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Abstract

Hydrogen permeation membrane is one of the key technologies enabling sustainable hydrogen production from hydrocarbon resources. The
employment of such a membrane reactor allows simultaneous coupling of reaction and separation in one unit. This work studied the hydrogen
permeation performance of external short circuit-assisted proton conducting BaZr0.1Ce0.2Y0.7O3�δ (BZCY) and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ
(BZCYZn) perovskite membranes. In general, the lower electronic conductivity of these proton conducting perovskite membranes restricts the
overall transport process. As such, we hypothesize that an external short circuit may be employed to provide the necessary electronic conductivity
and thus improve the overall transport performance. Experimental results confirmed that the use of an external short circuit can improve the H2

fluxes through the proton conducting membranes. The presence of water vapor in the feed and the permeate stream also improved the fluxes
slightly, probably due to the enhanced surface exchange processes on the membrane surface. To probe the practical value of both membranes,
permeation tests for four hours were carried out in different gas conditions at high temperature. The test results demonstrated BZCYZn has
superior stability with respect to BZCY.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Clean and high efficient energy conversion technology is
highly relevant towards resolving our universal energy pro-
blem in a sustainable way e.g. how to meet constantly
increasing energy demands with the lowest impact to the
environment. The fuel cell is one such technology which
converts chemical energy into electrical energy via chemical
reactions (on electrodes) and ionic transport (in electrolytes)
[1,2]. Among various fuel cells, proton exchange membrane
fuel cells (PEMFCs) and solid oxide fuel cells (SOFCs) are
perhaps the most practical ones for stationary and transport
applications [3–5]. As a fuel for these devices, hydrogen is
rendered an excellent candidate given its high energy density
and non-polluting reaction products (e.g. water) [6–8]. This, of
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course, is based solely on a perspective of hydrogen as an
energy carrier. At the moment, hydrogen cannot be sustainably
produced or freely found in nature in useful quantities, not to
mention the daunting problems in its distribution and storage
[9,10]. While hydrogen can be obtained from water using
electrochemical or photochemical water splitting technologies,
these processes are not practical due to the associated energy
penalty and/or efficiency issue. At present, most hydrogen is
produced through methane steam reforming with the reaction
below [11]

CH4ðgÞ þ 2H2O-3H2ðgÞ þ CO2ðgÞ ð1Þ

The drawback of this process lies in the production of
carbon dioxide which should be separated from the other gases
and properly treated to counteract its greenhouse effects.
Membrane technology has drawn much attention because of its

numerous attractive characteristics such as low capital invest-
ment, low operating and maintenance costs, simple installation
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and operation and more importantly, the potential of enabling
simultaneous separation and reaction capability (e.g. membrane
reactors) [12,13]. Therefore, a direct dehydrogenation reaction
without carbon dioxide emission can be achieved. Palladium (Pd)
based metal membrane was widely employed and studied as a
hydrogen permeation membrane due to its relatively high
permeability and catalytic activity (to dissociate molecular
hydrogen) [14]. However, its high cost and poor chemical
stability towards hydrogen embrittlement have hindered its
widespread use [15,16]. Proton conducting perovskite oxide is
an attractive alternative of membrane reactor material for hydro-
gen production [17,18]. Numerous proton conducting materials
have been developed since the pioneering work by Iwahara et al.
with the finding of the doped SrCeO3 which features proton
conductivity at high temperatures [19–34]. To be applied as
hydrogen permeation membrane, the materials should exhibit
mixed proton and electron conducting capability [35]. Accord-
ingly, the downside of these perovskites is in their much lower
electronic conductivity relative to their proton conductivity, which
rather favors their use as an electrolyte than as a hydrogen
membrane [36–39]. As a consequence, the hydrogen permeation
rate through these proton conducting membranes are mainly
determined by electron transport across the membrane. Toward
this, the electronic conductivity may be enhanced by introducing
multivalent cations into BaCeO3-based oxides or by adding a
pure electron conducting phase (e.g. metal) into the original
proton conducting perovskite phase. Indeed, enhanced hydrogen
permeation fluxes were achieved in the latter case e.g. by using a
dual-phase mixed conducting membrane [40–44]. In the dual-
phase case however electronic conductivity improvement was
obtained at the expense of a reduced amount of proton
conductivity.

In this work, the purpose was to examine the hypothesis that
an external short circuit structure based on the BaZr0.1Ce0.2
Y0.7O3�δ and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ proton conducting
membrane would facilitate the electron transport between the
opposite sides of the membrane without altering (or reducing)
the intrinsic proton conductivity. More details into this concept
for oxygen separation are available elsewhere [45,46] and now
we will apply it to hydrogen separation. To this end, we
systematically studied the hydrogen permeation properties of
the resultant proton conducting perovskite membranes.
Fig. 1. Schematic presentation of the hydrogen permeation membrane utilizing
proton conducting ceramics with external short circuit.
2. Experimental

BaZr0.1Ce0.2Y0.7O3�δ (BZCY) and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ
(BZCYZn) perovskite oxides were synthesized using a combined
ethylenediaminetetraaceticacid (EDTA)-citrate complexing route.
Ba(NO3)2 � xH2O, Ce(NO3)2. � xH2O, Zr(NO3)4 � xH2O, Y(NO3)3 �
xH2O and Zn(NO3)2 � xH2O (all in analytical reagent grade), were
applied as raw materials for the metal-ion sources. To precisely
control the stoichiometric amount (of the metal ions), the metal
nitrates were first made into their respective aqueous solutions
(∼1 M). The real molarity was then determined using EDTA
titration technique as detailed elsewhere [20]. The desirable molar
ratios were obtained by mixing the required volume of each of the
metal ion solution with the known molarity, followed by adding
EDTA and citric acid as the complexing agents at the molar ratio
of total metal ions: EDTA: citric acid¼1: 1: 2. Ammonia solution,
NH3(aq) was added to control the solution pH to ∼6. The solution
was stirred afterwards during which the formation of homogeneous
mixture was indicated by transparent color. Continuous heating at
90 1C led to water evaporation and later on, a transparent purple
gel formation, which was then pre-fired at 250 1C, followed by
calcination at 1000 1C in air for 5 h.
The synthesized oxide powders were pressed into disks using

a stainless steel die and pellet press set (15.0 mm in diameter)
under a hydraulic pressure of∼1.5� 108 Pa. These disks
(defined as green disk membranes) (∼1.0 mm in thickness)
were then sintered in a muffle furnace at 1500 1C in air for 5 h
using a ramping and cooling rate between 1–2 1C min�1. Silver
(Ag) paste was coated throughout the disk circumference to
enable electrical conduction between the opposite sides of disk
membrane. Platinum slurry was also coated on the opposing
sides of the disk membrane. The coated disk membranes were
then calcined at 800 1C in air for 2 h to increase the adherence.
The setup for hydrogen permeation through the external short
circuit-assisted membrane is depicted in Fig. 1.
The surface morphology of the disk membranes was

obtained using scanning electron microscope (SEM, Zeiss
Evo 40XVP) at an acceleration voltage of 15 kV. The powder
X-ray diffraction (XRD) analysis were performed in a powder
x-ray diffractometer (Bruker D8 Advances) using a Cu-Kα
radiation generated at 40 kV and 30 mA.
The hydrogen permeation properties of the disk membranes

were measured using a gas chromatography (GC) technique
utilizing high temperature H2 permeation apparatus. Ceramic
paste was used as sealant to fix the disk membrane onto a
quartz tube. The effective area for permeation is∼0.45 cm2.
Argon was used as sweep gas in the permeate side to create
hydrogen partial pressure gradient across the membrane.
Nitrogen diluted hydrogen (50 vol% H2 in N2) was used as
feed gas. The composition of the permeating gas was
characterized using gas chromatography (Agilent 6890N Net-
work GC system with a thermal conductivity detector (TCD)



Fig. 3. Temperature dependent hydrogen permeation fluxes through basic and
external short circuit-assisted BaZr0.1Ce0.2Y0.7O3�δ and BaZr0.3Ce0.6Y0.1

Zn0.05O3�δ membranes. Feed gas: 40 ml min�1H2+40 ml min�1 N2; Sweep
gas: 100 ml min�1 Ar.
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and flame ionization detector (FID)). The hydrogen permeation
flux could then be calculated according to

JH2 ¼
F

S
ðyH2

�yN2
Þ ð2Þ

where F, S, yH2 and yN2 are the flow rate of the permeate, the
effective membrane area, the hydrogen and nitrogen mole
fraction in the permeate, respectively.

3. Results and discussion

The surface and cross-section morphology of BaZr0.1Ce0.2
Y0.7O3�δ (BZCY) and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ (BZCYZn)
disk membranes are depicted in Fig. 2, all of which demonstrate
the formation of dense structures containing a small number of
closed pores. Noteworthy is that such a porous structure in the bulk
is not favorable for ion diffusion. Hydrogen permeation perfor-
mances of 1-mm thick disk membranes of BZCY and BZCYZn
between 700 and 900 1C using 50 vol% of H2 in N2 as feed gas
and Ar as sweep gas are depicted in Fig. 3. As a reference for
comparison, the performance of the basic BZCY and BZCYN disk
membranes without an external short circuit e.g. silver coating in
circumference and platinum coating on both opposing disk surfaces
was also displayed. The temperature activated nature of the
hydrogen permeation process is evident from the steady increase
of all hydrogen permeation fluxes with temperature rise due to the
enhanced hydrogen reduction and/or oxidation on membrane
surface as well as accelerated proton diffusion in bulk membrane.
BZCY has high proton conductivity and is regarded as one of
the best proton conductors among perovskite type-BaCeO3 and
BaZrO3 based materials. Nonetheless, the observed hydrogen
flux through basic BZCY membrane was quite low e.g. only
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Fig. 2. SEM images of the surface and the cross-section of BaZr0
∼0.013 ml cm�2 min�1 at 900 1C. We speculate that this low flux
is ascribed to the low electronic conductivity of BZCY. During
hydrogen permeation, electrons are continuously depleted or
generated when the proton was converted to hydrogen (and vice
versa). As a result, the low electronic conductivity may limit the
hydrogen permeation flux if it is not sufficiently high. In BZCY
case, the presence of transition metal Ce allows partial reduction of
some Ce4+ to Ce3+ and therefore promotes electron transfer by
increasing the concentration of electronic transport carriers, i.e.,
electron holes.
Accordingly, the hydrogen permeation flux is also observed

through the BZCYZn membrane, although at a lower value of
BZCYZn Surface

BZCYZn Cross Section

.1Ce0.2Y0.7O3�δ and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ membranes.
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∼0.010 ml cm�2 min�1 at 900 1C. This lower hydrogen flux
is mainly due to the relative weak proton conducting ability of
BZCYZn oxide. However, the advantage of BZCYZn is not in
terms of its permeation flux but rather about the stability as the
presence of more Zr in the membrane has been associated with
enhanced structure stability on the perovskite oxides [47–49].
It is worthwhile to trade-off some flux values with stability so
that the materials can operate longer, which translates to higher
reliability and low maintenance cost.

Upon utilizing external short-circuit, the hydrogen fluxes
through BZCY increased by ∼38% to 0.018 ml cm�2 min�1 at
900 1C whereas that through BZCYZn increased by ∼20% to
0.012 ml cm�2 min�1 at 900 1C. This, to some extent, might be
taken as supporting evidence towards our rationale of electronic
conductivity restricting transport. External short circuit, in this
respect, contributed to the enhancement of the electronic con-
ductivity which in turn, improved the hydrogen transport rate.

Fig. 4 shows the hydrogen permeation flux through the external
short circuit-assisted BZCY and BZCYZn disk membrane at
950 1C as a function of argon sweep flow rate between 50 and
200 ml min�1. Hydrogen fluxes were very slightly increased with
increasing sweep flow rate considering the higher partial pressure
driving force across the membrane due to lower hydrogen partial
pressure at the permeate side (at higher sweep flow rate). The very
slight nature of increase implies less dependence of hydrogen
transport towards sweep gas flow rate. For example at 950 1C,
when the sweep flow rate was raised by 400% from 50 ml min�1

to 200 ml min�1, the flux through BZCY was only improved by
25% (from 0.0112 ml cm�2 min�1 to 0.0141 ml cm�2 min�1)
while the flux through BZCYN was only improved by 26% from
0.0072 to 0.0091 ml cm�2 min�1.

The effect of water vapor on the hydrogen permeation
transport operated between 700 and 900 1C was probed by the
addition of 3% of water vapor into both sides of sweep gas
and feed gas; the results of which is depicted in Fig. 5.
The hydrogen fluxes of external short circuit-assisted BZCY
Fig. 4. Hydrogen permeation fluxes through external short circuit-assisted
BaZr0.1Ce0.2Y0.7O3�δ and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ membranes at 950 1C
and different sweep gas flow rates.
and BZCYZn disk membranes are slightly increased with the
addition of water vapor, which implies reduced hydrogen
transport resistance within the membrane system. To further
test the possible mechanism of how water effects the hydrogen
permeation through the ceramic membranes, 3 vol% H2O was
added into both sides of the membrane reactor while hydrogen
flow was stopped e.g. resulting in the observation that no
hydrogen flux could be detected in both sides of the membrane
reactor. This highlights the fact that water vapor by itself
without proper catalyst could not dissociate into appreciable
hydrogen ions and associated into hydrogen gas. The presence
of water vapor is likely to reduce the activation energy for
proton transformation to hydrogen atoms (and vice versa)
taking place on the membrane surfaces [21]. The possible
reaction mechanism for hydrogen flux improvement in the
presence of water vapor is proposed as follows:
1.
Fig
sho
me
at the feed side of the membrane

H2ðgÞ þ H2OðgÞ-H3O
þ þ Hþþ2e� ð3Þ
2.
 at the permeate side of the membrane
2Hþ þ 2H2OðgÞ þ 2e-2H3O
þ þ 2e-H2ðgÞ þ 2H2OðgÞ ð4Þ

The presence of water vapor can assist the hydrogen
and proton exchange processes playing a role of catalyst.
In comparison with the surface reaction in a drying state, these
intermediate steps likely reduce the activation energy of the
exchange processes and thus improve the reaction kinetics
contributing the higher H2 flux. In addition, water may also
increase proton conductivity through membrane as illustrated by
Eq. (5) [50].

H2Oþ V″
O2Ox

O þ 2Hþ ð5Þ
For practical applications, stability is critical. Most perovskite

type proton conducting membranes are very sensitive and
. 5. Temperature dependent hydrogen permeation fluxes through external
rt circuit-assisted BaZr0.1Ce0.2Y0.7O3�δ and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ

mbranes on both membrane sides with and without water vapor (3 vol% H2O).
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Fig. 7. XRD patterns of BaZr0.1Ce0.2Y0.7O3�δ and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ

membrane before/after the stability test under pure CO2 with flow rate of
20 ml min�1 for 10 h at 850 1C.
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reactive in the presence of acidic gases such as CO2 due to their
intrinsic alkaline composition. The stability of the permeation
fluxes of the external short circuit-assisted BZCY and BZCYZn
disk membranes in the presence of CO2 is tested by adding
10 vol% of CO2 in Ar as sweep gas after 4 h of normal testing
with the results displaying in Fig. 6. The permeation flux profile
was quite stable in the initial 4 h when Ar was used as sweep gas.
Sudden rapid decline of hydrogen flux occurred on both
membranes when 10 vol% CO2 was introduced. Later on, when
the sweep gas was switched to Ar again, the hydrogen flux of
BZCY slightly increased, but far less than its original value.
BZCYZn disk membrane, in contrast, recovered almost all of its
original flux value before CO2 introduction; denoting its superior
stability to resist CO2. In some cases of the oxygen permeation
membranes with the existence of CO2 gas, similar phenomena
were observed. It has been proven that the physical adsorption of
CO2 has an effect on the oxygen vacancies of the membrane
surface, rather than a chemical reaction with the membrane
surface to form carbonate, which could lead to the immediate
decrease in oxygen fluxes [51,52]. Therefore, in this case, the
immediate decline of hydrogen flux through BZCYZn may be
also due to the absorption effect of CO2 on the membrane
surface, which occupies the active sites around the oxygen
vacancies and thus inhibits hydrogen association and desorption.
As further evidence, Fig. 7 shows the powder XRD patterns of
BZCY and BZCYZn disk membranes before and after the
stability test. In case of BZCY, it is evident that after the test,
the original characteristic peaks from the fresh sample were no
longer preserved with the main peak (e.g. the one at 281) shifted
to a lower angle accompanied by the presence of extra peaks
distinct to those before the test. These observations suggest the
deterioration and/or substantial modification of the original crystal
structure as well as the formation of barium carbonate or others
due to reaction with CO2. In case of BZCYZn, the characteristic
peaks from before the test were retained after the test.
0 100 200 300 400 500 600 700

0.00

0.01

0.02

0.03

0.04

BaZr0.3Ce0.6Y0.1Zn0.05

BaZr0.1Ce
0.7

Y
0.2

100 ml min-1 Ar90 ml min-1 Ar
10 ml min-1 CO2

Time (min)

2
H

 p
er

m
ea

tio
n 

flu
x 

(m
l c

m
-2
 m

in
-1
)

100 ml min-1 Ar

Fig. 6. Long term hydrogen permeation fluxes through BaZr0.1Ce0.2Y0.7O3�δ

and BaZr0.3Ce0.6Y0.1Zn0.05O3�δ membranes (with external short circuit) using
different sweep gas at 850 1C.
4. Conclusions

BaZr0.1Ce0.2Y0.7O3�δ (BZCY) and BaZr0.3Ce0.6Y0.1Zn0.05
O3�δ (BZCYZn) disk membranes have been prepared using
the EDTA-citrate route and sintering at 1500 1C. Utilizing the
external short circuit concept, the performance of these
membranes for H2 permeation was studied. H2 permeation
fluxes through BZCY and BZCYZn membranes assisted with
an external short circuit were higher than those through basic
BZCY and BZCYZn membranes. Addition of water vapor into
the sweep gas led to a slight increase of H2 permeation fluxes
for both membranes, most likely due to water vapor's role to
facilitate hydrogen adsorption and/or an association process. In
the presence of CO2, BZCYZn demonstrated superior structure
and permeation flux stability e.g. retaining the original
structure from before the test and recovering the original flux
from the normal test before the introduction of CO2. Further
studies into BZCYZn are thus warranted with the aim to
optimize its H2 flux using thin film technology.
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