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a b s t r a c t

Ba(Zr0.1Ce0.7Y0.2)O3�d asymmetric ceramic membrane with external short circuit (ESC asymmetrical
membrane) was developed for further improving hydrogen separation efficiency. Hydrogen permeation
flux(JH2) of ESC asymmetrical membrane is higher than those of traditional NieBa(Zr0.1Ce0.7Y0.2)O3�d

membranes, e.g., 1.71 � 10�7 mol cm�2 s�1 for ESC asymmetrical membrane while
1.37 � 10�8 mol cm�2 s�1 for Ni-BZCY asymmetric membrane at 900 �C [11]. However, the activation
energy of hydrogen permeation is higher for ESC asymmetrical membrane. Hydrogen fluxes of ESC
asymmetrical membrane increase with the rising of temperature and hydrogen partial pressure gradient
across both sides of membrane. The linear relationship between JH2 and lnðp0H2=p

00
H2Þ indicates that

hydrogen permeation occurs via the ambipolar diffusion of proton and electron in ESC asymmetrical
membrane and is controlled by the bulk diffusion of proton. The stability testing in CO2-containing at-
mosphere indicated that hydrogen permeation output remained unchanged in 3%CO2 feed gas but a
pronounced decline of 8% was observed after 50-h operation in 20% CO2 feed gas.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

So far, the hydrogen separation membranes consisted of nickel
and barium cerate possess undoubtedly the highest permeation
performance among all kinds of membranes based on the high-
temperature proton conductors [1e5]. However, its hydrogen
permeation efficient is still lower than that of the practical appli-
cation and limits the further development. In recent years, the ef-
forts on membrane components, powder synthesis and surface
modification etc. have been put into improvement of permeation
performance and achieved some positive results. Yang et al.
investigated the effect of nickel content in NieBaCe0.9Y0.1O3�d

membrane on permeation flux and the results indicated that the
membrane containing 30vol.% Ni has the best performance [6]. Yan
et al. fabricated NieBaZr0.1Ce0.7Y0.2O3�d(BZCY) membranes using
characteristic powders which were synthesized by a packing
method, and hydrogen permeation measurement indicated a 18%
increase at 900 �C [7]. Zhang et al. modified the surface of
NieBaCe0.8Y0.2O3�d membrane using metal Pd, and therefore
reduced the interface polarization and increased permeability [8].

In order to further increase hydrogen permeation output of Ni-
BZCY composite membrane, optimization of membrane configu-
ration is one way of overcoming problem. The Ni-BZCY composite
membrane with symmetric structure (Fig. 1a) has often been
adopted in many pervious studies on membrane permeation
properties. Song et al. reported that the permeation flux and
membrane thickness dependence of the NieBaCe0.8Y0.2O3�d

membranes in thickness range of 0.08e1.16 mm, which indicated
that the bulk diffusion is the rate limiting step in investigated
thickness range [9]. According to the Wagner equation, when the
bulk diffusion is the rate-limiting step the hydrogen permeation
fluxes across membranes are inversely proportional to the thick-
ness [10]. Hence, development of the asymmetrical Ni-BZCY
membrane depicted in Fig. 1b is indispensable, which could effi-
ciently decrease membrane thickness and then increase hydrogen
permeation flux. In our previous study, an asymmetrical Ni-BZCY
membrane with 30 mm-thickness dense layer was prepared,
which displayed the high hydrogen permeation flux of
2.4� 10�7 mol cm�2 s�1 using humidified 80%H2/N2 as feed gas and
dry high purity argon as sweep gas [11]. For Ni-BZCY cermet
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Fig. 1. Three configurations of hydrogen separation membrane based proton
conductor. (a) Symmetric membrane; (b) asymmetric membrane; (c) ESC asymmet-
rical membrane.

Fig. 2. X-ray diffraction patterns of (a) BZCY powders, (b) BZCY dense membrane
surface and (c) porous NiO-BZCY substrate.

Z. Zhu et al. / Journal of Alloys and Compounds 660 (2016) 231e234232
membrane, the proton conductivity dominates hydrogen perme-
ation because that the electron conductivity provided by Ni metal is
far higher than proton conductivity from BZCY ceramic phase. This
implies that increase of the proton conductivity of dense layer is the
key to improve the hydrogen permeation. An intuitionistic strategy
is to increase the volume of BZCY ceramic phase in dense layer.

In this work, the membrane configuration with asymmetrical
structure and external short circuit (shown in Fig. 1c) in which
nickel phase is instead of BZCY phase and the electron trans-
portation can been performed by an external-circuit porous sliver
coating layer, was designed to achieve the highest proton conduc-
tivity of dense membrane and meet the requirement of hydrogen
permeation.

2. Experimental

Ba(Zr0.1Ce0.7Y0.2)O3�d(BZCY) powders were synthesized via a
citrate-nitrate combustion method. Initially, BaCO3, Ce(NO3)3,
Y(NO3)3 and Zr(NO3)4 were dissolved in distilled water in a stoi-
chiometric ratio. Citric acid was added as a complexing agent, and
the molar ratio of citric acid/metal ions was set to 6:4. Ammonia
was used to adjust the pH value of the mixture to approximately 7.
The solution was heated while stirring to evaporate water until it
changed into a viscous gel. The gel was then ignited to by a flame
and burned into inwhite ash. The obtained ash was calcined for 3 h
at 1000 �C to remove carbon and form fine BZCY powders. The
resulted BZCY, corn starch and NiO powders inweight ratio of 2:1:3
were well mixed by ball-milling with stabilized zirconia media in
ethanol for 24 h and the final mixtures were used as the substrate
powders.

A cost-saving dry-pressing method was employed to obtain a
substrate-supported double-layer structure. Firstly, the substrate
powders were pre-pressed under pressure of 200 MPa to form
substrate. Secondly, loose BZCY powders were uniformly distrib-
uted over the substrate, co-pressed at 400 MPa and subsequently
sintered at 1350 �C for 5 h to denitrify the BZCY membrane. At last,
the sintered double-layer membrane was brushed Ag slurry on
BZCY membrane surface and side, and calcined at 900 �C for 1 h in
ambient air. The obtained sample was used as hydrogen perme-
ation measurement.

The phase composition of the powders and membranes were
identified by X-ray diffraction (XRD, Philips PW 1730 diffractom-
eter) using Cu-Ka radiation. The surface and fracturemorphology of
the membrane was observed by a scanning electron microscope
(SEM, JSM-6390LA). Hydrogen permeation measurements were
conducted using a self-made device [12]. Themembranewas sealed
on alumina tube with a glass ring sealant at 990 �C for 15 min.
Porous side of the asymmetric membranewas exposed to H2/N2 gas
(with 3% H2O). The other side was flushed with Ar at a flow rate of
20 mL/min. The components of the permeated gases on the sweep
side were analyzed by a gas chromatograph (GC, Shimadzu GC-14C
gas chromatograph). Hydrogen permeation through any incom-
plete seal was obtained bymeasuring the nitrogen concentration of
the permeated gas.

3. Results and discussion

As shown in Fig. 2a, the as-prepared BZCY powders calcined at
1000 �C present the strong characteristic peaks of perovskite phase
but a minor BaCO3 peaks located at 2q ¼ 24�. The BZCY dense
membrane sintered at 1350 �C exhibits a single perovskite phase
structure without the appearance of other phases, indicating
complete reaction of BaCO3 (shown in Fig. 2b). Fig. 2c shows the
XRD spectra of NiO-BZCY porous substrate. It could be clearly seen
that there were only peaks corresponding to NiO and BZCY phase,
which give evidence of good compatibility between BZCY and NiO.

The hydrogen permeation fluxes (JH2) of Ni-BZCY symmetrical
membrane, Ni-BZCY asymmetrical membrane and ESC asymmet-
rical membrane as a function of temperature in range from 700 to
900 �C are measured using dry argon as sweep gas with
20 ml min�1

flow rate and 20% H2/N2 (3%H2O) as feed gas with
100 ml min�1

flow rate, as shown in Fig. 3a. It can be observed that
JH2 increases with the rising of temperature, because that the
increasing of temperature increase the proton conductivity of BZCY
ceramic phase. In investigated temperature range, hydrogen
permeation fluxes of ESC asymmetrical membrane are higher than
those of Ni-BZCY symmetrical membrane and asymmetrical
membrane [7,11], which derived from thin electrolyte resistance
and high membrane proton conductivity. Moreover, ESC



Fig. 3. Hydrogen permeation performance of BZCY-based hydrogen separation membranes with different configurations. (a) Temperature dependence of hydrogen fluxes; (b)
Arrhenius plots of hydrogen fluxes.

Fig. 4. Hydrogen fluxes function as hydrogen partial pressure gradient at 850 �C. The
inset shows the relationship between JH2 and.lnðp0H2=p

00
H2Þ

Fig. 5. The stability of hydrogen permeation through the ESC membrane.

Z. Zhu et al. / Journal of Alloys and Compounds 660 (2016) 231e234 233
asymmetrical membrane has a larger increase rate of hydrogen
fluxes than Ni-BZCY membranes as the temperature increases from
700 to 900 �C. This maybe attributed to the difference of hydrogen
permeation mechanism, membrane surface property and mem-
brane configuration.

Fig. 3b shows the Arrheniius plots of hydrogen permeation
fluxes for Ni-BZCY symmetrical membrane, Ni-BZCY asymmetrical
membrane and ESC asymmetrical membrane. The activation en-
ergy (Ea) of hydrogen permeation can be calculated according to
Arrhenius equation:

JðH2Þ ¼ A exp
�
�Ea
RT

�
; (1)

where A and R are exponent factor and universal gas constant. Two
Ni-BZCYmembranes show nearly similar activation energy, 32.0 kJ/
mol for Ni-BZCY asymmetrical membrane and 34.6 kJ/mol for Ni-
BZCY asymmetrical membrane, suggesting that the same bulk
diffusion mechanism and membrane surface property. However,
the Ea of ESC asymmetrical membrane is 44.1 kJ/mol, obviously
higher than those of Ni-BZCY membranes. Two main reasons
maybe result in this difference. First, the hydrogen permeation
mechanism is different. For ESC asymmetrical membrane the
hydrogen permeation flux is determined by the proton trans-
portation through BZCY ceramic phase, while for Ni-BZCY mem-
brane hydrogen atom diffusion through nickel metal phase also
contributed to the hydrogen permeation flux. Second, the distinct
catalysis performance by surface Ag and Ni also leads to the dif-
ference of activation energy.

Hydrogen permeation fluxes as a function of hydrogen partial
pressure gradient (DpH2) at 850 �C are shown in Fig. 4. With
increasing of DpH2, the hydrogen fluxes increase from 1.45 to
2.17 � 10�7 mol cm�2 s�1. Assuming that the hydrogen permeation
through membrane is determined by ambipolar transport of pro-
tons and electrons and governed by bulk diffusion, the JH2 will obey
the Wagner equation:

JH2
¼ RT

4F2L
,
sHþ,sel
sHþ þ sel

,

Zp0
H2

p00
H2

d ln pH2; (2)

wheresHþ andsel respectively are proton and electron conductivity;
p0H2 and p

00
H2 is the hydrogen partial pressure in the feed side and

sweep side, respectively; L is the thickness of dense membrane; F is
the Faraday constant; sHþ ,sel

sHþþsel
is the ambipolar conductivity [13]. The
inset in Fig. 4 presents the relationship JH2 and lnðp0H2=p
00
H2Þ. It is

notable that the hydrogen flux is proportional to lnðp0H2=p
00
H2Þ,

indicating that the hydrogen transport occurred in accordance with
the ambipolar diffusion mechanism in Eq. (2). It is obvious that the
hydrogen permeation occurs via the ionic and electronic mixed



Fig. 6. Microstructure of ESC asymmetrical membrane after hydrogen permeation testing: (a) Surface of Ag-coating layer, (b) Fracture of ESC membrane, (c) Cross-section of BZCY
dense layer.
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conduction in ESC asymmetrical membrane. Meanwhile, this also
demonstrates that the hydrogen permeation in ESC asymmetrical
membrane is controlled by bulk diffusion of proton but not surface
diffusion.

The stability of ESC membrane was investigated by the 80 h
testing in 3% or 20% CO2-containing atmosphere at 800 �C and the
corresponding result was shown in Fig. 5. The hydrogen flux keeps
stable in humid 3% CO2-containing feed gas during 33-h testing.
This attributes to the improvement of BaCeO3 stability due to few Zr
dopant [14]. When 20% CO2 is added into the feed gas and the rate
of feed gas remains constant, the hydrogen flux drops about 3.3%.
The reason of the decreasing of hydrogen flux is that hydrogen
partial pressure difference decrease, which decreases the driving
force of hydrogen permeation. Hydrogen flux gradually decreases
in 20% CO2 atmosphere and after 50 h a decline of 8% can be seen.
The reason is that BZCY is chemically unstable in high-contraction
CO2 atmosphere and reacts with CO2 to form carbonate and oxide.

Themicrostructure of ESCmembrane after testing was observed
by SEM. Fig. 6a shows surface SEM image of Ag-coating layer. Some
silver particles contact with each other and form porous network
structure, which permit electron transportation in membrane
surface. The proton reacts with electron to hydrogen on the triple-
phase (proton conducting phase, electron conducting phase and
gas phase) boundary. Moreover, Ag particles on surface are rela-
tively large and the porosity is not high enough, which reduce the
length of the triple-phase boundary. This attributes to high sealing
temperature of 990 �C and therefore a sealant agent at lower
temperature is indispensable in order to further improving
hydrogen permeation performance. Fracture views of ESC mem-
brane in Fig. 6b showed that the dense BZCY layer deposited onto
the porous Ni-BZCY substrate and no distinct boundary between
the two can be found, indicating a good thermal compatibility. The
thickness of BZCY dense layer is ~45 mm and thin dense layer
greatly reduced membrane resistance of proton conduction. Ag-
coating layer is very thin so that it can not be evidently observed
in cross-section morphology. The porous substrate contains small
pores from nickel oxide reduction and large pores from starch
combustion, which is beneficial for rapid transporting the gas onto
internal surface of BZCY dense membrane. Magnified cross-section
image of BZCY layer (Fig. 6c) confirmed that it is extremely dense
except little close pores to prevent from gas leakage.

4. Conclusions

This work designs a new membrane configuration with asym-
metrical structure and external short circuit for hydrogen separa-
tion, which provide a new method to improve the hydrogen
permeation performance. The ESC asymmetrical membrane dis-
plays a high hydrogen permeation performance, 1.71 � 10�7
mol cm�2 s�1 at 900 �C using humidified 20% H2/N2 as feed gas and
dry Ar gas as sweep gas. Hydrogen permeation flux increases with
increasing of temperature and hydrogen partial pressure gradient.
The relationship between JH2 and lnðp0H2=p

00
H2Þ indicates that

hydrogen permeation of the investigated ESC asymmetrical mem-
brane occurs in accordance with the ambipolar diffusion mecha-
nism and is controlled by the bulk diffusion. The durability of
hydrogen flux in CO2-containing atmosphere demonstrates that
hydrogen permeation remains stable in low CO2 concentration but
became unstable in high CO2 concentration.
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