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Abstract

Mixed-conducting oxide powders, BaCe 9Y 10,05 (BCY) and SrCe(9Y.10,.05 (SCY), were prepared using a solid-state reaction method. X-
ray diffraction patterns of the prepared powders showed the sharp peaks of the BaCe 9Y(.10,.95 and SrCey¢Y(.105.95 phases. XRD patterns and
FE-SEM morphologies of the oxide powders, fabricated by attrition milling and ball milling, were compared. The oxide powders that were
prepared by attrition milling showed rather large particles and severe necking between particles in FE-SEM images as well as residual reactant
(BaCO3) and secondary phases (SrCeO; and CeO,) in XRD patterns. The oxide powders prepared using ball milling showed particles under
approximately 500 nm and typical XRD patterns of the BaCe;9Y(10295 and SrCepoY(10295 phases. Ceramic membranes of the
BaCe(9Y(.10,.05 and SrCepoY(.10,.95 phases were fabricated by the aerosol deposition method using the oxide powders synthesized. Two
fabricated ceramic membranes demonstrated somewhat dense morphologies and relatively fine grains in the FE-SEM surface images.
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1. Introduction

Mixed-conducting (electronic and ionic conducting) dense
ceramics are used in high-temperature electrochemical
applications, including fuel cells, gas separation membranes,
and electrocatalysis [1-3]. They can be used as electrodes in
solid-state fuel cells and as dense ceramic membranes for gas
separation. Gas separation membrane technology may provide
the basis for improved methods of hydrogen recovery and, thus,
reduce the cost associated with hydrogen production [4]. Gas
separation technology using a mixed-conducting oxide
membrane is of considerable interest for separating hydrogen
from mixed synthesis gas (syngas, a mixture of CO, and H,)
created in an integrated gasification combined cycle (IGCC)
system [5]. The process of hydrogen separation using a dense
perovskite-based ceramic membrane starts with oxidation of
hydrogen at the membrane surface. The protons and electrons
generated are incorporated into the membrane material lattice
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and conducted to the reduction surface where the reverse
reduction reaction occurs to produce pure hydrogen [6].

For preparing dense membranes, the perovskite composi-
tions of multi-phase materials with high mixed proton and
electron conductivity are optimized. Much research in the field
of gas separation in solid oxide fuel cells has focused on the
study of perovskite oxides exhibiting significant proton
conductivity. One of these perovskite materials is aliovalent-
doped barium cerate, BaCe; _,A,O5_s (A = common rare earth,
8 =x/2) [7,8]. The increase in proton conductivity with doping
is mainly related to the creation of oxygen vacancies through
the defect reaction. Each oxygen vacancy leads to the formation
of two protons in the structure. The mechanism of proton
migration in perovskite oxides has been determined as
Grotthuss-type (free proton migration) [9].

Ceramic coating technology is required in many applica-
tions such as the fabrication of microelectromechanical systems
(MEMS)), displays and fuel cells. However, thick ceramic layers
produced by conventional thin- or thick-film methods usually
have cracks and may easily peel from the substrates. Several
deposition methods based on the principle of particle impaction
have already been investigated. The aerosol deposition method
(ADM), based on the impact adhesion of fine particles for
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Fig. 1. XRD patterns of (a) BCY and (b) SCY powders calcined at 1100 °C for 2 h and heated at 1300 °C for 2 h after attrition milling.

forming thick ceramic layers, is utilized. In the aerosol
deposition method (ADM), submicron particles are accelerated
by gas flow in a nozzle and ejected onto a substrate. During
impaction with the substrate, part of each particle’s kinetic
energy is transformed into bonding energy between particles.
This process occurs without any additional source of energy. No
additional procedure for the densification of the deposited layer
is necessary [10-12]. Before aerosol deposition, it is very
important to obtain high-purity powders with proper particle
size distributions on the submicron scale (approximately
~500 nm). Generally, the cerate-based proton-conducting Ba—
Ce—Y-0 and Sr—Ce-Y-O materials have been synthesized by a
conventional solid-state reaction method using oxide precursor
powders [8,13,14].

In this study, mixed-conducting oxide powders,
BaCeo_9Y0,102,95 (BCY) and SrC60.9Y0_102_95 (SCY), wEre
synthesized by a solid-state reaction method. Crystal phases of
the oxide powders synthesized were identified by X-ray
diffraction patterns. Microstructural morphology of the
powders was observed from FE-SEM images. Dense ceramic
membranes of BaC60_9Y0_102_95 and Srceo_gYo_IOZ.gs system
were fabricated by the aerosol deposition method, respectively.
Surface and cross-sectional morphologies of the ceramic
membranes synthesized were observed by FE-SEM.

2. Experimental procedure

Powder samples of BaCe; ,Y,03;_ s and SrCe;_,Y,O3_s
(x=0.1, 6 =x/2) were prepared by a conventional solid-state
reaction from proper stoichiometric amounts of BaCOj3, CeO,,
SrCO5; and Y,O; (all Aldrich >99.9%). The starting oxide
precursors were mixed by ball milling for approximately 24 h
or attrition milling for 2 h, then passed through a 100 mesh
sieve, and placed in a zirconia crucible for calcination to
achieve the desired perovskite composition. Samples were
calcined at 1100 °C for 2 h and then treated with a 100-mesh
sieve. The final BaCe(9Y 10595 and SrCe9Y.10;.95 powders
were obtained by heating in a temperature range of 1100-
1300 °C for 2 h in air (heating rate: 10 °C/min).

X-ray powder diffraction was performed to identify the crystal
phases of the powders. Microstructural morphology of the oxide
powders was observed by FE-SEM. Dense ceramic membranes

of BaCe 9Y(.102.95 and SrCe 9 Y 105,95 System were fabricated
by aerosol deposition method on glass substrate, respectively.
Surface and cross-sectional morphologies of the ceramic
membrane fabricated were observed by FE-SEM.

3. Results and discussion

3.1. XRD patterns of BaCeg Yy ;05 95 and SrCep Y. 10505
powders

Fig. 1 shows XRD patterns of oxide powders fabricated by a
successive process of calcination and heating after attrition
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Fig. 2. XRD patterns of BCY powders prepared in temperature range of 1000—
1300 °C for 2 h after (a) attrition milling and (b) ball milling.
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Fig. 3. XRD patterns of SCY powders prepared in temperature range of 1000—
1300 °C for 2 h after (a) attrition milling and (b) ball milling.

milling. Figs. 2 and 3 show XRD patterns of the oxide
powders synthesized by a single heating procedure after
attrition milling and ball milling, respectively. All oxide
powders synthesized by a solid-state reaction had similar
XRD patterns showing the peaks of the BaCe9Y( 10,95
(BCY) and SrCep9Y(.10,.95 (SCY) phases after heating in a
temperature range of 1000-1300 °C for 2 h. The peaks of the
BaCe().gY().]Oz.gS (BCY) and SrCeO_QYO.loz_QS (SCY) phases
of two oxide powders fired showed rather strong intensity in
case of the samples obtained by attrition milling compared to
those obtained by ball milling. A representative orthorhombic
crystal structure was confirmed for both BCY and SCY
powders from all of the XRD patterns. With increasing heat
treatment temperature, the XRD peak intensities of the
BaCCO.gYO.IOlgS (BCY) and SI'CC()_QYOV102_95 (SCY) phases
slightly increased. The peak of a residual BaCO3 phase after
solid-state reaction was detected in the XRD patterns of the
BCY oxide powder obtained at low temperature. However, in
the case of attrition milling, the decomposition of the reactant
phase (BaCOs) during solid-state reaction was accomplished
at a lower temperature (1100 °C) compared to that prepared
by ball milling. Other secondary phases (Ba,CeO,4 or CeO,)
were not detected in the XRD patterns of the powders
obtained under the conditions used in the BCY powder
synthesis. In XRD patterns of the SCY powders fabricated
using attrition milling, even though the main peak with very
strong intensity was observed, some secondary phases such as
SrCeO; and CeO, were detected. The oxide powders,
synthesized using ball milling showed typical XRD patterns
of the SrCe(9Y(.102.095 (SCY) phase. It was inferred that
mixing by attrition milling induced a somewhat incomplete
formation of SrCe(9Y(.103.95 (SCY) during the solid-state
reaction process.

15.0kV 7.8m M XA0.0K SEM:

Fig. 4. FE-SEM morphologies of (a and b) BCY and (c and d) SCY oxide powders calcined at 1100 °C for 2 h and heated at 1300 °C for 2 h after attrition milling.
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Fig. 6. FE-SEM morphologies of (a) BCY and (b) SCY oxide powders prepared at 1300 °C for 2 h after ball milling.

3.2. SEM morphologies of BaCe 9Yy ;05 95 and
S}”CEO.QYO.]OZ_Q_; powders

Fig. 4 shows the FE-SEM microstructural morphology of
the oxide powders prepared by calcination and heating after
attrition milling. Figs. 5 and 6 show the FE-SEM images of
the BaCCQ.9Y0.102.95 (BCY) and SrCeO_9Y0.102_95 (SCY)
phases fabricated by a single heating procedure after attrition
milling and after ball milling, respectively. In all oxide
powders fabricated by attrition milling, relatively large

particles, large aggregates, and noticeable necking between
particles were observed in the FE-SEM images (Figs. 4 and
5). Powder preparation by attrition milling would have
caused severe agglomeration and coarsening during solid-
state reaction process. Two oxide powders, prepared by a
single heating process after ball milling, showed relatively
small particles, which were under approximately 500 nm.
Thus, the ceramic membranes were fabricated using the
oxide powders prepared by a single heating step after ball
milling.

Fig. 7. FE-SEM surface morphologies of (a) BCY and (b) SCY ceramic membranes formed on glass substrate. (Oxide powders, heated at 1300 °C for 2 h after ball

milling, were used for aerosol deposition.)
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Fig. 8. FE-SEM cross-sectional morphologies of (a) BCY and (b) SCY ceramic membranes formed on glass substrate. (Oxide powders, heated at 1300 °C for 2 h after

ball milling, were used for aerosol deposition.)

3.3. FE-SEM morphologies of BaCe oYy 10595 and
SrCeg oYy 105 95 membranes

Fig. 7 shows surface morphologies of the ceramic
membranes fabricated by an aerosol deposition process with
oxide pOWderS. The BaCCO.gYo_IOZ_gs and SrCeo_9Y0_102.95
membranes showed somewhat rough and dense morphologies
in the FE-SEM surface images. However, the ceramic
membranes showed relatively smaller grain sizes (of approxi-
mately 300-400 nm) compared to the particle size of the oxide
powders synthesized by solid-state reaction. The densification
behavior and fine grains of the ceramic membranes could be
explained by the impact adhesion and bonding of the particles
ejected onto the glass substrate. During a strong impact and
adhesion process onto the substrate, numerous particles and
large aggregates would have broken into many small pieces.

Fig. 8 shows the cross-sectional morphologies of
BaCCO.QYO.IOZ_QS and SrCCO.9Y0.102'95 membranes by FE-
SEM. The BaCe(9Y( 10,95 membrane shows rough, dense
morphology and a large gap in the interface region between the
membrane and substrate. The SrCepo9Y( 10,95 membrane
shows uniform, dense morphology and excellent adhesion
behavior with the substrate. The BaCeyoY( 0595 and
SrCe9Y(.10,95 ceramic membranes fabricated by aerosol
deposition process showed different adhesion behavior to the
substrate, respectively. The presence of the large gap between
ceramic membrane and substrate would be due to somewhat
minute shape change such as a warping or distortion of the thick
ceramic membrane being applied to substrate through a high-
speed impact adhesion. It appears during forming membrane
that the interaction between membrane and substrate is related
to several factors such as physical characteristics of the
powders or substrates used.

4. Conclusion

Two oxide powders of the BaCep9Y( 10595 and
SrCe.9Y(.10,.95 phases were synthesized through a solid-state
reaction from the oxide precursors BaCO;, CeO,, SrCO5; and
Y,0s5. In mixing the starting materials, attrition milling was
employed to form the oxide phases at a lower temperature.
However, the oxide powders prepared after attrition milling
showed large aggregates due to coarsening and necking of

particles during heating process. The presence of secondary
phases (SrCeO; and CeO,), observed in XRD patterns indicates
the incomplete solid-state reaction in the case of powder
synthesis using attrition milling. The oxide powders fabricated
by a single heating procedure after ball milling showed
particles under approximately 500 nm and producing only the
BaCCO.gYQJOzgs and SrCeO_QYO_IOZ.QS phases in the XRD
patterns. The oxide powders, prepared using ball milling were
utilized to fabricate the ceramic membranes by the aerosol
deposition method. The BaCey9Y(.10,.95 and StCep oY 10205
membranes showed somewhat rough, dense morphologies and
relatively small grain sizes of approximately 300 nm to 400 nm
in the FE-SEM surface images. The SrCep¢Y(.102.95 mem-
brane showed uniform and excellent adhesion behavior with the
substrate.
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