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Abstract

In order to prepare a dense proton-conductive Ba(Zrj ;Ce7)Y203-s (BZCY7) electrolyte membrane, a proper anode composition with 65%
Ni,O; in weight ratio was determined after investigating the effects of anode compositions on anode shrinkages for co-sintering. The thermal
expansion margins between sintered anodes and electrolytes, which were less than 1% below 750°C, also showed good thermal expansion
compatibility. A suspension spray combined with particle gradation method had been introduced to prepare dense electrolyte membrane on porous
anode support. After a heat treatment at 1400 °C for 5 h, a cell with Laj 5Sry5C00;_s (LSCO) cathode was assembled and tested with hydrogen and
ammonia as fuels. The outputs reached as high as 330 mW cm™2 in hydrogen and 300 mW cm~2 in ammonia at 700 °C, respectively. Comparing
with the interface of another cell prepared by dry-pressing method, this one also showed a good interface contact between electrodes and electrolyte.
To sum up, this combined technique can be considered as commercial fabrication technology candidate.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction can be written as following [4]:

Solid oxide fuel cells (SOFCs) now develop into their new H,O0 + Vo*®* + 00" < 20Ho* ey
stage characterized with thin electrolyte membranes on porous
electrode supports [1]. The most important fabrication tech-
niques developed for SOFCs are almost all concerned with
inorganic electrolyte membranes. Therefore, SOFCs can also be
named as ceramic membrane fuel cells (CMFCs). CMFCs based
on proton electrolytes (CMFC-H) may exhibit more advan-
tages than the ones based on oxygen-ion electrolytes (CMFC-O)
in many respects, such as low activation energy [1] and high
energy efficiency [2]. Many perovskite-type oxides, used as pro-
tonic electrolyte for CMFCs, show high proton conductivity in
a reducing atmosphere [3—8]. These proton conductors in wet
atmosphere will produce proton defect as charge carrier, which

The proton produced in anode compartment will permeate the
protonic electrolyte membranes in the form of proton defect
shown in (1). The electrochemical permeation of H, across
proton-conductive electrolyte membrane to cathode side reacts
with oxygen and produce electricity. The electrochemical extrac-
tion of Hy through proton-conduction membrane in protonic
CMFC may act as the membrane catalyzer [9].

One of the major challenges for these perovskite-type pro-
ton conductors is a proper compromise between conductivity
and chemical stability [10]. Zuo et al. [11] reported a new
composition, Ba(Zrg 1Cen.7)Y0.203—_s (BZCY7), exhibited both
adequate proton conductivity as well as sufficient chemical and
thermal stability over a wide range of conditions relevant to fuel-
cell operation. Although the stability of doped BaCeOs is greatly
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[12]. The high sintering temperature has become a major issue
for the required low-cost thin-film fabrication technology, and
densification sintering is not expected below 1450 °C even for
the zirconia-free barium cerates. Several breakthroughs of sin-
tering for these doped BaCeO3 materials have been reported,
such as doping transition metal oxides ZnO [12,13]. However,
there are still several shortcomings in this method. For example,
the introduction of other elements is not appropriate for fabricat-
ing a CMFC electrolyte because of thermal expansion mismatch
and elemental migration to other cell components. Additionally,
due to an evaporation phenomenon of ZnO at 1000 °C during
sintering, the accurate amount of ZnO introduced into doped
BaCeOs is quite difficult to determine. Therefore, it is neces-
sary to develop a simple and cost-effective route to fabricate
thin protonic electrolyte membranes at a lower temperature in
air for the future commercialization of CMFCs.

The simple particle gradation method, which does not need
to introduce any other elements, can greatly enhance sintering
because it increases the packing density of green electrolyte
layer. Besides, some fine powders with high sintering activ-
ity in green electrolyte layers will improve sintering [14]. The
suspension spray is a low-cost and high efficient method for fab-
ricating inorganic functional ceramic layers [15—17]. The layers
could be fabricated in large area and the thickness of electrolyte
membranes can also be controlled in expected values. Therefore,
suspension spray combined with particle gradation method will
be a quite suitable candidate route for preparing dense electrolyte
membrane for CMFCs.

In this work, stable Ba(Zry.1Cep7)Y0203_5 (BZCY7) was
adopted for the electrolyte materials. The effect of anode compo-
sition on anode substrate shrinkage during co-sintering process
was studied. The thermal expansion compatibility between sin-
tered anode and electrolyte was subsequently studied under
the CMFC operation temperature. A particle gradation method
combined with suspension spray was used to fabricate dense
electrolyte layers on anode supports. With LSCO cathode, fuel
cell was prepared and tested in hydrogen and ammonia and the
interface of fuel cell was also investigated.

2. Experimental
2.1. Synthesis of BZCY7 powder

The Ba(Zro.1Cep.7)Y0203-5 (BZCY7-1) powders with big
average grain size was synthesized by a modified Pechini method
[18]. The proper amounts of starting precursors were added into
citric acid solution. Ba(C,H305),, Ce(NO3)3-6H;0, Y,03 and
Zr(NO3)4 were dissolved at the stoichiometric ratio. And the
citric acid was then added with citric/metal mole ratio set at
1.2:1, which was used as complexation/polymerization agent.
Then this solution was stirred on a heating machine and then
changed to brown foam and ignited to flame. The brown ash
was subsequently calcined at 1250°C for 3h. XRD test was
used to detect the phase formation of these fresh powders.

The Ba(Zrp.1Ce.7)Y0.203-_5 (BZCY7-2) powders with small
average grain size was prepared through a glycine nitrate pro-
cess [19]. In the process, Ba(CaH305),, Ce(NO3)3-6H,0, Y203

and Zr(NOs)4 at the stoichiometric ratio of BZCY7-2 were dis-
solved in distilled water. And the glycine acid was then added
with glycine/metal mole ratio set at 1:1. Then this solution was
stirred on a heating machine and then changed to yellow foam
and ignited to flame. The yellow ash was subsequently fired at
1150°C for 3 h. The particle size distribution of BZCY7-1 and
BZCY7-2 powders after ball-milling in ethanol for 24h was
analyzed with a laser particle size analyzer (Jinan PCC-III).

2.2. Preparation of anode

The mixed powders of the fine BZCY7-2 and a commercial
Ni» O3 powders in different weight ratios (65:35, 50:50, 35:65)
were ball-milled for 10h and then pressed into disks of 15 mm
in diameter and 0.65 mm in thickness under 200 MPa. The elec-
trolyte disks (BZCY7-1, BZCY7-2, mixture of BZCY7-1 and
BZCY7-2 with 10% BZCY7-2 in weight ratio) were also pre-
pared under the same condition. Then the sintering behaviors of
these disks from 30 °C to 1400 °C were detected with a thermal
expansion analyzer (PCY-III). Besides, the expansion behav-
iors from 30 °C to 1000 °C of the disks which were sintered at
1400 °C for 5 h were also detected.

2.3. Preparation of suspensions and electrolytes

With BZCY7-1,BZCY7-2, and mixed powders (with 5% and
10% BZCY7-2 powders in weight ratios), four different suspen-
sions were prepared after ball-milling in ethanol for 24 h. The
bulk densities of the four kinds of powders after ball-milling
were determined with a home-developed apparatus. With the
suspensions, four corresponding green electrolyte layers were
deposited on anode supports with the weight ratio of 65:35
between NipO3 and BZCY7-2. Through a suspension spray
method, the electrolyte layers were deposited on anode sub-
strates. After co-sintering at 1400 °C for 5h, the electrolyte
membranes were prepared.

2.4. Preparation and testing of cell

A graded cathode Lag 551 5Co3_5 was applied onto the elec-
trolyte surface in the area of 0.14 cm? and after sintering at
1050°C for 3h to assemble a single cell (named as cell-1).
The thickness and diameter of fuel cell were 2 mm and 13 mm,
respectively. Ag paste was applied onto the cathode surface as
the current collector after firing at 550 °C for 30 min. Cell-1
was tested in a home-developed testing system from 650 °C
to 700 °C. Hydrogen and ammonia were used as fuel and the
static air was used as oxidant. The water vapor concentra-
tion in fuel gases was 3% and the flow rate of fuel gases was
40 ml min~!. The interface resistance of cell-1 was tested with an
ac impedance (Chenhua 604C, Shanghai). The frequency range
is from 10 Hz to 10,000 Hz. The cross-sectional view of cell-
1 was observed with a scanning electronic microscope (SEM,
JSM-6301F).

Another cell was prepared by a dry-pressing method [20-22]
with BZCY7-2 powder and a mixed anode powder in which the
weight ratio of NipO3 65%. After co-sintering at 1400 °C for
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Fig. 1. Shrinkage of green anode and electrolyte during sintering.

5h and Lag 5Srg 5CoO3_s cathode, a fuel cell (named as cell-2)
was prepared and tested in ammonia from 650 °C to 700 °C. The
interface resistance of cell-2 was tested with ac impedance. The
cross-sectional view of cell-2 was observed with a SEM. The gas
analysis of ammonia decomposition of two cells was tested with
a gas chromatography analyzer (GC102AT) under open circuit
conditions.

3. Results and discussion
3.1. Effect of anode composition on anode shrinkage

The XRD test of the as-prepared BZCY7-1 and BZCY7-
2 powders indicates a single phase without detection of other
impurity phases. Fig. 1 shows the shrinkage behaviors of green
anodes and the electrolytes during sintering. It is obvious that
there are almost no shrinkages of anodes and electrolytes below
1000 °C. Above 1000 °C, the anodes and electrolytes shrink
rapidly because of the changes during sintering. In this pro-
cess, the adherence of NiO and BZCY7-2 particles to each other
forms necks and decreases the pores in anodes and electrolytes,
which leads to shrinkages during sintering [23]. However, the
shrinkage rates of anodes with different amounts of Ni; O3 were
all a bit larger than that of electrolytes. This may be because
the NipO3 phase starts to change into NiO phase above 600 °C
and the fresh NiO grains grows rapidly during sintering. Mean-
while, the sintering activity of fresh NiO may be also higher
than doped BaCeO3 ceramics, which may also result in a big
shrinkage of anodes. The shrinkages of anodes increase appar-
ently as the weight content of NiO3 rises from 35% to 65%.
At 1400 °C, the shrinkages of anode with 65% NiyO3 and elec-
trolyte reach as high as 25% and 15%, respectively. As seen in the
figure, the electrolyte is not very dense because of the continuous
shrinkage trend above 1400 °C. Thus, a big shrinkage margins
between anodes and electrolytes will promote the electrolyte
densification because of driven sintering from anode substrate

shrinkage during co-sintering. For the meanwhile, a high con-
tent of Ni;O3 in anode can easily form a connected Ni skeleton
phase after reducing which was desired for the anode Ni-based
skeleton microstructure [24]. Generally, the anode composition
was determined as 65% Ni»O3 in the weight ratio for substrate
of suspension spray.

3.2. Thermal expansion compatibility

Since a good thermal compatibility between anodes and elec-
trolytes of anode-supporting CMFCs is another key point [25].
A thermal expansion mismatch may lead to a bad interface con-
tact between anode and electrolyte, some cracks in electrolyte
membrane, even a destruction of cell under operation condi-
tions. Fig. 2 shows the thermal expansion of sintered anode
and electrolyte from 200°C to 1000 °C. The thermal expan-
sion of anode and electrolyte all increases almost at the same
rate as the temperature rises. The margins of thermal expansion
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Fig. 2. Thermal expansion of sintered anode and electrolyte.
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between anodes and electrolytes are quite small and less than 1%
below 750 °C, which indicates a good thermal compatibility at
intermediate temperature. From 750 °C to 1000 °C, the margins
are very close to 1%, which readily reaches the requirements
of thermal expansion compatibility for high-temperature oper-
ating conditions. Besides, the electrolytes prepared with three
different powders exhibit almost the same thermal expansion
behaviors under the same temperature condition, which indi-
cates that the thermal expansion behaviors of electrolytes are
irrelevant to the preparation methods of powders. It also proves
an advantage that the particle gradation method for electrolyte
membranes fabrication does not change the electrolyte thermal
expansion behaviors.

3.3. Particle gradation method

The particle size distribution of powders after ball-milling
was shown in Fig. 3. It can be seen that the d5y of BZCY7-1 and
BZCY7-2 powders are 3 pm and 0.8 pm, respectively. When
assuming green electrolyte is deposited only with BZCY7-1
powders, then there will be some small pores between big par-
ticles in green electrolyte. So the green packing density can
be increased by filling the pores with proper amounts of small
particles. A higher green density is advantageous for densifi-
cation during sintering. Besides, some fine powders with high
sintering activity in green electrolytes will also improve sin-
tering. Therefore, particle gradation of these two particle sizes
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Fig. 3. The particle size distribution of BZCY7-1 and BZCY7-2 powders after
ball-milling.

could lead to a higher green density and densification. Table 1
shows the bulk densities of four different powders after ball-
milling. The bulk densities of two mixtures respectively reach
48.1% and 45.3% while the bulk densities of BZCY7-1 and
BZCY7-2 only reach 37.5% and 34.8%, respectively. It is appar-
ent that particle gradation can greatly increases the green packing
density.

The surface morphologies and the cross-sectional views of
electrolytes prepared with four different powders after sin-

Fig. 4. The surface morphology of electrolyte membranes after sintering. (a) Prepared with BZCY7-2 powders, (b) prepared with BZCY7-1 powders, (c) prepared
with BCZY-1 powders mixed with 5% BZCY7-2 powders in weight ratio, and (d) prepared with BZCY7-1 powders mixed with 10% BZCY7-2 powders in weight

ratio.
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Fig. 5. The cross-sectional view of as prepared electrolytes. (a) Prepared with BZCY7-2, (b) prepared with BZCY7-1, (c) prepared with 5% BZCY7-2+95%
BZCY7-1 before testing, (d) prepared with 10% BZCY7-2+90% BZCY7-1 after testing, and (e) prepared with dry-pressing method with BZCY7-2 after testing.

tering at 1400°C for 5h are shown in Figs. 4 and 5. The
samples prepared only with BZCY7-1 and BZCY7-2 powder
are loose and porous. The surface views of electrolytes pre-
pared with the two different mixtures with BZCY7-2 powders

Table 1

Bulk densities of four samples

Samples Bulk density (%)
1 34.8

2 37.5

3 453

4 48.1

1, BZCY7-2 powders; 2, BZCY7-1 powders; 3, 95% BZCY7-1 mixed with 5%
BZCY7-2 powders in weight ratio; 4, 90% BZCY7-1 mixed with 10% BZCY7-2
powders in weight ratio.

in the weight ratio of 5% and 10% are shown in Fig. 4c and
d. As seen in the SEM photos, the electrolyte membranes
are very dense and uniform. The big grains and small ones
show good adherences, which indicates the particle gradation
method could effectively improve the densification during sin-
tering. The grain size in sample d is 4-6 wm which is a bit
larger than that of sample ¢, 3-5 um. It may be due to the
excessively growing of grains in sample d, which has a higher
content of fine active BZCY7-2 powders. For the meanwhile,
the cross-sectional views of samples prepared with mixtures,
which are shown in Fig. Sc and d, also demonstrate that the
electrolyte membranes are quite dense after sintering. To sum
up, suspension spray combined with particle gradation method
for preparing BZCY7 electrolyte membranes is a good route
candidate.
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Fig. 6. The performance of cell tested with ammonia and hydrogen.

3.4. Cell performance

The cell performances are showed in Fig. 6. The open circuit
voltages (OCVs) of cell-1 and cell-2 are all above 1.0 V at 700 °C
and 650 °C in hydrogen and ammonia. They are very close to
theoretical values (~1.17 V at 700 °C), which indicates the elec-
trolyte membranes are very dense. The small margins between
tested and theoretical OCVs may be due to the electronic con-
ductivity of doped BaCeO3 at high temperature [26]. The outputs
of cell-1 are 330 mW cm~2 and 300 mW cm ™2 in hydrogen and
ammonia at 700 °C, 140 mW cm™~2 and 120 mW ¢cm ™~ in hydro-
gen and ammonia at 650 °C, respectively. The output of cell-1
at 650 °C in hydrogen is higher than that reported by Hibino
et al. [27]. They used a BaCey75Y02503_5 electrolyte with
higher conductivity in the thickness of 0.5 mm in a electrolyte-
supporting fuel cell. It means that the reduction of electrolyte
thickness is an inevitable way to improve cell performance. The
peak powder densities of cell-1 in ammonia and hydrogen are
quite close to each other at the same temperatures. This demon-
strates that ammonia as a fuel candidate is feasible. The small
differences of power densities may be due to that the endother-
mic ammonia cracking reaction decreases the actual operating
temperatures.

Table 2 shows the gases analysis of ammonia fuel decom-
position in cell-1 at 700 °C and 650 °C. The hydrogen partial
pressures in cell-1 fueled with ammonia are only about 74% of
the total pressure. The ammonia almost completely decomposes

Table 2
Gases analysis of ammonia decomposition under open circuit condition
Temperature (°C) Gas

Hy Nz NH3; H,O
700 74.0% 24.5% 0.1% 1.4%
650 73.8% 24.7% 0.1% 1.4%

above 650 °C. Meanwhile, the NO-free mixed gases also indi-
cate an advantage of using ammonia fuel for protonic CMFCs.
While the cell-1 fueled with hydrogen has the high hydrogen
partial pressure values of about 97% of the total pressure.
Though the different hydrogen contents in the two fuels,
the hydrogen partial pressures or the proton concentrations
on the electrolyte surface in anode compartment may be very
close to each other as the hydrogen or proton diffuses faster
toward the interface than Ny does. This may be another reason
which leads to small differences of peak power densities in two
fuels. Comparatively, cell-2 at 700 °C exhibits a performance of
305 mW cm~2 in ammonia. This is very close to that of cell-1
even the electrolyte thickness of cell-2 is 50 um. As seen from
Fig. 5d, the anode of cell-1 may be not completely reduced
into BZCY7 + Ni, which may increase the total resistance and
reduce the outputs. Assuming the electrolyte thickness of cell-1
is 30 pm, the electrolyte conductivity of cell-1 may also prove
this point though calculating the BZCY7 electrolyte conductiv-
ities from ac impedance spectra shown in Fig. 7. The calculated
conductivity of electrolyte in cell-1, 0.008 Scm™!, is a little
smaller than that of cell-2, 0.01 Scm~! at 700°C, while the
reported values are 0.012Scm™! at 700°C and 0.01 Scm™! at
650 °C, respectively [11]. The small differences between calcu-
lated conductivities and reported values may be due to different
preparation methods of electrolyte materials. At 650°C, the
two cells exhibited similar phenomenon compared with that at
700 °C. In general, the electrolyte membrane fabricated with this
combined technique exhibited comparable performances as that
prepared by the classical-laboratory dry-pressing method, which
indicated that this technique is a potentially promising route for
preparation of protonic ceramic electrolyte membranes.

3.5. Interface of cell

The interface resistances of cell-1 and cell-2 at 700 °C are
shown in Fig. 7. It is obvious that the interface resistances of
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Fig. 7. The resistance of cell-1 and cell-2 tested with ac impedance at 650 °C and 700 °C.

Table 3
Interface resistances of cell-1 and cell-2

Fuel and temperature Interface resistance

Cell-1 (Q cm?) Cell-2 (Q cm?)

Ammonia@700°C 0.38 0.35
Ammonia@650°C 0.82 0.80

cell-1 and cell-2 in ammonia have the similar values, about
0.38 Qcm? at 700°C and about 0.82 Qcm? at 650°C, seen
from Table 3, respectively. This means the interface resistances
of cell-1 prepared with this combined technique is as good
as that of cell-2 prepared with classical dry-pressing method.
Additionally, the interface resistances of the two cells increases
rapidly as the temperature drops from 700 °C to 650 °C, which
may be due to the decline of catalytic activity and the drop of
conductivities of electrodes. The interface resistances of cell-1
exhibit smaller values in hydrogen than that in ammonia at corre-
sponding temperatures, which may be because the endothermic
cracking reaction of ammonia decreases the actual operating
temperature. Generally, the interface of cell-1 prepared with this
combined technique is comparable to that of cell-2 prepared with
dry-pressing method.

4. Conclusion

BZCY7-1 and BZCY7-2 powders with two different parti-
cle sizes (dsp), 3 wm and 0.8 pm, respectively, are synthesized
through Pechini method and glycine nitrate process. A proper
anode composition with 65% NiyO3 in weight ratio is deter-
mined for preparing anode substrates. Meanwhile, the margins
of thermal expansion between the sintered electrolyte and anode
are smaller than 1% from 30°C to 750°C. By a suspension
spray combined with particle gradation method, in which the
weight ratio range of BZCY7-2 is from 5% to 10%, dense
electrolyte membranes are successfully prepared on the anode
substrates. The cell prepared with the combined technique
exhibits higher outputs, which are 330 mW cm~?2 in hydrogen

and 300mW cm™2 in ammonia at 700 °C, respectively. The
interface resistance of this cell exhibits a comparable value,
0.38 Q2 cm? at 700°C, to that of a cell prepared by classical
dry-pressing method. To sum up, this combined technique can
be considered as commercial fabrication technology candidate.
Therefore, the suspension spray process combined with par-
ticle gradation method for preparation of ceramic electrolyte
membranes is a suitable candidate technique for the future com-
mercialization of solid oxide fuel cells.
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