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Abstract: A novel concept for the preparation of multiphase
composite ceramics based on demixing of a single ceramic
precursor has been developed and used for the synthesis of
a dual-phase H,-permeable ceramic membrane. The precursor
BaCe,sFe,;O;_s decomposes on calcination at 1370°C for 10 h
into two thermodynamically stable oxides with perovskite
structures: the cerium-rich oxide BaCe,gsFe, ;503 5 (BCF8515)
and the iron-rich oxide BaCe,;sFe;ss0; 5 (BCFI58)5),
50 mol % each. In the resulting dual-phase material, the
orthorhombic perovskite BCF8515 acts as the main proton
conductor and the cubic perovskite BCFI585 as the main
electron conductor. The dual-phase membrane shows an
extremely high H, permeation flux of 0.76 mLmin ™' cm™>
950°C with 1.0 mm thickness. This auto-demixing concept
should be applicable to the synthesis of other ionic-electronic
conducting ceramics.

at

Mixed protonic-electronic conducting (MPEC) ceramic
materials are currently attracting increasing attention for
their potential applications in hydrogen** and humidity
sensors,'*¢l as well as hydrogen pumps.'*¢! They can also be
used as membranes for H, separation™! and in catalytic
membrane reactors."! Additionally, these materials can be
used as electrolytes in solid-oxide fuel cells (SOFCs),™ 4 as
solid electrolytes for ammonia synthesis,"™! and as photo-
catalysts for the decomposition of water.!"]

Most MPEC materials are based on perovskite oxides and
have the general formula ABO;, such as SrCeQO;, BaCeO;,
SrZrO;, CaZrOs;, and SrTiO;. However, hydrogen permea-
tion fluxes through such ceramic membranes cannot meet the
industrial requirements, mainly because of poor electronic
conductivity, even at high temperatures (800-950°C).>
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Therefore, to improve the hydrogen permeation flux, triva-
lent elements, such as rare-earth elements, are doped into the
B-sites of these oxides to improve their electronic conductiv-
ities. For example, elements such as Eu, Sm, Mn, and Nd are
used in doped oxide systems based on SrCeO; and
BaCeO,.”"! Unfortunately, the hydrogen permeation fluxes
through these single-phase membranes are still lower than
0.03 mLmin~' cm 2 because the hydrogen permeation rate is
still limited mainly by the electronic conduction, even after
metal doping. Another approach for improving the hydrogen
permeation flux is to use a dual-phase membrane containing
a second phase material to conduct electrons. Thus, many
ceramic-metal (cermet) dual-phase materials, such as Ni-
BaCeyyY(, 05 1 Ni-BaCeysTbysO05 5, and  Ni-
BaZr,,Cey; Y, Yby,0; s, composed of a ceramic protonic
conductor and a metallic electronic conductor have been
developed for hydrogen separation. The hydrogen perme-
ation fluxes through these cermet membranes are one order
of magnitude higher than those of single-phase membranes.
The thermochemical stability and compatibility of the metal
and ceramic are, however, critical.

As alternative options, ceramic—ceramic dual-phase mem-
branes, such as LassWO,;,s 5-LaygSr,;3CrO; M and
BaCe,Zr,;Y(105_5 (BCZY27)-Sr)05TigsNby; O3
(STN95)M! have been developed in recent years. Normally,
each single-phase oxide is prepared separately, and the oxides
are homogenized by ball milling to obtain the dual-phase
materials."™112l However, it is difficult to preserve the phase
purity in these composites at temperatures of 800-950°C for
along period of time since the two phases can easily react with
each other and cation diffusion occurs. For example, secon-
dary phases appeared in the dual-phase ceramic membranes
when using BCZY27 as the protonic conducting phase and
STNO95 as the electronic conducting phase.'!! Insufficient
phase stability is indeed an undesired phenomenon among
MPEC and mixed ionic and electronic conductive (MIEC)
dual-phase membrane materials. For example, an interdiffu-
sion zone at the interfaces between the Ce4sGd,Cuys0,_
(CGCO) and Lay¢Cay,FeO;_ s (LCF) grains can be observed
in the CGCO-LCF dual-phase membrane.!” To enhance the
ionic conductivity of the grain boundary, Lin et al.'” reported
targeted phase formation between two different phases. Liu
etal™ also introduced nanoparticles for stabilization.
Clearly, avoiding the formation of new miscellaneous phases
between the different ceramic phases at high temperatures
because of cation diffusion between the two phases is an
important challenge that must be overcome for dual-phase
membranes.
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Herein, we propose a novel concept for the design and
preparation of dual-phase membranes. The two phases
contain the same chemical elements but in different concen-
trations and with different crystallographic symmetries. The
iron-doped BaCeO; system is selected to demonstrate this
concept because of its good proton conductivity.'*! A ceramic
precursor of the starting composition BaCe,sFe,s0;_s auto-
matically decomposes on calcination into two thermodynami-
cally stable oxides, the cerium-rich oxide BaCegsFe(150;5_s
(BCF8515) and the iron-rich oxide BaCe;sFe)g50; 4
(BCF1585). The resulting dual-phase membrane consists of
the orthorhombic perovskite BCF8515 and the cubic perov-
skite BCF1585 (Figure 1). In this dual-phase mixture, the
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Figure 1. Concept of a dual-phase mixed protonic and electronic
conducting membrane, which consists of two phases with the same
elemental composition but in different concentration ratios that is
prepared by the novel autoseparation method: The precursor
BaCe,sFeysO;_5 decomposes into the cerium-rich oxide
BaCeggsFeg1505_s (BCF8515) as the proton conductor and the iron-rich
oxide BaCeysFey50; 5 (BCF1585) as the electron conductor. OH; is
the protonated lattice oxygen.

BCF8515 phase is the main protonic conductor, and the
BCF1585 phase the main electronic conductor. This interplay
of ambipolar conductivity results in a high hydrogen perme-
ation flux. As illustrated in Figure 1, protons and electrons
can be transported in both phases simultaneously, thus
increasing the conductivity and also enlarging the triple
phase boundary for the hydrogen surface exchange reaction
[Eq. (1)]. Furthermore, secondary phase formation and
cation diffusion between the two thermodynamically phases
do not occur because of their limited solubility to ions.

H, +20; < 20H; +2e¢ (1)

The ceramic precursor of the starting composition
BaCesFe,sO;_5 was calcined at 1370°C. Analysis of the
XRD data (Figure 2) shows the as-synthesized dual-phase
membrane decomposes into an equimolar mixture of the two
phases BCF8515 and BCF1585. BCF8515 is an orthorhombic
perovskite and BCF1585 a cubic perovskite.
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Figure 2. XRD patterns of different iron-containing barium cerate
ceramics i) BCF8515 single-phase membrane; ii) BCF1585 single-phase
membrane; iij) BCF8515-BCF1585 dual-phase membrane prepared by
traditional ball-milling method; iv) BCF8515-BCF1585 dual-phase
membrane prepared by the novel autoseparation method. All samples
were calcined at 1370°C for 10 h in air.

For comparison, we also prepared the composite ceramic
BCF8515-BCF1585 by the traditional method. Thus, the two
perovskites BCF8515 and BCF 1585 were synthesized sepa-
rately, mixed in equimolar amounts as powders, homogenized
by ball-milling, and calcined in air at 1370 °C. The novel auto-
separation method gives the same phase structures (Figure 2)
consisting of orthorhombic and cubic perovskite (sample iv)
as the dual-phase membrane prepared by traditional ball-
milling (sample iii).

To understand the reason underlying the interesting
nature of the “coexisting-dual-phase”, a series of
BaCe(;_,Fe,O; ; (0.1<x<0.9) oxides was prepared, and
the phase structures were investigated after calcination at
1370°C. A pure perovskite structure could be obtained with
Fe contents below 0.15 or above 0.8 (see Figure S1 in the
Supporting Information). For Fe contents between 0.15 and
0.8, calcination resulted in the coexistence of the orthorhom-
bic and cubic perovskite phases (see Figure S2). This differ-
ence is attributed to the large differences between the radii of
Ce** and Ce** (1.15and 1.01 A) and Fe?*, Fe**, and Fe** (0.92,
0.785, and 0.725 A).''"] The differences in the radii are the
reasons that the precursor BaCe; ,Fe,O; , (0.15<x<0.8)
can autoseparate into the two phases of BCF1585 and
BCF8515 and the dual-phase iron-doped BaCeO; oxides
can be prepared by decomposition of the precursor. The
secondary electron and backscattered electron micrographs
(SEM and BSEM, respectively) of the BCF8515-BCF1585
dual-phase membrane exhibit distinct grain morphology and
clear grain boundaries between the two phases (Figure 3).

The hydrogen permeation fluxes through the BCF8515-
BCF1585 dual-phase membrane prepared by the autosepara-
tion method are shown in Figure 4. A H, permeation flux of
0.76 mLmin ' cm? was obtained at 950°C with a 1.0 mm
thick dual-phase membrane. This effect arises from the good
match between the protonic and electronic conductivities of
each phase across the entire membrane, which leads to the
BCF8515-BCF1585 dual-phase membrane exhibiting a high
ambipolar conductivity. To clarify the contributions of the two
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Figure 3. a) Secondary electron micrographs under a low-power lens.
b) Secondary electron micrographs under a high-power lens. c) Back-
scattered electron micrographs (BSEMs) and d) the processed BSEM
images of (c). The light particles are BCF8515 and the dark particles

are BCF1585.
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Figure 4. Comparison of hydrogen permeation flux through the dual-
phase membrane and each single-phase membrane at different
temperatures. Conditions: Total flow rate of 50% H,+50% He on the
feed side was 100 mLmin~', and the Ar flow rate on the sweep side
was 60 mLmin~'. Membrane thickness: 1.0 mm.

phases to the protonic and electronic conductivities, H,
permeation fluxes through neat single-phase membranes of
BCF8515 and BCF1585 were also studied (Figure 4). As
expected, the dual-phase membrane exhibited a much higher
H, permeation flux compared to either of the two single-
phase membranes. This is because electronic conductivity is
the limiting factor for the single-phase BCF8515 material,
which is used as the main protonic conductor in the dual-
phase membrane, while protonic conductivity is the limiting
factor for single-phase BCF1585, which is used as the main
electronic conductor in the dual-phase membrane. Therefore,
the BCF8515-BCF1585 dual-phase membrane has a highly
improved ambipolar conductivity and can achieve an
extremely high H, permeation flux. The ambipolar conduc-
tivities of single-phase BCF8515 and BCF1585 as well as dual-
phase BCF8515-BCF1585 membranes are shown in Figure S5
(see the Supporting Information).

The BCF8515-BCF1585 dual-phase membrane was also
found to act as a dual ion conductor, exhibiting simultaneous
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proton and oxygen ion mobility (Figure S6). The oxygen
permeation flux through the BCF8515-BCF1585 dual-phase
membrane can reach 0.12 mLmin ' cm 2 at 950°C. Similar to
the BaCeygsTbysC0y;0; s membrane, ' the BCF8515-
BCF1585 dual-phase membrane exhibits H, and O, perme-
ability under different operating conditions. Although this
MPEC material can transport both protons and oxygen ions,
its H, selectivity does not decrease. By controlling the
atmospheres on both sides of the membrane, H, permeation
can be achieved exclusively (a more detail explanation can be
found in Figure S7). This finding shows for the first time that
that some oxygen-permeable materials could also be used for
H, separation, if they are stable under reducing atmosphere.
Figure 5 and Table S1 summarize the H, permeation
fluxes through the most relevant ceramic or cermet mem-
branes. Although the measurement conditions used to study
the various membranes differed, it is clear that the BCF8515-
BCF1585 dual-phase membrane with a thickness of 1.0 mm
exhibits extremely high hydrogen permeation flux compared
with most other membranes under similar conditions. Higher
hydrogen permeation flux through the dual-phase ceramic
membrane can be obtained easily by decreasing the mem-
brane thickness or enlarging the surface area by a coating.
In conclusion, we propose a novel preparation concept for
dual-phase H,-permeable membrane materials. A starting
ceramic precursor with the composition BaCe,sFe;sO;
auto-decomposes upon heating at 1370°C into a ceria-rich
and an iron-rich phase. The two phases show different
crystallographic structures and they co-exist for a long
period of time. As a consequence of the composition of the
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Figure 5. Comparison of hydrogen permeation properties of ceramic
membranes: Single and dual-phase ceramics as well as cermet
membranes.F7:810181%F Conditions can be found in Table ST in the
Supporting Information. For our work: feed gas: 100 mLmin~" of
(509 H,+50% He), sweep gas: 60 mLmin~" of Ar, 1.0 mm thick disk
membrane without surface coating, in a dry atmospheres.
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starting ceramic, the resulting dual-phase ceramic consists of
50 mol % BCF8515 and 50 mol % BCF1585. The dual-phase
membrane exhibits an extremely high hydrogen permeation
flux of 0.76 mLmin ' cm 2 at 950°C at a thickness of 1.0 mm.
Thus, this material is a promising candidate for industrial
high-temperature hydrogen separation or for catalytic mem-
brane reactors. Our concept of using the autoseparation of
precursors to obtain thermodynamically stable dual-phase
ceramic materials is not only suitable for H,-permeable
membrane materials, but also for the preparation of O,-
permeable membrane materials. The auto-decomposition
technique represents a new approach for the design and
preparation of ceramic dual-phase mixed ionic and electronic
conducting materials.
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