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Abstract

The porous cermet of Yb-doped BaZrO; and nickel (BZYb-Ni) for anode-supported protonic ceramic fuel cells (PCFCs) was fabri-
cated by compression molding following the liquid condensation process (LCP). The gas permeability of BZYb-Ni produced by LCP
(BZYb-Ni, p) was greater than that of BZYb-Ni produced by a conventional drying method (BZYb—Nicp,,) although their porosities
were similar. The greater permeability of BZYb-Niy cp than that of BZYb-Nicp,, is consistent with more efficient structures for gas flow; a
smaller specific surface area, and a larger critical diameter for pores in BZYb—Ni; cp than those for pores in BZYb—Nicpyy,.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) have numerous advantages,
such as high power density, energy efficiency, and fuel
flexibility [1]. However, the operating temperatures of SOFCs
using an oxygen ion conductor such as yttria-stabilized
zirconia (YSZ) is too high (around 800-1000 °C), which
usually induces serious chemical or thermo-mechanical degra-
dation of SOFC components during long-term operation.
Protonic ceramics, such as rare-ecarth-doped BaCeO; (RE-
BaCeOs) or BaZrO; (RE-BaZrO;), have previously been
suggested as alternative electrolytes for SOFCs operating at
intermediate temperatures [2,3]. In protonic ceramics, a proton
is a charge carrier, so the activation energy of ionic conduction
in the protonic ceramic is less than that of an oxygen ion
conductor. Consequently, ionic conductivities of protonic
ceramics are usually higher than those of oxygen ion con-
ductors in an intermediate temperature range, 400-600 °C [2].

*Corresponding author. Tel.: 482 31 330 6467; fax: +82 31 330 6469.
**Corresponding author. Tel.: +82 2 958 6703; fax: 4+82 2 958 5529.
E-mail addresses: bkkim@kist.re.kr (B.-K. Kim),
jspark.phd@mju.ac.kr, jspark.phd @gmail.com (J.-S. Park).

In order to reduce the ohmic resistance of an electrolyte
for a high-performance SOFC, the electrolyte is usually
fabricated as a thin film on a porous anode substrate, usually
a ceramic-metal composite (cermet), consisting of an ionic
conducting ceramic and a catalytically active metal [4].
Various cermets with nickel and protonic ceramics (such
as Y-BaCeOj3, Yb—SrCeO3, and Y-Ba(Ce,Zr)O5) have been
fabricated as anode cermets for use in protonic ceramic fuel
cells by using several methods [5-8]. Starch or graphite
powders are usually used as porogens [5,6]. Porous anode
cermet structures can also be produced without porogens by
sintering at low temperatures [6-8].

A porous anode substrate consists of an anode interlayer
and an anode support [9]. The anode interlayer between an
electrolyte and an anode support is a thin layer with a
thickness of 1020 um and a fine pore structure to increase
the three-phase boundary (TPB) for anodic reactions [9].
All electrochemical reactions responsible for the activation
polarization of anodes mainly occur in the anode interlayer.
The anode support, on the other hand, has no electrochemical
function. It usually is in the form of a thick substrate with a
thickness of 0.5-1.0 mm in order to have sufficient mechanical
strength to support a thin electrolyte layer. However, because
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of the relatively large thickness of the anode support, it should
have a high gas permeability to supply reactant gas to or
remove product gas from the reaction site while maintaining
high electrical conductivity to reduce not only the concentra-
tion polarization loss but also the ohmic resistance of the
anode support [9]. Concentration polarization loss induced by
limited gas diffusion through a porous anode support should
be minimized to enhance fuel use in anode-supported SOFCs;
therefore, the gas permeability of the anode support is a
critical parameter in anode-supported SOFCs and is usually
controlled by the morphology and connectivity of the pores.

We previously reported that a more desirable microstruc-
ture for anode substrates could be obtained using the liquid
condensation process (LCP) instead of the usual spray-dry
method to achieve high gas permeability and power density
[10]. In LCP, NiO and yttria-stabilized zirconia (YSZ) are
mixed with a thermoset polymer in ethanol, which is poured
into stirred water; while the ethanol is replaced by water, the
thermoset polymer, which is insoluble in water, segregates
and solidifies. The dispersed NiO and YSZ are then trapped
in the solidified thermoset polymer, producing granules
consisting of NiO, YSZ, and thermoset-polymer [10]. Gran-
ules produced by LCP have well-dispersed NiO and YSZ
without an agglomeration of the same species, which
improves the gas permeability of porous anode supports
[10]. However, a critical prerequisite for using LCP is that the
mixed powder for LCP granulation should be stable in water
and CO, because a large amount of water is used for
granulation and because CO, is generated during the burnout
of the thermoset polymer. LCP has never been used to
produce protonic ceramic because it generally has poor
chemical stability in water and CO, [11-13]. Nevertheless,
among the various protonic ceramics, RE-BaZrO; has better
chemical stability in water vapor and CO, than RE-BaCeO;
does, which might be sustained during LCP [11-13].

We thus fabricated an SOFC anode support with Ni and
proton-conducting RE-BaZrO; by using LCP. The anode
microstructure was investigated with SEM, and its corre-
sponding micro-structural features (such as volume, size,
and shape of constituent phases) were quantitatively
analyzed with image analysis. The electrical conductivity
and gas permeability of the anode cermet were measured
and compared with those of a cermet prepared by the
conventional dry method (CDM). The key parameters for
achieving high gas permeability are also discussed in terms
of the structural features (such as the size, distribution, and
connectivity) of pores.

2. Experimental procedure

Yb-doped BaZrO; composed of Ba(ZrggsYbg.15)O3_s
(BZYb) was synthesized using a conventional solid-state
reaction. The starting materials were BaCO; (99.9%,
Cerac, USA), ZrO, (99%, Junsei, Japan), and Yb,Oj3
(99.9%, high purity, Japan). Precise amounts of the raw
powders were mixed using zirconia balls in ethanol for

24 h. The obtained mixture was calcined at 1300 °C for 2 h
and then ball-milled again in ethanol for 24 h.

NiO and BZYb composite granules were then prepared
with LCP. NiO (0.3 pm, Sumitomo, Japan) and BZYb were
mixed with thermoset polymer as a binder and porogen by
using zirconia balls for 24 h in ethanol. The ratio of NiO to
BZYb to thermoset polymer was 47:40:13 by weight, and the
volume ratio of Ni to the total bulk volume in the reduced
composite was designed to be around 40 vol%. The mixed
slurry was poured into stirred water with a hardening agent to
make the granules. The granules obtained from LCP were
sieved and dried at room temperature. The dried granules were
compacted in a mold heated to 80 °C and were pressed at
100 MPa. The pressed samples were heat-treated at 800 °C to
burnout the thermoset polymer and were then sintered at
1450 °C for 10 h.

For comparison, granules consisting of BZYb and NiO
without thermoset polymer were prepared using CDM.
During CDM, the mixed slurry was dried by heating
to around 80 °C. The ratio of NiO to BZYb used in
CDM was equal to that used in LCP. The dried
powder was pressed at 100 MPa and sintered at 1350 °C
for 10h to produce a composite of BZYb and NiO
(BZYDb-NIiO).

BZYb-NiO composites prepared from LCP and CDM
were reduced under a hydrogen atmosphere at 800 °C for
3h to reduce NiO to Ni. BZYb-NiO;cp and BZYb-
NiOcpas represent the sintered composites prepared with
LCP and CDM before reduction, and BZYb-Ni;cp and
BZYb—Nicp,, represent the reduced composites prepared
with LCP and CDM followed by reduction.

Shrinkages at increasing temperatures were measured with
a dilatometer (DIL 402C, NETZSCH, Germany). Sintered
densities were measured with the Archimedes method by
using 2-methoxy ethanol. Crystal structures were investi-
gated with an X-ray diffraction (PW3830, PANalytical,
Netherlands). The electrical conductivity of the reduced
composites was measured using a DC four-probe method
with a current source (KE2425, Keithley, USA) and an
electrometer (KE6514, Keithley, USA). The conductivity
was measured in the 200-600 °C range, under a wet hydro-
gen atmosphere.

The flow rates of air through porous composites were
measured with a capillary-flow porometer (CFP-1500AEL,
PMI, USA) by increasing the differential pressure to 0.6 MPa
across the composites. The gas permeabilities of the porous
composites were calculated based on the obtained flow rates.
The microstructures of the composites were observed with a
scanning electron microscope (FEI XL-30 FEG, Philips,
Netherlands) and were analyzed with a commercial program
used for image analysis (Image-Pro Plus v. 4.5, Media
Cybernetics, USA). The volume and size distribution of pores
in the composites were measured with a mercury intrusion
porosimeter (MIP, AutoPore IV 9500, Micromeritics, USA).
During MIP analysis, the intrusion of the mercury into the
porous composites was measured under stringently controlled
pressures up to 3.5 MPa.
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Fig. 1. Dilatometric results for (a) BZYb-NiO¢p,, and (b) BZYb-NiO, cp,
including (c) thermal gravimetric result for BZYb-NiO, cp.

3. Results and discussion

Fig. 1 shows the dilatometric results for (a) BZYb—
NiO¢par and (b) BZYb-NiOy ¢p, including (c) the thermal
gravimetric result for BZYb-NiO;cp. A weight loss of
11 wt%, due to burnout of the thermoset polymer, was
achieved by heating BZYb-NiO;cp to 500 °C. During
burnout, BZYb-NiO; cp initially shrank 1.4% up to
500 °C and shrank about 11% overall at 1500 °C. BZYb-
NiOc¢pas, on the other hand, shrank more rapidly and
shrank 16% overall at 1500 °C. BZYb-NiOy ¢p shrank less
overall than BZYb-NiO¢p,, did because of the smaller
green density achieved by adding the thermoset polymer as
a porogen. The green density of BZYb-NiO,cp (about
45%) was actually less than that of BZYb-NiO¢pys (55%)
after burnout.

The desired porosity of an anode substrate is about
40%, and 41% of the initial volume of NiO will be
transferred to the pores during the reduction of NiO to
Ni [14]. Thus, a suitable relative density of the BZYb-NiO
composite for the porous anode is about 80-90%. In order
to satisfy this requirement, BZYb-NiO; -p was sintered at
1450 °C, and its relative density was about 85%, as
measured by the Archimedes method. In order to achieve
the same density for BZYb-NiOcpy, as for BZYb-
NiO;cp, the former was sintered at 1350 °C, which
is 100 °C lower than the sintering temperature for the
latter.

Fig. 2 shows the XRD patterns for BZYb-NiO, ¢p after
three sequential steps: (a) LCP, (b) burnout of the
thermoset polymer, and (c) reduction. In the XRD pat-
terns of the (a) granules prepared using LCP, there was no
unwanted phase, and BZYb did not decompose during
LCP despite stirring it in water. Moreover, as shown in
Fig. 2(b), BZYD did not decompose into barium carbonate
although a large amount of CO, was generated during
burnout of the thermoset polymer. These results were
obtained because the chemical stability of BZYDb in water
and CO, was sufficient and was higher than that of
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Fig. 2. XRD patterns for BZYb-NiO, ¢p after (a) LCP, (b) burnout of
the thermoset polymer, and (c) reduction.
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Fig. 3. Electrical conductivities for (a) Ni, (b) BZYb—NiOcpy, and
(c) BZYb-NiO, cp measured under wet hydrogen atmosphere.

BaCeO;, which usually decomposes into Ba(OH), or
BaCO; under high water vapor or a CO, atmosphere,
respectively. Further, as shown in Fig. 2(c), there was no
unwanted phase in either BZYb—-Ni;cp or BZYb—Nicpyy,.

Fig. 3 shows the electrical conductivities of (a) Ni, (b)
BZYb—Nicpyy, and (¢) BZYb-Ni; cp, as measured under a
wet hydrogen atmosphere. The electrical conductivity of
the BZYb-Ni composite increased with decreasing tem-
perature and showed the same tendency as that of the pure
nickel. This suggests that the 40 vol% Ni was sufficient to
obtain the percolation of nickel particles. The steep change
in slope at 357 °C corresponds to the Curie temperature of
Ni [15]. The electrical conductivities of BZYb—Ni;p and
BZYb—Nicpy, were similar, which might be due to the
similar residual Ni content in the composites.
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Fig. 4. Permeability test results for BZYb-Ni; cp and BZYb-Nicpy,.

Conductivities around 100Scm™' at 600 °C for both
composites are in the reasonable range of magnitude for
the SOFC anode, which correspond to an area-specific
resistance (ASR) of 0.001 Qcm? for the 1.0-mm-thick
anode support.

Fig. 4 shows the results of the gas-permeability test for
BZYb-Ni;cp and BZYb—Nicp,, A flow rate (Q) can be
correlated with a pressure drop (AP) across a porous
membrane by following Darcy’s law:

—kAAP

0=—"T7" (M
where &, u, L, and A4 are the permeability, dynamic viscosity
(19 pPas) for air, thickness of the membrane, and cross-
sectional area to a flow, respectively [16]. The gas perme-
ability can be obtained from the slope in Fig. 4 by applying
Eq. (1). The gas permeabilities obtained for BZYb-Ni, cp
and BZYb-Nicp,, were 1.7E P m® and 3.6 E '*m?
respectively. The k value for BZYb—Ni;cp was 4.6 times
larger than that for BZYb-Nicp,, although the relative
densities of the samples were similar, implying that the pore
connectivity of BZYb-Ni; cp was higher than that of BZYb—
Nicpas. This is the key advantage of LCP over CDM because
pore connectivity and permeability of an anode support are
very important in anode-supported SOFCs. The microstruc-
tures of BZYb-Ni;cp and BZYb-Nicp,, were thoroughly
analyzed to find the primary factors for the higher gas
permeability for BZYb-Ni; ¢p than for BZYb—Nicpyy,.

Figs. 5 and 6 show the back-scattered electron (BSE)
images of BZYb*NiOLCP, BZYb*NlOCD Mo BZYb*NiLCP,
and BZYb—Nicpy, composites before and after reduction,
respectively. In the BSE images of BZYb-NiO;cp and
BZYb-NiOc¢pys, each region of black, gray, and white
represents the pores, NiO, and BZYD, respectively. The per
area and perimeter per unit area of the pores were measured
by image analysis, using three BSE images of BZYb-NiO¢pa,
and BZYb-NiOy ¢p, respectively. The per area is the ratio of
the area of the object to the total area, and the perimeter is the
outline length, including the perimeter of the holes. The per

Fig. 5. BSE images of (a) BZYb-NiO, ¢p and (b) BZYb—NiO¢py,-

areas of NiO in BZYb-NiO; p and BZYb-NiOp,,, mea-
sured as 0.54 and 0.51, respectively, were similar. The per
areas of BZYb in BZYb-NiO; p and BZYb-NiOcpas were
0.34 and 0.36, respectively. The similarity in the per areas of
both NiO and BZYb in BZYb-NiO; p and BZYb-NiOcpys
can be attributed to the same composition of the composites.
However, the pores showed a different behavior in the third
constitutional component.

Table 1 lists the image analysis results for pores in the
composites produced by LCP and CDM before and after
reduction, respectively. Before reduction, the per areas of
pores in BZYb-NiO; p and BZYb—NiO¢p,, were similar to
each other because of the similar sintered densities of the
composites. However, the perimeter of the pores in BZYb—
NiOy p was smaller than that of those in BZYb-NiOcpas.

Even after reduction, the per areas of pores in BZYb—
Nizcp and BZYb-Nicp,, were similar to each other even
though they had increased to 0.29 and 0.27, respectively,
because of the extra pores generated by the reduction of NiO
to Ni. However, the perimeter per unit area of the pores in
BZYb-Ni, p (2.27 pm/um?) was much smaller than that of
those in BZYb—Nicpay (3.50 pum/pum?). We can assume based
on fundamental stereological theory that the porosity is
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Fig. 6. BSE images of (a) BZYb-Ni;cp and (b) BZYb—Nicpy,.

Table 1
Image analysis results for pores in BZYb-Ni; cp and BZYb—Nicpy,-

Method Per-area Perimeter (um/pum?)
Before reduction LCP 0.12 1.31

CDM 0.13 2.01
After reduction LCP 0.29 2.27

CDM 0.27 3.50

approximately equal to the per area of the pores in the two-
dimensional image while the specific surface area of the
pores linearly correlates with pore perimeter [17].

Thus, the smaller perimeter of the pores in BZYb-Niz cp
demonstrates that the pores in BZYb—Ni; cp have a smaller
specific surface area, which can be very advantageous when
gas flows through the pore channel. In a laminar flow
regime, there is a thin boundary layer, called the laminar
layer, between a surface and a gas. Because of the viscosity
of the gas, the gas layer tends to adhere to the surface and
resist the flow. Thus, the smaller specific surface area of
BZYb—Ni; cp can increase gas permeability by reducing the
resistance to the laminar flow of the gas.

In addition to the porosity and specific surface area of
pores, another important factor in gas permeability is the
tortuosity of the pores. It is well known that the smaller
tortuosity of pores can make the greater gas permeability.
However, it is difficult to determine the tortuosity of pores
by using two-dimensional image analysis although some
methods have previously been proposed based on fractal
dimension [18]. An alternative method of characterizing
three-dimensional pores is mercury intrusion porosimetry
(MIP) analysis. In Washburn’s equation, the pressure required
for mercury to penetrate into pores is inversely proportional to
pore size [19]. Thus, by measuring the number of intrusions of
mercury with increasing pressure, incremental pore volumes as
functions of pore size can be obtained.

Katz and Thompson proposed a theory in which perme-
ability could be estimated from MIP data [19]. From the
Katz—Thompson relationship, permeability is related to criti-
cal pore diameter (d,), which can be obtained from MIP data.
Because mercury intrudes into smaller pores at higher
pressures during MIP, a decrease in pore size corresponds to
an increase in measured pressure. Thus in a curve of
cumulative pore volume versus pore radius, a rapid increase
in pore volume with decreasing pore radius is considered as
evidence of the formation of a percolated pathway through a
sample, and d. at that point can be used as a barometer of gas
permeability [20,21]. d. is determined by an inflection point in
the curve of cumulative pore volume versus pore radius, where
the first derivative of the curve (dV/dP) is a maximum [20].

Fig. 7 shows the pore-size distributions for BZYb-NiOy cp,
BZYb-NiO¢pys, BZYb—Ni; p, and BZYb-Nicp,,, measured
with a mercury intrusion porosimeter: (a) incremental pore
volume and (b) cumulative pore volume for each species. The
open and closed symbols represent the composites before and
after reduction, respectively. Before reduction, the pore size in
BZYb-NiO¢p,s was smaller than that in BZYb-NiO, p at
the maximum incremental pore volume, as shown in Fig. 7(a).
After reduction, the incremental pore volumes of both samples
increased because of the reduction of NiO to Ni. However,
the changes in pore size after reduction were quite different
when comparing BZYb-NiO;cp to BZYb-NiOcpy,. The
pore size at the maximum incremental pore volume in
BZYb-NiO¢py, did not change after reduction while that of
BZYb-NiO; ¢p increased. This represents a smaller connec-
thlty of NiO in BZYb*NlOCDM than in BZYb*NiOLCP,
considering that NiO, once disconnected from other NiO in
composites, cannot produce enlarged pores after reduction of
NiO to Ni.

The cumulative pore volumes shown in Fig. 7(b) represent
the porosity of each sample. We found that the porosities of
BZYb-Ni;cp and BZYb—Nicpy, were similar (about 33%
each) while the porosity of BZYb-NiOcpy, was slightly
higher than that of BZYb-NiO;cp. d. as shown in
Fig. 7(b), was determined by the inflection point in the curve
of cumulative pore volume versus the pore radius, as
previously mentioned. d. was 260 nm for BZYb—Ni; ¢p, twice
as large as that for BZYb—Nicp,, (110 nm). The larger d,. for
BZYb-Ni, ¢p than for BZYb-Nicp,, can be interpreted as a
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more efficient path for gas flow through BZYb-Ni;cp,
resulting in higher gas permeability for BZYb-Niz cp.

4. Conclusion

Porous cermets of BZYb and Ni were fabricated as
anode substrates for PCFCs by using LCP and CDM.
BZYb did not decompose during LCP and a burnout of
the thermoset polymer because it had good chemical
stability in water and CO,. The electrical conductivities
of BZYb-Ni;cp and BZYb-Nicp,, were similar and
sufficiently high for using these cermets as anode supports.

The gas permeability of BZYb—Ni;cp was about five
times higher than that of BZYb-Nicpy, while their
porosities were similar. SEM images showed that the
perimeters of the pores in BZYb—Ni; cp, proportional to
the specific surface area of pores in a 3-dimensional
structure, were smaller than those in BZYb—Nicp,s. The
mercury intrusion porosimetry data showed that the

Y.-E. Park et al. | Ceramics International 39 (2013) 2581-2587

critical pore diameter in BZYb-Ni;cp was larger than
that in BZYb—Nicpys, while the porosity of BZYb—Ni; cp
was nearly equal to that of BZYb—Nicpy,.

The smaller specific surface area and larger critical
diameter of pores in BZYb—Ni; cp represent less resistance
in laminar flow and a more efficient path for gas flow,
resulting in a higher permeability for BZYb-Ni; cp than
for BZYb—Nicpy,. Our future work will compare other
requirements, such as electrochemical properties and power
generation, for cermets produced by LCP and CDM.
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