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Abstract

Dense ceramic membranes are usually hybridized with an electronically conductive metallic phase to enhance their hydrogen permeation
fluxes, thereby increasing the hydrogen-production efficiency of hydrogen separation membranes. Herein, the hydrogen-separation properties of
membranes fabricated from cermets containing BaCeyoY( 103_5 (BCY) as the proton-conducting ceramic phase and Ni as the electronic-
conducting metal phase were investigated with respect to the compositions of the Ni-BCY mixture. Because the hydrogen permeability of a
cermet membrane is seriously affected by microstructural parameters such as grain size and homogeneity of the cermet mixture used to fabricate
it, we tried to optimize the microstructures and compositions of the Ni-BCY cermets by controlling their fabrication conditions. A high-energy
milling process was employed to fabricate fine-grained, dense membranes that exhibited high levels of mixing homogeneity. From the adjustment
of composition and microstructure of Ni-BCY composites, the hydrogen permeability of Ni-BCY cermet membranes can be significantly

increased so that hydrogen fluxes of ~0.76 cm®/(min cm?) at 800 °C can be achieved.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Current global concerns regarding the depletion of fossil
fuels and the resultant efforts to increase energy security have
increased the demand for new energy carriers [1]. Several
studies have investigated the possibility of replacing conven-
tional fossil fuels with alternative energy sources such as solar,
biomass, hydro, and nuclear power over the coming decades
[2,3]. Hydrogen is one of the most attractive alternative energy
sources that can replace fossils fuels because it is one of the
cleanest fuels known and is also one of the most abundant
elements on earth [4,5]. Hydrogen has been used for many
industrial applications, including in polymer electrolyte mem-
branes fuel cell (PEMFCs), solid oxide fuel cell (SOFCs), and
hydrogen-fueled vehicles [6]. Because of the increased demand
for hydrogen in today's industry, it has become extremely
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important to be able to supply ultrapure hydrogen at reasonable
prices [7].

Hydrogen can be extracted from hydrogen-rich materials
such as natural gas, water, or coals [8]. Among them, most of
the hydrogen produced is via the steam-assisted reformation of
methane [9,10]. However, this reformation process, which is
performed at temperatures greater than 800 °C, creates carbon
monoxide as an unwanted byproduct. Hence, considerable
additional energy is required to separate and purify the
hydrogen produced. Currently, pressure swing adsorption
(PSA) is the most common process for separating hydrogen
with a high degree of purity. This process can provide
hydrogen with a wide range of purities, but the operating
costs associated with PSA are extremely high [11-13]. Among
the various hydrogen-separation systems available, those using
membranes are among the most attractive, because these
systems result in higher hydrogen conversion efficiencies and
lower energy consumption. The principle behind using a
hydrogen-separation membrane is relatively simple: hydrogen
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permeates across the membrane owing to a gradient in the
hydrogen partial pressure across a properly sealed, imperme-
able barrier, with no external electrodes, circuitry, or power
supplies [14].

Several different types of hydrogen-separation membranes have
been proposed, including those based on dense metals and
polymers, as well as microporous ones based on ceramics [5,15].
Dense polymeric membranes have the advantage of being low
cost. However, they can normally be used only over a limited
range of temperatures, because their thermal stability is poor. They
also exhibit relatively low hydrogen selectivity. On the other hand,
dense metal membranes have higher hydrogen permeability and
selectivity. According to the US Department of Energy (DOE), a
hydrogen flux of 124 cm®/(min cm?) could be achieved using a
Pd—Cu alloy foil at 400 °C [16]. However, owing to the high cost
of Pd alloys, Pd—Cu alloy foils are usually employed only in the
form of thin films on porous, scaffold-like substrates for increasing
the hydrogen flux and decreasing the membrane price [17]. Dense
ceramic membranes based on mixed ionic-electronic conductors
(MIECs) are an alternative means for the simple and efficient
separation of hydrogen with high selectivity at high temperatures
[18]. In particular, MIEC membranes based on proton-conducting
oxides transport both protons and electrons at the same time and
are thus expected to exhibit high hydrogen permeability [19].

In recent years, extensive research has been performed at the
Argonne National Laboratory (ANL) on the development of
MIECs for use in hydrogen separation [20]. Initially, the research
focused primarily on proton-conducting perovskite-structured oxi-
des (ABO;) such as yttrium-doped BaCeO; (BCY), which exhibits
the highest known proton conductivity [21]. However, such oxides
were not sufficient for achieving the desired hydrogen fluxes
because the electronic conductivity of these oxides decreases in the
presence of hydrogen or water vapor, resulting in the mixed
conductivity being insufficient for achieving high hydrogen fluxes
in the nongalvanic mode [22-27]. Hence, various cermet (ceramic—
metal composite) membranes are being investigated, with addi-
tional electronic conductors being introduced in the membranes to
increase their mixed conductivity [28,29].

The incorporation of a metal phase in an MIEC membrane
generally enhances not only the electronic conductivity of the
membrane but also its interfacial catalytic activities [30]. Till
date, researchers at the ANL have tested three combinations of
materials as cermets for fabrication hydrogen-separation mem-
branes [30]: (1) a metal with low hydrogen permeability in
combination with a highly proton-conducting oxide; (2) a
metal or an alloy with high hydrogen permeability together
with a nonproton-conducting ceramic; and (3) a combination
of a hydrogen-permeable metal and a proton-conducting
ceramic. According to their report on cermet membranes based
on BaCe(3Y(,0; [30], hydrogen permeation through a
membrane based on combination 1 is higher than that through
single-phase BCY because of the contribution of the metallic
phase, which increases the overall electronic conductivity.
Membranes based on combination 2, which are composed of a
hydrogen-permeable metal such as Pd, exhibit the highest
hydrogen flux. However, even though they have attained the
highest hydrogen flux, the cost problem of Pd-based metal is

still remained. On the other hand, membranes based on
combination 3 have been found to exhibit relatively moderate
hydrogen permeability because they do not fully exploit the
characteristics of the proton-conducting ceramic and the metal
phase, which can further increase the degree of hydrogen
permeation via ambipolar diffusion [31]. In numerous such
membranes, a significant portion of hydrogen transport still
takes place not by the ambipolar diffusion but by the atomic
diffusion through the metallic phase. This limited occurrence
of ambipolar diffusion through the cermet membrane is
because of the nonoptimized microstructure of the composite
used. In the case of membranes based on combinations 1 and
3, because of the highly refractory nature of proton-conducting
ceramics, sintering at high temperatures is usually required to
obtain membranes with fully dense bodies. When such
membranes are sintered at high temperatures, the metallic
phase readily agglomerates and is sometimes exuded from the
membrane, resulting in a loss in the mixing homogeneity or
uniformity of the cermet microstructure. Hence, in this study,
to improve the microstructural homogeneity of cermet mem-
branes (non-Pd-based combination 3 membranes), we devel-
oped a viable fabrication method based on high-energy milling
that allowed homogeneous mixing of a ductile material with a
brittle ceramic material [32,33].

High-energy milling processes have been primarily used for
mixing ductile metals with brittle ceramics. According to the
underlying theory of high-energy milling [32], when a ductile
metal is mixed with a brittle oxide via high-energy milling, the
particles of the ductile metal get flattened by the ball-powder—
ball collisions, while those of the brittle oxide or intermetallic
particles, get fragmented/comminuted. This results in the
particles of the brittle oxide getting dispersed within the matrix
of the ductile metal. Such a dual-phase configuration is
advantageous for the following two reasons: (i) it refines the
composite's microstructure; and (ii) it increases the composite
powder's sinterability because more active surfaces are
exposed during the high-energy milling process. Similar results
were expected when a relatively soft phase (NiO) and a brittle
phase (BCY) were mixed and the mixture was subjected to
high-energy milling. Recently, we have shown the usefulness
of the high-energy milling process to secure the microstruc-
tural homogeneity and good sinterability compared with
conventional mechanical mixing [34]. According to our study,
high-energy milling process was fairly efficient to fabricate the
fine-grained dense membrane with an excellent level of mixing
homogeneity [34].

10 mol% yttrium-doped barium cerate (BCY) was selected
as a proton conducting ceramic phase because BCY exhibits
protonic conductivity and sinterability higher than those of any
other reported proton conductors [21,30]. Even though the
stability of BCY under CO,- and H,O-containing atmospheres
is pointed out, BCY-based cermet membrane has shown fairly
stable performance up-to 80 h [35]. Nickel was selected as the
metal phase for the cermet membranes owing to the following
facts: (1) Ni is a well-known catalyst for the anodes in fuel
cells; (2) Ni exhibits excellent chemisorption properties—these
aid the catalytic reaction that takes place at the surfaces of the
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membranes; [36] (3) Ni has a thermal expansion coefficient of
13.4 x 107K, close to that of BaCeogY(,05 (11.7 x 10~¢
K~ "); (4) Ni has a relatively high melting point (1453 °C),
necessary to densify the membranes at high temperatures; (5) it
is cheaper than Pd, which has normally been used in
membranes based on the combination 3 mentioned above;
(6) it is moderately permeable to hydrogen; and (7) it exhibits
superior chemical and thermal stability, as well as compat-
ibility with the BCY phase, with respect to the conditions
under which nongalvanic hydrogen-separation membranes
typically operate [37,38].

In this study, we optimized the compositions and micro-
structures of Ni-BCY composites by identifying the relation
between the microstructures of the Ni-BCY composites and
their hydrogen permeability. This was done to increase the
protonic and electronic conductivities of the hydrogen-
separation membranes fabricated from the composites so that
higher levels of hydrogen permeation could be achieved.

2. Experimental

2.1. Fabrication of the Ni-Ba (Cep.oYy.;) Oz_s cermets

Fig. 1 shows the complete procedure for fabricating the
dual-phase Ni-Ba(Cey9Y(.1)O3_s cermet membranes. The
Ni-BCY powders were prepared by the solid-state reaction
method. We prepared Ni-BCY cermet membranes containing
Ni in three different concentrations (30, 35, and 40 volume

ratio) in order to examine the effect of the compositions on the
membranes of their hydrogen permeation property. Stoichio-
metric amounts of C;HgNisO1, - 4H,0 (99%; Sigma Aldrich),
BaCO; (Cerac; 99.9%), CeO, (High Purity Chemical; 99.9%),
and Y,05 (High Purity Chemical; 99.99%) were mixed in
ethanol along with zirconia balls for 24 h. The resultant mixture
was then dried over a hot plate, sieved with a 150 mesh, and
then calcined at 1000 °C in air for 10 h to allow the perovskite
BCY phase to form and eliminate the residual carbonates. The
calcined powder was then ball-milled for 48 h to disintegrate the
agglomerates present in it. In order to obtain a more homo-
geneous NiO-BCY composite powder, the ball-milled powder
was again milled using high-energy milling (Pulverisette 6,
Fritsch) for 10 h. Next, the composite powder was heat-treated
at 800 °C in a mixture of 4% H,/balance Ar for 2 h to reduce the
NiO phase of the powder to a metallic Ni phase. The reduction
temperature of 800 °C was determined from the results of high-
temperature X-ray diffraction (XRD) analyses performed in an
atmosphere of 4% hydrogen/balance Ar over temperatures
ranging from 500 to 800 °C. After every fabrication step shown
in Fig. 1, the phases and morphology of the sintered or reduced
powder were determined using XRD analysis (PW3830, PANa-
Iytical, the Netherlands) and scanning electron microscopy
(SEM), performed using an instrument equipped with an
energy-dispersion X-ray spectroscopy (EDS) system.

Next, disk-type cermet membranes were prepared by the
cold isostatic pressing of the Ni-BCY composite powders at
200 MPa. In order to determine the proper conditions for the

2NiCO;+3Ni(OH), BacO,
*4H,0

CeO, Y,0,
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Fig. 1. Process for fabricating the Ni-BCY cermet membranes for hydrogen separation.
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sintering of the Ni-BCY compacts, the sintering behaviors of
the Ni-BCY powders in a reducing atmosphere were analyzed
over the temperature range 25-1500 °C using a DIL 402C
dilatometer with the heating rate 5 °C/min. On the basis of the
results of the dilatometry analysis, the cermet membranes were
sintered at 1400 °C for 10 h in a reducing atmosphere of a
mixture of 4% H,/balance Ar to prevent the reoxidation of Ni.
The relative densities of all sintered samples were determined
using the Archimedes' method and found to be > 98%. The
microstructure and phases of the sintered Ni-BCY membranes
were also analyzed using SEM and EDS (FEI XL-30, Philips,
the Netherlands).

2.2. Characterization of Ni-BCY cermets

The electrical conductivities of the Ni-BCY composites were
measured by the direct current (dc) four-probe method in the
atmospheres of dry and wet hydrogen over the temperature range
200-800 °C. The electrical conductivities were measured with a
current sourcemeter (KE6220, Keithley, USA) and a digital
multimeter (KE2000, Keithley, USA). The hydrogen permeation
property of the cermet membranes were determined using the setup
shown in Fig. 2. Dense disks of the cermets (~98% of theoretical
density, 17 mm in diameter) were used as the membranes. The
surfaces of the membranes were polished with SiC paper of 800—
2000 grits and the membranes were then affixed to the measure-
ment tube shown in Fig. 2. The membranes were then sealed with

a glass-based composite seal gasket (inner diameter: 10 mm outer
diameter: 17 mm Before the commencement of the permeation
tests, the samples were heated and held at 800 °C overnight to
stabilize the measurement setup, including the seals formed, and to
equilibrate the membrane surfaces with the surrounding atmo-
sphere. During the permeation tests, which were performed over
temperatures of 700-800 °C, a mixture of 100 ppm dry Hy/balance
N, was used as the sweep-side gas and a mixture of 4% H,/
balance He was used as the feed gas. The flow rate of the sweep
and feed gases during the permeation measurements was kept at
100 scem using a mass flow controller, and the flow rate was
measured with a flow calibrator (Field Cal 570, Humonics). The
hydrogen content in the permeated stream was determined using a
gas chromatograph (CP-4900 Micro GC, Varian). All the data
were collected under steady-state conditions (i.e., 1h after the
temperature being investigated had been reached). Gas leaks owing
to the formation of incomplete seals were detected by monitoring
the permeated helium concentration in the sweep side gas and were
found to account for less than 0.1% of the obtained data.

3. Results and discussion
3.1. Characterization of the Ni-BCY cermet powders
Typical XRD patterns of the NiO-BCY powders (Ni40—

BCY60) after calcination at 1000 °C are shown in Fig. 3.
As can be seen from the figure, a single perovskite-structured
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Fig. 2. Schematic of the setup used to characterize the hydrogen permeation membranes.
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Fig. 3. X-ray diffraction pattern of a NilO-BCY powder (Ni40-BCY60) after it
had been calcined at 1000 °C.
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Fig. 4. X-ray diffraction patterns of various NiO-BCY powders after they had
been subjected to high-energy milling for 10 h (a) Ni30-BCY70, (b) Ni35—
BCY65, and (c) Ni40-BCY60.

BCY phase and a NiO phase were successfully formed after
the calcination at 1000 °C with no secondary phases being
present. The same results were obtained for other compositions
(Ni30-BCY70 and Ni35-BCY65), indicated that the 1000 °C
was the suitable calcination temperature to form the single
phase BCY and NiO.

The NiO-BCY composite powders were subjected to high-
energy milling to make them finer and more uniform so that the
mixing of the particles of the relatively soft NiO phase and the
brittle BCY phase would be more homogenous. Fig. 4 shows the
XRD patterns of the NiO-BCY powders after they had been
milled for 10 h. In contrast to the patterns in Fig. 3, the diffraction
lines for all the compositions broadened considerably after high-
energy milling. This was due to the decrease in the size of the
crystallites of the powders which would be beneficial to refine the
microstructure of Ni-BCY cermets.

Fig. 5 shows typical SEM micrographs of the Ni40-BCY60
powder before and after it was subjected to high-energy
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Fig. 5. SEM micrographs of NiO-BCY (Ni40-BCY60) powder (a) before and
(b) after it had been subjected to high-energy milling for 10 h.

milling. As can be seen from the figure, NiO constituted the
matrix phase and BCY the dispersed phase after the high-
energy milling process. Using EDS analyses (see Fig. 0), it
was confirmed that that brittle BCY particles coexisted with
ductile NiO particles, owing to high-energy milling, in all three
compositions. This confirmed the validity of using high-energy
milling process for our initial purpose to make composite
particles of the brittle oxide dispersed within the matrix of the
ductile oxide.

To determine the optimum reduction temperature for the
NiO-BCY powders, we performed in situ high-temperature
X-ray analyses at temperatures of 500-800 °C in a mixture of
4% Hy/balance Ar. As shown in Fig. 7, the BCY phase
decomposed and NiO phase remained unreduced after the
powders were heated to 500-700 °C, indicating that these
temperatures were not sufficient to reduce the NiO phase. This
result also proved that the BCY powders were not stable at
these temperatures. Alternatively, pure, single-phase BCY was
obtained at 800 °C, with NiO being completely reduced to Ni.
On the basis of these results, we set the reduction temperature
for all the NiO-BCY powders to 800 °C. Fig. 8 shows the
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Fig. 6. EDS spectra of NiO-BCY powders after they had been subjected to high-
ergy milling for 10 h: (a) Ni30-BCY70, (b) Ni35-BCY65, and (c) Ni40-BCY60.

XRD patterns of the different NiO-BCY powders after they
had been completely reduced at 800 °C to the corresponding
Ni—-BCY powders. As can be seen from Fig. 8, all the samples
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Fig. 7. X-ray diffraction patterns of NiO-BCY (Ni40-BCY60) cermets after
they had been heated in a reducing atmosphere at (a) 500 °C, (b) 600 °C, (c)
700 °C, and (d) 800 °C for 2 h. (Most of non identified peaks attributed to
BaCOj; phase).
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Fig. 8. X-ray diffraction patterns of Ni-BCY cermets after they had been

reduced at 800 °C for 2 h: (a) Ni30-BCY70, (b) Ni35-BCY65, and (c) Ni40—
BCY60.

consisted of a mixture of single-phase Ni and BCY. Further-
more, we found that there was no significant peak shift in 26
values corresponding to the BCY peaks of the cermet powders,
indicating that the Ni phase had not been incorporated into the
BCY lattice. These results also suggested that an excrescent
reaction did not take place during the preparation of the
cermets and were indicative of the high chemical compatibility
between BCY and Ni.

3.2. Microstructures and electrical characteristics of the Ni—
BCY cermets

To determine the optimum temperatures for sintering the
cermet membranes, the sintering behaviors of all the Ni-BCY
composite powders were analyzed with a dilatometer. The
results of the analyses showed that in the initial stages of the
sintering process, the Ni-BCY composite powders exhibited
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shrinkage behaviors similar to that of single-phase BCY. This
was because in the initial stages, sintering was mainly
controlled by the shrinking of the BCY phase that was present
on the surface of the Ni phase. However, the rate of shrinkage
increased at temperatures close to 1200 °C where the various
fragments of the Ni phase connecting together. Furthermore,
the total shrinkage increased with an increase in the Ni content.
This was because the Ni powder which was fine and uniformly
distributed sintered at a higher rate. On the basis of these
results, the sintering temperature for the membranes of the
Ni-BCY composites was fixed at 1400 °C, with all the sintered
Ni-BCY membranes exhibiting a sufficiently high density
(>98%) that was dense enough to prevent gas leakage
through a cermet membrane. Fig. 9 shows the XRD patterns
of sintered pellets of the Ni-BCY composites. After being
sintered at 1400 °C for 10h the sintered disks exhibited
distinct crystalline BCY and Ni phases, with no secondary
phase being present.

Fig. 10 shows backscattered electron (BSE) images of cross-
sections of sintered pellets of the Ni-BCY composites contain-
ing Ni in different concentrations. The BSE image of a sintered
pellet of a Ni-BCY composite (Ni40-BCY60) not subjected to
high-energy milling is also shown for comparison. In the
images shown, the gray color represents the Ni phase, the
white color the BCY phase, and the black color the pores in the
pellets. As can be noticed, the Ni phase did not coagulate and
was in instead distributed rather finely and evenly in the milled
samples of all three compositions, in contrast to the unmilled
one. Moreover, the Ni phase was more finely distributed in the
cermets with a higher Ni content which would be more
favorable to secure the Ni phase connectivity in composite
membrane.

In order to determine the degree to which connections were
formed in the Ni phases of the Ni-BCY composite mem-
branes, we measured the total electrical conductivities of the
cermets as a function of temperature. Fig. 11 shows the total
electrical conductivities of the Ni-BCY composites measured
in a mixture of wet 4% hydrogen/balance helium; these
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Fig. 9. X-ray diffraction patterns of cermet bulks after they had been sintered
at 1400 °C: (a) Ni30-BCY70, (b) Ni35-BCY65, and (c) Ni40-BCY60.

conditions were the same as those for the permeation tests.
The conductivity of the perovskite BCY is also shown for
comparison. As can be seen from the figure, there was a
significant difference in the magnitudes and temperature
dependence of the electrical conductivities of the 35, 35, and
40 vol% is Ni-BCY composites. The conductivity of the
cermet with 40 vol% Ni was much higher than that of the
other compositions. In addition, the conductivity of this
particular cermets (40 vol% Ni) decreased with an increase
in the temperature that is the typical metallic conduction
behavior. On the other hand, the conductivities of the cermets
with 30 and 35 vol% Ni were lower and similar to that of
single-phase BCY. This indicated that the Ni connectivity in
the cermets with 30 and 35 vol% was not sufficient to make
the sufficient Ni connectivity and to allow for percolation.
Hence, the results suggested that our original goal of inducing
the formation of additional electronic pathways in the Ni phase
was not met in the cermets with lower (30 and 35 vol%) Ni
contents.

3.3. Hydrogen permeation property of Ni-BCY cermet
membranes

At the bulk diffusion controlled region, the hydrogen
permeation flux though a cermet membranes such as Ni—
BCY can be derived using the chemical diffusion model
[35,39]. Because the diffusion of atomic hydrogen through
the Ni phase is also possible, the total hydrogen flux can be
expressed as the sum of the ambipolar and atomic diffusions
while assuming that the oxygen potential gradients do not
influence the transport of hydrogen across the membrane.
Thus, the total hydrogen flux is given by

feed

YRT [PH Oop 0¢ -

Ju, = — o gl 1-p) 2 p2 1

" <4F2L /pHp oo, toe w0 Py, | ()
2

where o, is the partial conductivity (i=OHo", Vo™ “or ¢’), L is
the thickness of the membrane, F is the Faraday constant,
d In py, is the chemical potential gradient of hydrogen across
the oxide membrane, y is the volume fraction of the oxide
phase, and @ is the hydrogen permeability of Ni. Using the
above-described model for the functioning of a hydrogen
permeation membrane, we investigated the hydrogen permea-
tion property of the various cermet membranes in terms of the
various parameters influencing Eq. (1), such as the composi-
tions, microstructures, and thicknesses of the membranes, as
well as the hydrogen partial pressure during the permeation
tests.

As mentioned previously, we investigated the relation
between the Ni concentrations of the various cermets and the
total electrical conductivities of the membranes formed using
them. When the volume ratio of Ni in a cermet was increased,
the cross-sectional area available for the flow of electrons also
increased, resulting in an increase in the total electrical
conductivity of the corresponding membrane. However, this
increase in the total conductivity was not linearly proportional
to the Ni concentration and increased abruptly when the Ni
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Fig. 10. Backscattered electron images of cermet membranes after they had been sintered at 1400 °C for 10 h: (a) Ni30-BCY70, (b) Ni35-BCY65, (c) and Nid0—
BCY60. Figure (d)a Ni40-BCY60 membrane formed from a powder sample that had not been subjected to high-energy milling.
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Fig. 11. Total electrical conductivities of BCY and various Ni-BCY cermets
in a wet 4% hydrogen/balance He atmosphere.

phase percolated. Thus, the conductivity of a cermet membrane
is an important indicator that can not only predict the
magnitude of the hydrogen permeation flux attainable using

the membrane but can also help elucidate the mechanism
underlying hydrogen permeation through the membrane.
Thus, the hydrogen permeation fluxes of a series of Ni-BCY
membranes with a thickness of 0.4 mm were measured over
temperatures of 700-800 °C using a mixture of 4 mol% H,/
balance He as the feed gas and a mixture of 100 ppm H,/
balance N, as the sweep gas. As shown in Fig. 12, the
hydrogen permeation flux of every Ni-BCY membrane
increased with the temperature over temperatures of 700-
800 °C regardless of the compositions of the membranes.
Furthermore, the hydrogen permeation flux of each membrane
increased with an increase in its Ni concentration. According
to the results of the permeation tests, the rate of permeation
through the membrane containing 40 vol% Ni was approxi-
mately 2.5 times higher than that through the membrane
containing 35 vol% Ni. This was true over the entire range
of temperatures tested. This increase in the hydrogen permea-
tion flux can be attributed to the additional ambipolar permea-
tion of hydrogen through the cermet membrane owing to the
connections in the Ni phase. This was already verified by the
fact that the total conductivity of the membrane of the cermet
containing 40 vol% Ni was the highest. On the other hand, the
other cermets exhibited permeability similar to that of a single-
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Fig. 12. Hydrogen permeation fluxes of Ni-BCY cermet membranes as a
function of temperature.
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Fig. 13. Hydrogen permeation fluxes of Ni40-BCY60 cermet membranes of
various thicknesses as a function of temperature.

phase BCY membrane. This indicated that the metallic phase
did not contribute to the improvement in the electronic
conduction of the Ni-BCY cermet membranes.

The effect of the thickness of the Ni40-BCY60 cermet
membrane on its hydrogen permeability was studied. As shown
in Fig. 13, the hydrogen permeation fluxes of all the samples,
which had different thicknesses, increased with the temperature.
In addition, for a given temperature, the hydrogen permeation
fluxes of the membranes also increased with a decrease in the
membrane thickness. Because the characteristic thickness of a
cermet membrane is given by Lc=D*/k, where k is the surface-
exchange coefficient and D* is the tracer diffusion coefficient,
the thickness of the membrane determines whether the flux is
limited by the bulk diffusion or by the dissociation reaction that
takes place at its surface [40]. According to Zhang et al. [41], in
the case of thinner membranes, the surface resistance makes up
most of the total resistance, whereas the bulk resistance accounts
for most of the total resistance in thicker membranes. In our
case, even though the membranes were fairly thin, with the
surface reaction expected to control the overall permeation
process, the results in Fig. 13 indicated that permeation was, in
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Fig. 14. Hydrogen permeation flux of a Ni40-BCY60 cermet membrane
(thickness ~230 pm).

fact, controlled by bulk diffusion. However, because the linear
extrapolation of the reciprocal thickness dependencies of hydro-
gen flux does not cross the origin, we still can't neglect the
limited dissociation reaction at the surface of thinner membranes.
Fig. 14 shows the hydrogen permeation flux values of a
230-pm-thick cermet membrane for different hydrogen con-
centrations in the feed gas with the concentration of the sweep-
side gas remaining constant. As can be seen from the figure,
the hydrogen flux increased with an increase in the hydrogen
partial pressure on the feed side. This result can be explained
on the basis of an increase in the driving force for hydrogen
transport, as well as by the increased conductivity of the
membrane with respect to electrons, holes, and protons.
Increasing the hydrogen partial pressure on the feed side
increased the net driving force for hydrogen permeation and
also increased the concentration of protons and electrons on
the feed side. This resulted in an increase in the overall
protonic and electronic conductivity of the membrane.

4. Conclusions

Fine-grained, dense membranes of the cermets Ni—Ba
(Cep9Yp.1)03_5 (or Ni-BCY) with excellent mixing homo-
geneity and improved Ni phase connectedness could be
fabricated via the high-energy milling of composite powders
containing Ni and BCY phases. In these controlled Ni-BCY
cermet membranes, the Ni phase exhibited a higher degree of
connectedness. As a result, the membranes exhibited higher
total conductivities and thus promote nongalvanic hydrogen
permeation owing to the ambipolar diffusion of protons and
electrons. The results of hydrogen permeation tests performed
on cells made of the cermets containing Ni in different
concentrations showed that the cermet membrane containing
BCY and 40 vol% Ni (Ni40-BCY60) exhibited the highest
hydrogen permeation flux. Furthermore, the results of hydro-
gen permeation tests performed on membranes of varying
thicknesses (230-400 pm) showed that the highest hydrogen
permeation flux (0.76 cm’/(min cm?)) was noticed in the case
of the thinnest (230-pm thick) Ni40-BCY60 membrane. This
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indicated that the hydrogen permeation process was mainly
controlled by bulk diffusion through the membrane rather than
by reactions that took place at its surface.
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