-
idering the high surface exchange coefficients of LNO oxide [21],
e can state that the oxygen flux of the ABB′B′ ′-type membrane

s also improved by the porous LNO support layers. However, the
ontribution of the porous LNO layers to the overall oxygen per-
eability also depends on the thickness and microstructure of the

orous layers, which determines whether they have a positive effect

n the overall oxygen permeability. This is the reason why the oxy-
en flux of an ABB′B′ ′-type membrane is higher than that of an
B-type membrane. The preparation of a pore-gradient support

ayer is the beginning of a program of work to optimize the porous
upport layer. Further work is important and necessary.
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.4. A self-catalytic membrane reactor for effective hydrogen
roduction

Because of the high catalytic activity and stability of the LNO
xide for the methane reforming reaction [12,22], hydrogen can be

p
A
o
w
n

e ABB′B′ ′-type membrane. ML, SL1, SL2 and SL3 refer to the membrane layer, LNO-5
roduced via a self-catalytic membrane reactor constructed as an
BB′B′ ′-type membrane. At the beginning of the reaction, the effect
f methane concentration on the membrane reactor performance
as investigated. Because helium was used as a sweep gas, we did
ot use pure methane as the feed gas. In this experiment, the flow
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ig. 6. Temperature dependence of the oxygen permeation fluxes of the ABB′B′ ′-type
embrane, AB-type membrane, and symmetric LNCO membrane. The upstream and

ownstream oxygen partial pressures are 2.1 × 104 and 1 × 102 Pa, respectively. The
hickness of each membrane is 1.0 mm.

ate of helium was fixed at about 18 ml min−1 while the methane
ow rate was increased from 1.5 to 3.0 ml min−1. The reaction per-

ormance versus methane concentration at 1123 K is presented
n Fig. 7. It shows that with increasing methane concentration,
he hydrogen selectivity (SH2 ) remains almost constant (at around
9%) and both the hydrogen production (PH2 ) and oxygen flux
JO2 ) increases. However, the conversion of CH4 (XCH4 ) decreases
apidly with increasing methane concentration. These results can
e explained as follows. The oxygen partial pressure in the reaction
ide slightly decreased with increasing methane concentration. So,
he oxygen permeation flux slightly increased. Correspondingly,
he reacted methane will slightly increase with increasing oxygen
ermeation flux. As presented in Eq. (4), the methane conversion
XCH4 ) can be expressed as the ratio of the reacted methane to the
eed methane. Although the reacted methane slightly increases,
he feed methane increases rapidly with increasing methane con-

entration. So, the methane conversion decreased drastically with
ncreasing methane concentration. Similar results were reported
y Tsai et al. [23], Jin et al. [10] and Ikeguchi et al. [24]. As a
esult, we used 10 vol.% CH4 (i.e. CH4/He = 2.0/18.0 ml min−1) as

ig. 7. H2 selectivity, H2 production, CH4 conversion, and O2 permeation flux as
function of methane concentration in the self-catalytic membrane reactor at

123 K. Reaction side: He = 18 ml(STP) min−1, CH4 = 1.5–3.0 ml(STP) min−1; air side:
ir = 100 ml(STP) min−1; effective membrane area = 0.283 cm2.
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ig. 8. H2 selectivity, H2 production, CH4 conversion, and O2 permeation flux as
function of temperature in the self-catalytic membrane reactor. Reaction side:
e = 18 ml(STP) min−1, CH4 = 2.0 ml(STP) min−1; air side: air = 100 ml(STP) min−1;
ffective membrane area = 0.283 cm2.

he feed gas for these measurements. As well as the methane
oncentration, the temperature is another crucial factor that will
ffect the membrane performance. Fig. 8 shows the temperature
ependence of membrane reactor performance. Each tempera-
ure was held constant for about 2 h and the corresponding data
oints were recorded at least three times to ensure the accu-
acy of the results. The oxygen flux and CH4 conversion increase
ith increasing temperature. At 1173 K, the oxygen flux is about

.84 ml(STP) cm−2 min−1, which is 3.9 times that measured in the
ir/He atmosphere; the CH4 conversion is about 68.3%. The hydro-
en production increases slightly while the hydrogen selectivity
ecreases with increasing temperature. At 1173 K, the hydrogen
roduction is about 8.0 ml(STP) cm−2 min−1. The hydrogen selec-
ivity is better at lower temperature, and greater than 90% below
123 K. The decrease of the H2 selectivity can be explained as fol-
ows. The oxygen permeation flux increased with increasing the
emperature. However, the flow rate and concentration of the feed

ethane was not adjusted. So, the CH4/O2 decreased at high tem-
eratures, which led to the further oxidation of H2 and CO to be H2O
nd CO2. Indeed, a small amount of CO2 and H2O can be detected in
he effluent from the reforming side. Ji et al. [25] also reported that
2 selectivity decreased with decreasing the CH4/O2. Therefore, the
2 selectivity decreased with increasing the temperature. From the

iteratures, similar results and explanations were reported by many
esearchers [24,26–28].

.5. Long-term stability of the self-catalytic membrane reactor

For practical applications, the membrane reactor must exhibit
ong-term stability at elevated temperatures in reducing atmo-
pheres. Fig. 9 shows the stability of the self-catalytic membrane
eactor at 1123 K over more than 120 h. During this period
he CH4 conversion, hydrogen selectivity and hydrogen produc-
ion remained at about 60%, 89% and 8.0 ml(STP) cm−2 min−1,
espectively. The oxygen flux increased slightly from 2.3 to
.6 ml(STP) cm−2 min−1. These results suggest that the self-
atalytic process for hydrogen production is feasible and the
elf-catalytic membrane reactor exhibits high performance and

ood stability for hydrogen production. When the reaction at 1123 K
ad continued for about 125 h, the experiment was voluntarily
topped. The temperature of the reactor was then allowed to cool
o room temperature. No cracks were found in the supported mem-
rane. To provide further evidence of the self-catalytic reaction
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unction of time in the self-catalytic membrane reactor at 1123 K. Reaction side:
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ffective membrane area = 0.283 cm2.

rocess that took place on the support side, the chemical state
f the elements on the surface of support layer before (sample a)
nd after (sample b) reaction were analyzed by X-ray photoelec-
ron spectra (XPS). As shown in Fig. 10, the Ni0 signal (at 852.3 eV
29]) was enhanced after the reaction, which indicated that some
f the nickel on the support surface had been reduced to the
etallic form. This conclusion was also supported by XRD anal-

sis. As shown in Fig. 11, Ni0 diffraction peaks can be observed
learly in the XRD patterns of the support surface after reaction.
hese results confirmed that the self-catalytic reaction indeed took
lace.

The high performance of the self-catalytic membrane reactor
ay be attributed to two aspects. Firstly, as discussed in Section

.3, the oxygen permeability of the membrane reactor is improved
y the application of the ABB′B′ ′-type membrane. Secondly, the cat-
lytic activity of the membrane reactor is enhanced by the porous
NO layers. Compared with conventionally supported Ni catalysts,
he reduced Ni0 from LNO are dispersed at the atomic-scale on

he surface of the support layer. Furthermore, during the POM
eaction, the LNO was partially reduced by the reducing atmo-
phere (CO + H2) to NiO and even to Ni0, and Ni0 was partially
xidized by the oxygen permeating from the air side. A redox

ig. 10. Nickel 2p3/2 XPS spectra (including La 3d3/2 contribution) of the porous
upport layer (LNO): (a) before and (b) after reaction for more than 120 h.
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ig. 11. The XRD patterns of the porous support layer (LNO): (a) before and (b) after
eaction for more than 120 h.

quilibrium was finally attained between the catalyst and the reac-
ant stream [30]. This reversibility of the Ni catalyst avoided the
gglomeration and grain growth of Ni0 during the reaction process,
hich improved the catalytic stability of the membrane reactor.

iu and Au [12], Guo et al. [22] and Zheng and coworkers [31]
lso reported that LNO possessed higher catalytic activity and sta-
ility than the supported Ni catalysts in the methane reforming
eactions.

. Conclusions

A crack-free supported mixed-conducting LNCO membrane was
uccessfully prepared via dry pressing technology on a LNO sup-
ort with pore-gradient structure, followed by sintering. The match
f sintering behaviors between the membrane and support was
ealized by the preparation of an ABB′B′ ′B′BA-type membrane. An
EM test demonstrated that the surface of the supported mem-
rane was dense and crack-free, the thickness of the membrane
as about 120 �m and the pore-gradient structure of the sup-
ort can be observed clearly. At 1173 K, the oxygen flux of the
BB′B′ ′-type membrane is 5.44 × 10−7 mol cm−2 s−1, which is about
.6 times that of the symmetric LNCO membrane and 1.6 times
hat of the AB-type membrane. A self-catalytic mixed-conducting

embrane reactor derived from the prepared supported mem-
rane was constructed for hydrogen production from methane.

t was found that this membrane reactor exhibited high perfor-
ance and good stability for hydrogen production. At 1123 K,

he CH4 conversion, hydrogen selectivity and hydrogen produc-
ion remained at about 60%, 89% and 8.0 ml(STP) cm−2 min−1,
espectively, for more than 120 h. The concept for the novel self-
atalytic membrane reactor can also be utilized for the design
nd preparation of a high efficiency catalytic membrane reac-
or.
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