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a b s t r a c t

A dense hydrogen permeable composite membranes consisting of Ni and BaCe0.7Zr0.1Y0.2O3−ı (BCZY) were
fabricated by a packing method at a lower temperature than the powder-mixing method. The results of
backscattered electron microscope (BSEM) and scanning electron microscope (SEM)-energy dispersive
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analysis system of X-ray (EDS) revealed that the membrane derived from the packing method showed
the most uniform mixture of the Ni phase and the BCZY phase. The hydrogen permeation measurement
showed that a more uniform microstructure would result in higher hydrogen permeation.

© 2010 Elsevier B.V. All rights reserved.
hemical synthesis
-ray diffraction

. Introduction

Technologies for high-purity hydrogen from the reforming and
artial oxidation of natural gas using membrane technology have
igh potential for gas and energy industries [1,2]. A composite
embrane consisting of electronic conductor Ni and a solid proton

onductor BaCe0.7Zr0.1Y0.2O3−ı or Lanthanum doped ceria was used
or hydrogen separation without the need for electrodes or external
lectrical circuit, which is more cost-effective than traditional gas
eparation [3–5]. The Ni–BCZY composite membrane shows good
erformance and adequate stability in the atmosphere containing
2O, H2S and CO2 [1,2,6–8]. In previous works, the composite mem-
ranes are generally prepared by directly mixing the metal Ni and
CZY oxide powders followed by a pressing and sintering process,
owever, these composite membranes are usually sintered at a high
emperature up to 1430 ◦C [7,8]. Therefore, there is a great interest
n developing a facile method to reduce the sintering tempera-
ure. Another problem for the simple mechanical mixing method is
hat the powders are not mixed uniformly. In order to solve these
roblems, we propose a modified citric acid–nitrate gel combus-
ion method which can provide high active composite powders to

educe the sintering temperature as well as improve the homo-
eneity of the composite membrane. In this study, dense Ni–BCZY
ermets are successfully fabricated after sintering at a low tem-
erature of 1300 ◦C by using the active powders prepared by the
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modified citric acid–nitrate gel combustion method. More impor-
tantly, the cermet attains a higher performance than the sample
prepared by a traditional method.

2. Experimental procedure

The mechanical mixing powders method and the packing method were used
to prepare the composite powders of 50 wt.% BCZY–50 wt.% Ni (corresponding to a
volume rate of 60:40). Fig. 1 shows the two methods and the abbreviated names
of the composites prepared by the two different methods. The detailed informa-
tion for these two methods can be found in Refs. [9–11]. The BCZY powders were
synthesized by citric acid–nitrate gel combustion method with the raw materials of
Ce(NO3)3·6H2O, Ba(NO3)·9H2O, Y(NO3)3·6H2O, and Zr(NO3)4·5H2O at proper molar
ration and then calcined at 1000 ◦C for 3 h. Ni–BCZY-1 was prepared by mixing the
commercial Ni powders (99.5%) and BCZY powders. The obtained powders were
ball-milled in alcohol for 24 h, dried, ground, and then pressed uniaxially with a
diameter of 15 mm. This method is extensively used to prepare ceramic–ceramic
and ceramic–metal composites, but it is difficult to obtain homogeneous mixture.
The composite powders of fabricating the Ni–BCZY-2 composite membrane were
prepared as follows. Firstly, Ni(NO3)2·6H2O was dissolved in water, then BCZY pow-
ders were added into the Ni2+ solution under stir. Subsequently, citric acid with
molar ratios of soluble metal ions: citric acid of 1:1.5 was added and pH value was
adjusted to about 7 with ammonia. The suspension was heated up under continu-
ous stirring until ignition and combustion occurred, getting as-prepared composite
powders. Under this condition, the Ni phase was packed by the BCZY phase through
this method because the Ni phase is less than the BCZY phase. All the pellets were
pressed under 6 MPa for several minutes. The Ni–BCZY-1 pellets were sintered at
1430 ◦C for 10 h and at 1400 ◦C for 5 h in 4% H2 balanced with Ar, and the Ni–BCZY-2

pellets were sintered at 1400 ◦C, 1350 ◦C, 1300 ◦C for 5 h under 4% H2 balanced with
Ar, respectively. Density of the pellets was measured in mercury by an Archimedes
method. The hydrogen permeation flux measurement was carried out in a self-built
apparatus [5,6]. After polishing to 1 mm, the sintered pellets were sealed on an alu-
mina tube with a glass ring sealant at 990 ◦C for 30 min. The feed gas was acquired by
mixing 20 mL/min high purity H2 and 80 mL/min N2 followed by bubbling through
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Fig. 1. Scheme of preparing the composite powders.

eionized water at 25 ◦C. The sweep gas was high purity Ar (99.99%) with a flow rate
f about 20 mL/min. The permeated effluent gas was analyzed with on-line gas chro-
atography. The hydrogen leakage rates were below 5% during our measurement.

he phase composition for as-prepared powders and membrane materials was ana-
yzed by XRD (Philips X’Pert Pro Super, Cu K�, 40 kV, 50 mA). The microstructure
nd phase composition of the samples was observed by a SEM (JEOL JSM-6390LA)
quipped with an EDS system.

. Results and discussion

Fig. 2 shows the XRD patterns of the composite membrane disks

s well as the BCZY powders and the composite powders. The XRD
attern of BCZY is shown in Fig. 2a, we can see that the pure per-
vskite structure is formed. The XRD pattern of composite powders
repared by the packing method is shown in Fig. 2b. It can be seen
hat the basic phases are BCZY and NiO, but some other phases such

Fig. 3. SEM-EDS analysis of the cermet of Ni-BCZY-2: (
Fig. 2. XRD patterns for (a) BCZY, (b) composite BCZY/NiO and (c) Ni–BCZY-1, (d)
Ni–BCZY-2.

as BaCO3 and Y doped CeO2–ZrO2 solutions could also be found,
which is ascribed to the reaction between BCZY and CO2 generat-
ing from the combustion of organic matters according to Eq. (1)
[12,13]

BaCe0.7Zr0.1Y0.2O2.9 + CO2 → BaCO3 + Ce0.7Zr0.1Y0.2O1.9 (1)
Fig. 2c and d are the XRD patterns obtained from the surfaces
of Ni–BCZY cermets prepared by the above two different methods.
From the patterns, only peaks corresponding to Ni and BCZY appear.
It means that NiO would be reduced at proper temperatures for

1) conglobation and (2) around of conglobation.
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Fig. 4. Backscattered electron images o

he mixed powders prepared by the packing method. In the mean
hile, the reverse reaction of Eq. (1) would occur. BaCO3 and Y
oped CeO2–ZrO2 solutions would continue to react at elevated
emperatures, as a result, the pure phase BCZY was obtained.

The relative densities of three different Ni–BCZY-2 cermets sin-
ered at 1400 ◦C, 1350 ◦C and 1300 ◦C for 5 h are about 92.6%, 91.7%
nd 90.2%, respectively, but for Ni–BCZY-1 cermets sintered at
400 ◦C for 5 h, the relatives densities is only about 79.1%. The rela-
ive densities of these three different Ni–BCZY-2 cermets are higher
han that of Ni–BCZY-1 cermet. The sintering temperature of the
ermet fabricated via the packing method can be reduced by 130 ◦C
ompared with that of the traditional method (1430 ◦C [7,8]). It can
e concluded that the powders prepared via the packing method
ave better sinterability. This may be due to the ultra-fine grain
ize of powders prepared by the packing method.

Fig. 3 presents the EDS analysis of two different points in the
i–BCZY-2, point 1 shows the analysis of the conglobation, indi-
ating the main element of conglobation is Ni. Point 2 shows the
nalysis of the elemental composition around of conglobation,
howing that this point contains a little Ni as well as the expected
CZY. From the results of EDS, it is concluded that the Ni phase was

acked by the BCZY phase through the packing method.

The preparation method of cermets affected not only the pow-
ers size but also homogeneity of two phases. The morphology and
hase distribution of cermets were characterized with BSEM and
he results are shown in Fig. 4. The white areas are ceramic phase

ig. 5. Influence of temperatures on the hydrogen permeation fluxes through the
ermet. Ar flow rate: 20 mL/min.
ermet prepared by different methods.

and the black areas are the metal phase [1,2,6,7]. Comparing the
two images, it is easy to find that the uniformity of Ni–BCZY-2 is
much better than that of Ni–BCZY-1.

Fig. 5 shows the hydrogen flux as a function of temperatures
for Ni–BCZY-1 and Ni–BCZY-2. The hydrogen permeation fluxes for
all the samples increased with temperature from 600 ◦C to 900 ◦C.
The Ni–BCZY-2 sample shows higher permeability than that of
Ni–BCZY-1 at each fixed temperature. For the Ni–BCZY-2 sample,
the hydrogen permeation fluxes were about 4.20 × 10−8 mol/cm2 s
at 900 ◦C, which was about 18% higher than that of Ni–BCZY-1 sam-
ple at the same temperature. The different performance can be
explained by the concept of three-phase boundaries (TPB). From
Fig. 4, obviously, the homogeneity of two phases for the Ni–BCZY-
2 is better than that for the Ni–BCZY-1, and that would increase
the hydrogen exchange rate on the surface of Ni–BCZY-2, result-
ing in a higher hydrogen permeation flux for Ni–BCZY-2. Another
explanation is that the homogenous mixture of Ni and BCZY is geo-
metrical better for proton transport as it provides more continuous
route for proton. We calculated the values of activation energy (Ea)
for these membranes through the hydrogen permeation fluxes. The
permeation Ea of Ni–BCZY-1 is about 39.3 kJ/mol, whereas the Ea
value is about 32.4 kJ/mol for Ni–BCZY-2. The difference of activa-
tion energy is due to the differences in surface exchange rate and
the homogeneity.

4. Conclusions

The mechanical mixing powders method and the packing
method were used to prepare the composite membranes. XRD
showed that the metal phase of Ni was compatible with the per-
ovskite phase BCZY and no new phase was detected for membranes
derived from these two methods. The BSEM results showed that the
cermet prepared by the packing method possessed a more uniform
microstructure of the two mixed phases and better sintering ability.
The hydrogen permeation flux of Ni–BCZY-2 was higher than that of
Ni–BCZY-1 at each fixed temperature. Increasing surface exchange
rate and proton diffusion would improve the hydrogen permeation
performance.
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