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Controlling Porosity of Anode
Support in Tubular Solid Oxide
Fuel Cells by Freeze Casting
Precise porosity control is highly desirable for improving the electrochemical performance
of solid oxide fuel cells (SOFCs). Freeze casting is an established method for enabling high
bulk porosity in structures and controlling pore orientation. In this study, freeze casting was
used to fabricate tubular, anode-supported SOFCs with aligned and varying amounts of
porosity by controlling the solids/water ratio in different casting slurries. SOFCs were prepared with a Ni/yttria and scandia stabilized zirconia (ScYSZ) anode support (AS), an
anode functional layer (AFL), a ScYSZ electrolyte, a lanthanum strontium manganite
(LSM)/ScYSZ cathode interlayer (CIL), and an LSM cathode. The permeability of the
anode support was found to increase from 1.4 × 10−2 to 1.8 × 10−2 m2 as porosity was
increased from 57 to 64 vol%, while the total cell resistance decreased by 35% from
0.93 to 0.60 Ohm cm2. When evaluated with 30 vol% H2 as the fuel at 800 °C, the decrease
of concentration polarization enabled an increase in electrochemical performance by 42%
from 0.35 to 0.50 W/cm2 as the porosity in the anode support was increased. Mechanical
strength characterization using a three-point method showed there is a practical upper
limit of the amount of porosity that can be designed into the anode support. This work
paves a way for controlling porosity by freeze casting and understanding the correlation
between porosity and concentration polarization losses in SOFCs.
[DOI: 10.1115/1.4046489]
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1 Introduction
A solid oxide fuel cell (SOFC) is an electrochemical device that
generates electricity directly from the chemical energy stored in
fuels and with high-energy conversion efﬁciency [1,2]. A SOFC
can operate with a variety of fuels including industrial grade hydrogen, natural gas, propane, and diesel and can operate nearly silently
as an open, energy conversion system [3,4]. Compared with planar
conﬁgurations, tubular SOFCs require less or no sealing and have
shown high endurance against thermal cycling allowing for fast
start-up and shut-down operations [5–8].
Lowering the tortuosity of fuels diffusing through the porous
anode [9–11] has become a hot topic over the past decade,
because the anode is often the thickest layer of a SOFC [12,13].
Gaseous diffusion through the anode support (AS) may be
improved by enhancing anode porosity using pyrolyzable pore
formers such as starch, carbon black, graphite, cellulose, and
polymer beads [14–18]. Haslam et al. studied the effect of anode
porosity and reported that the best performance was achieved at
61 vol% porosity [14]. Suzuki et al. demonstrated a signiﬁcant
improvement in the power performance by developing a porous
anode microstructure using polymethyl methacrylate (PMMA)
beads as a pore forming agent in the bulk anode support [18].
The sample with the highest porosity of 57 vol% demonstrated
the highest power density.
Phase inversion and freeze casting are two methods recognized
for making the support structure of a SOFC with aligned porosity.
Phase inversion method utilizes toxic organic solvents such as
1
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N-methyl-2-pyrrolidone, which raises concerns about hazards to
the environment for forming the support [19]. Freeze casting can
utilize water as the processing solvent to make the supporting structure, which is environmentally friendly. Chen et al. were the ﬁrst to
apply the dual tape/freeze casting method to develop an anodesupported planar SOFC, and they demonstrated a maximum
power density of 1.28 W/cm2 at 800 °C [20]. In their work, the
total polarization resistance was 0.16 Ω cm2 while operating with
hydrogen fuel and having 42 vol% porosity in the freeze-casted
anode. A few other groups have reported the application of freeze
casting to produce SOFC components including anode and
cathode supports [21–25]. Moon et al. fabricated tubular anode supports by freeze casting and with controllable porosity from 35 to
60 vol% in a sintered anode substrate [26]; however, they did not
report electrochemical performance. Some of us compared the
microstructure of tubular anode supports fabricated by three
freeze casting techniques, referred as gel-casting, center pin
method, and freeze and drain method and identiﬁed the freeze
and drain method is the most promising to fabricate tubular
SOFCs [27]. Recently, we further improved the freeze and drain
method and electrochemically evaluated a tubular SOFC made of
Ni/YSZ-YSZ-LSM/YSZ-LSM, showing the maximum power
density of 0.47 W cm2 at 800 °C with 50 vol% of hydrogen [28].
The porosity of the anode support was 64 vol%.
In this work, we varied the porosity of tubular anode supports utilizing the freeze casting method with the goal to better understand
the correlation between porosity and concentration polarization
losses in SOFCs. The porosity was controlled by varying the
solids/water weight ratio when preparing anode slurries with all
other processing conditions kept constant. Additionally, the permeability and mechanical strength were characterized as a function of
porosity.
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2 Experimental Details
2.1 Preparation of Slurries for Freeze Casting. The anode
slurry was prepared by mixing NiO (Type F, Novamet, Lebanon,
TN) and 10Sc1YSZ (Daiichi Kigenso, Japan) powders in a 3:2
weight ratio into 19.5–42.0 wt% deionized water containing 0.7–
1.0 wt% Darvan® C-N (Vanderbilt Minerals, LLC, Gouverneur,
NY) used as a dispersing agent. Next, 5.5–7.6 wt% Duramax™
B-1000 and 5.5–7.6 wt% Duramax™ B-1022 (DOW, Midland,
MI) polyacrylic latex resins were added followed by 0.6–0.9 wt%
of Foamstar® ST 2412 (BASF, Florham Park, NJ) as a surface
tension modiﬁer and defoamer. The ratio between the two
Duramax™ polymer resins was kept constant at 1:1 in each of
three anode formulations prepared. The three formulations used
were based primarily upon changing the total amount of water
added to each slurry and are later identiﬁed as W1, W2, and W3 representing slurries having 19.5, 29.1, and 42.0 wt% deionized water
and 63.5, 55.9, and 45.7 wt% ceramic powders, respectively.
Table S1 available in the Supplemental Materials on the ASME
Digital Collection shows the materials by wt% and in order of addition to prepare each of the three anode slurries used for freeze
casting. Each slurry, less the mixing beads, was stirred inside of a
glass beaker with a magnetic stir bar for 15 min prior to casting
and then strained through a disposable, 190-µm mesh to extract
any abnormal polymeric agglomerates immediately prior to the
freeze casting process.

2.2 Freeze Casting Anode Supports. The method for freeze
casting the ceramic tubes in this study followed the freeze and
drain method described in previous work [27] and is brieﬂy discussed
here. The casting mold was chilled with working ﬂuid (Dowtherm
SR-1, DOW, Midland, MI) circulated at maximum speed by a programmable, recirculating chiller (Vivtek VIV-DC40-06, China).
Formation of an ice barrier layer (IBL) was done after programming
the chiller to −5.0 °C while freeze casting of the anode supports was
done when the chiller was programmed to −15.0 °C. The rate of
ﬁlling the casting channels with either water to form the IBL or
anode slurry to form the anode support was constant at ∼30 cm3/
min. The dwelling periods for each slurry while forming the anode
support during freeze casting were 7, 15, and 20 s, respectively, for
samples identiﬁed as W1, W2, and W3. After the dwelling period,
the excess slurry was quickly drained from the casting channel by
suction at the bottom and then the circulating chiller was programmed to −5 °C.

2.3 Freeze Drying Anode Support Tubes. A rubber stopper
hermetically sealed the bottom of each casting channel, while a
single bore rubber stopper was inserted at the top of the casting
channel. Gas-tight tubing connected the single bore rubber
stopper at the top of the casting channel to a port on a freeze-drying
system (Columbia International, Columbia, SC). The vacuum pressure of casting channels was then reduced with a VZX-120L rotary
vane vacuum pump (Columbia International, Columbia, SC) connected to the freeze-drying system and having a rated air displacement of 120 l/min. The absolute pressure of the system was
measured by the freeze dryer and reached between 10 and 20 Pa
and was held constant during the freeze-drying period. The mold
temperature was maintained at a subzero temperature of −4.5 °C
by programming the recirculating chiller to operate for 3 hours
after which the chiller was shut-off, and the temperature of the
mold was permitted to convectively increase to room temperature
while the tubes remained under vacuum. The freeze-drying period
at room temperature continued overnight or ∼12 h. When all of
the ice inside of the casting channels was sublimed and transferred
to the freeze dryer, the ﬁve dried tubes were carefully removed and
pre-sintered vertically by way of a alumina pin and supporting plate
(99.9% aluminum oxide) in air at 1100 °C for 2 h inside of a standard mufﬂe furnace.
041106-2 / Vol. 17, NOVEMBER 2020

2.4 Coating Functional Layers. To make the full SOFC, four
slurries were prepared for dip coating the anode functional layer
(AFL), the electrolyte, the cathode interlayer (CIL), and the
cathode. The thickness of the AFL was increased by using three
sequential coatings of the AFL slurry separated by 10 min of
drying in air. The electrolyte, CIL, and cathode slurries were dipcoated just one time each. The dunk speed, dwell time, and
removal speed were 1 mm/s, 8 s, and 1 mm/s, respectively, for all
dip coatings.
The AFL slurry contained NiO (Type F, Novamet, Lebanon, TN)
and 10Sc1YSZ (Daiichi Kigenso, Japan) powders in a 1:1 weight
ratio mixed in a binary solvent system of 2-butanone and ethanol,
both being >95% pure (1:1 by weight). The ceramic solid concentration of the AFL with respect to the total slurry weight was 41%,
and each of the following additions was based upon the total
weight of the slurry. Polyvinyl butyral (PVB; B-76, Eastman, Kingsport, TN) at 2.2 wt% was added as a binder. Polyvinyl pyrrolidone
with an average MW of 10,000 (PVP-10; Sigma Aldrich,
St. Louis, MO) at 1.1 wt% was added as a dispersant. Dioctyl phthalate (DOP; Sigma Aldrich, St. Louis, MO) at 1.5 wt% was added as a
plasticizer. And, polyethylene glycol with a MW of 400 (PEG-400,
Sigma Aldrich, St. Louis, MO) at 1.5 wt% was added as a homogenizer. Prior to dip coating, the slurry was milled and homogenized for
30 min using a high-energy vibratory ball mill (Col-Int Tech, Irmo,
SC). A 60 mL HDPE Nalgene bottle with 50 g of round, stabilized
zirconia beads (ɸ:6 mm, Inframat Materials, Manchester, CT) was
used during the milling of the slurry. After all dip coatings, the
AFL coatings were dried in air for an additional 2 hours before presintering the anode support and AFL coatings at 1100 °C.
The same solvents and organic additives were used to prepare the
electrolyte, CIL, and cathode dipping slurries, as well as the same
milling method to homogenize the slurry contents prior to dip
coating. The electrolyte slurry was made by dispersing 33 wt%
10Sc1YSZ (Daiichi Kigenso, Japan) in the 2-butanone–ethanol
solvent along with 2.2 wt% of binder, dispersant, and plasticizer,
each. After dip coating the ScYSZ electrolyte slurry on top of the
anode functional layer, the support and coatings were co-sintered
in air at 1480 °C for 2 h.
The CIL was made with an A-site deﬁcient strontium-doped lanthanum manganite (LSM; (La0.8Sr0.2)0.97MnO3, Praxair, Woodinville, WA) and 10Sc1YSZ (Daiichi Kigenso, Japan) in a 1:1
weight ratio, whereas the cathode layer contained only LSM. The
solids concentrations of the CIL and cathode slurries were both
40 wt% and consisted of 2.2 wt% of binder, dispersant, and plasticizer, each, with respect to the total slurry weight. Paraﬁlm was used
to mask the ends of the support prior to the cathode coatings but
speciﬁcally exposed an area resulting with a total cathode active
area of ∼1 cm2 with a ∼3 mm gap between the end of the
cathode and the anode current collection at one end of the
support. The CIL and cathode layers were dip-coated successively
onto the co-sintered half-cells with approximately 30 min of
drying time in air after the CIL coating. The coatings were dried
together in air for two additional hours before the paraﬁlm masks
were carefully removed and before the CIL and the cathode
layers were co-sintered in air at 1150 °C for 2 h.
The 12 steps for fabricating the tubular SOFC starting with the
preparation of slurries for freeze casting the anode support are summarized in Fig. 1(a). The heating ramp to and from the target temperatures for all pre-sintering and sintering cycles was 2.5 °C/min.
All sintering was done in a standard mufﬂe furnace with MoS2
heating elements. During sintering, the tubes were arranged vertically to avoid any physical contact between the fuel cell functional
components and insulative components of the furnace, typically
alumina silicate ﬁbers [29].
2.5 Preparation of Tubes for Evaluations. Three types of
tubes were prepared for the different evaluations in this study.
The ﬁrst is the bare, freeze-casted anode support tube which did
not receive any additional coatings before it was sintered in air at
Transactions of the ASME

Fig. 1 (a) Procedure for preparing complete, tubular SOFCs having the composition of LSM(C)/
LSM-ScYSZ(CIL)/ScYSZ(E)/NiO-ScYSZ(AFL)/NiO-ScYSZ(AS) starting from a freeze-casted AS. Within
the procedure for wire-wrapping, “CC” is an abbreviation for current collectors. (b) Tubes taken from
three stages of the processing schematic and then sintered to 1480 °C in air for 2 hours. The top row
of tubes is when the tubes are in their natural oxidized state with NiO in their structures while bottom
row of tubes show them in their reduced state with Ni. The assembly at the bottom represents a full
SOFC ready for electrochemical evaluation.

1480 °C for 2 h. The second is a freeze-casted anode support tube
that is pre-sintered in air at 1100 °C for 2 hours prior to being
coated with the AFL, and then sintered in air at 1480 °C for 2 h.
The third follows the procedure above to prepare a full testable
SOFC.
After sintering, the ﬁrst two types of tubes described above were
reduced in hydrogen at 800 °C. The tubes were individually placed
inside the middle of a 1 in. diameter quartz tube that is then placed
inside of a tube furnace with a 6 in. hot zone, so that the prepared
tubes were approximately in the middle of the furnace’s hot zone.
The ends of the quartz tube extended outside of the hot zone
where a secure gas connection was made at the inlet for hydrogen
while the other end is left open-ended to atmosphere as the outlet.
Pictures of tubes after selected processing stages and after sintering
to 1480 °C for 2 hours as well as a full cell ready for electrochemical
evaluations are shown in Fig. 1(b).

electron microscope (SEM, White Plains, NY). The open porosity
of the freeze cast anode supports was measured by Archimedes’
method using deionized water as the displacement liquid.

2.6 Permeability Evaluation. Gas permeability of sintered
freeze-casted anode supports with and without AFL coatings were
measured using a custom device. Before each evaluation, one end
of an anode support was connected to a source of methane gas regulated to different ﬂowrates by a mass ﬂow controller. The pressure
of the methane gas ﬂowing through the anode support changed
depending upon the programmed ﬂowrate and was monitored
with a pressure gauge, P1, having a range from 0 to 7.500 kPa
above atmosphere. The other end of the anode support was
capped and sealed so that the ﬂow of methane gas was forced to permeate through the anode support to the collection side. The anode
support with its gas connection was inserted into a larger quartz
tube such that the gas pressure of the atmosphere surrounding the
outside of the anode support, designated as the collection side,
could be monitored with a second pressure gauge, P2. A sweep
gas of N2 ﬂowing over the outside of the anode support on the collection side was controlled at 50 ml/min by another mass ﬂow controller. After each measurement was taken, the ﬂow of methane was
incrementally increased which consequently changed the pressure
between P1 and P2 and was recorded as ΔP.

2.8 Electrochemical Evaluation. The electrochemical performance of the tubular SOFCs was evaluated with a potentiostat
(PGSTAT302N, Metrohm Autolab, Netherlands) equipped with
a frequency response analyzer. For cathode current collection,
conductive silver paste (Sigma Aldrich, St. Louis, MO) was
hand painted onto the surface of the cathode with careful attention
not to allow any silver paint to contact the electrolyte coating adjacent to the ends of the cathode. For anode current collection, the
same conductive silver paste was hand painted over an exposed
surface of the anode at one of the ends, closest to the cathode
active area. The silver conductive paste was dried in air at 125 °
C for 2 hours. Current collection wires made of ﬁne silver (Ø
0.5 mm; Hoover and Strong, N. Chesterﬁeld, VA) were tightly
wound around the dried silver conductive paste on the cathode
and anode. The injector and exhaust pipe were sealed to a
SOFC by using a two-part alumina sealant and adhesive cement
(Aluseal; Sauereisen, Pittsburgh, PA). The assembly of test-ready
SOFC is shown at the bottom of Fig. 1(b).
SOFCs were heated at 5 °C/min to a soaking temperature of
800 °C, and when the furnace reached 800 °C, a mixture of H2
and N2 (30 vol% H2) was delivered to the anode via the injector.
The fuel consisting of H2 and N2 was maintained at 200 ml/min
and was measured with an inline pressure gauge connected to the
fuel line at 250 Pa above atmosphere, for all SOFCs evaluated.
Air was sent around the cathode at 600 ml/min and considered
in excess. The concentration of H2 to the anode was varied in
a range from 10 to 30 vol% during a series of electrochemical
evaluations on the three different SOFCs prepared. The impedance measurements were conducted under open circuit voltage
(OCV) conditions by applying an AC perturbation of 50 mV
over a frequency range from 100 kHz to 100 mHz at different
temperatures and with different concentrations of H2 in the
anode fuel.

2.7 Microstructure Evaluation. After electrochemical evaluations, the microstructure of the carbon coated SOFC samples was
examined using a Gemini LEO (Zeiss) ﬁeld emission scanning

2.9 Mechanical Strength Evaluation. The ﬂexural strength
of the sintered freeze-casted anode supports with and without
AFL coatings was determined by a three point setup within a
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universal tester (Instron) having a maximum load capacity of 2 kN.
A displacement rate of 1 mm/s was used to apply the load and the
resulting response expressed as the modulus of rupture (MOR)
reported in units of MPa.

3 Results and Discussion
Freeze casting was done with an aluminum mold shaped as a rectangular prism having ﬁve cylindrical casting channels as shown in
Fig. S1(a) available in the Supplemental Materials on the ASME
Digital Collection. The ﬁve casting channels with a diameter of
12.5 mm are separated between six chilling channels. The surfaces
of the casting channels are smooth while the chilling channels are
threaded for 3/8 in. NPT pipe connections at each end. Single
bore rubber stoppers with tubing connections were used at the
ends of casting channels to allow injections of water and ceramic
slurry via a syringe and with a ﬁll-direction of the casting channel
from bottom to top. The sides of the mold were covered with insulative plastic foam during freeze casting to help reduce heat transfer
between the chilled mold and the ambient temperature. The packaged mold is shown in Fig. S1(b) available in the Supplemental
Materials on the ASME Digital Collection.
The IBL was applied to enable removal of the tube from the mold
[28] after freeze drying. The dwelling period, deﬁned as the amount
of time the casting channel was ﬁlled with ceramic slurry during
which ice crystals were growing, was modiﬁed so that each tube
would have approximately the same thickness. Prior development
demonstrated that casting slurries with a higher water to ceramic
powder ratio required a longer dwelling period to achieve the
same wall thickness as a slurry with a lower water to ceramic
powder ratio. The slurry with the lowest water to ceramic powder
ratio, W1, only required ∼7 s for a dwelling period inside of the
casting channel at −12.5 °C to achieve a tube having about the
same wall thickness as the slurry with the highest water to
ceramic powder ratio, W3, which required 20 s.
The shape of the casting mold used in this study was different
compared with earlier work to accommodate ﬁve casting channels
rather than just one [27,28]. Although this did not change the
science of the freeze casting process, the relative convective heat
loss from the mold in this study was likely to be larger due to
having a lower ratio of the chilling surface area to casting channel
surface area. The lower ratio caused a larger differential between
the programmed temperature set by the recirculating chiller and
the actual temperature of the mold, measured by an independent
Type-K thermocouple. The chiller setpoint was programmed to
−15 °C during the freeze casting in this study, while the temperature
of the mold varied at a higher temperature within a range of −12.3
to −12.7 °C due to heat transfer between the mold and the ambient
air. This was a slightly warmer temperature than used in the previous studies [27,28]. Similarly, the temperature of the mold while
forming the IBL was −4.5 °C when the chiller was programmed
to −5.0 °C.
The polymer binders added to the anode slurry were based upon
an acrylic latex that have been used in other freeze casting studies

[30,31]. The acrylic latex binders allow for greater ﬂexibility
during freeze-drying stage. The tubes were not adversely affected
by extending the drying time longer than a minimum time required
to sublime the water. Therefore, the drying time was not considered
a critical parameter as discussed elsewhere [28]. Initial work in this
study showed that the minimum amount time necessary for subliming the water was approximately 5 hours for ﬁve casting channels
connected in-parallel to the manifold of the freeze dryer. Optimizing
the drying time in this study was found to be largely dependent
upon reducing the absolute pressure to <10 Pa during freeze
drying and then increasing the temperature of the mold to above
room temperature after three hours of drying. No differences were
observed in dried tubes that were dried with an optimized drying
cycle or for an extended drying time. The most important quality
was ensuring that all the ice was sublimed and removed from the
tube before the tube was removed from the casting channel.
The tubes were cut in half after the ﬁrst pre-sintering cycle at
1100 °C to increase the number of samples for the different evaluations. The total length of a SOFC anode was ∼5 cm, while the
average outer diameter was 8.0 ± 0.2 mm after sintering. The
target wall thickness of each tube was 650 µm which was controlled
by the dwelling times during the freeze casting. The thicknesses of
the anode walls representing W1, W2, and W3 were found to be 593,
641, and 635 µm, respectively.
The average volumetric porosities of the anode supports, determined by Archimedes’ method, were found to be 57.0%, 61.4%,
and 64.0% representing SOFCs identiﬁed as W1, W2, and W3,
respectively, demonstrating a 7 vol% range of porosity. The data
and standard deviation from the measured averages are represented
in Fig. 2(b). Although the magnitude of porosity matches well with
other works that focused on freeze casting [20–22,24–28,30–34],
the relatively small range of vol% porosity observed in this study
is not reﬂective of the relatively large differences in the amount
of water in each casting slurry. For the different slurries processed,
the water to ceramic powder wt. ratio is 0.31, 0.52, and 0.92 for W1,
W2, and W3, respectively. This result suggests that extending the
range of porosity in the anode supports would require additional
processing changes beyond the method described in this study of
changing the water to ceramic powder ratio of the casting slurry.
Other processing changes that can be incorporated into a freeze
casting method to increase the total porosity are suggested elsewhere [28].
Figures 3(a)–3(c), representing W1, W2, and W3, respectively,
show SEM of the fractured cross section of the different anodes prepared for this study. Higher magniﬁcation of the cermet lamellas
and porosity in each anode support is shown in Figs. 3(d)–3(f ) representing W1, W2, and W3, respectively. The different amount of
porosity in the anode supports is difﬁcult to visualize due to the
various angles that the lamellas are orientated about the outside,
radial boundary. Nonetheless, the plate-like lamellas are shown to
be orientated at least in the radial direction to allow for low tortuosity gas transport from the inside to the outside of the tubular structure. The orientation is more apparent for anode supports prepared
with less water and having less total porosity, but the size of the
pores between the plate-like lamellas is random.

Fig. 2 (a) Schematic highlighting the purpose of the study and (b) the average porosities of the different
anode supports obtained, measured by Archimedes method

041106-4 / Vol. 17, NOVEMBER 2020

Transactions of the ASME

Fig. 3 (a–c) SEM images of different anode supports with the outside AFL for samples W1, W2, and W3, respectively. Scale
bar: 100 µm. (d–f) zoom-in SEM images for samples W1, W2, and W3, respectively. Scale bar: 20 µm. All samples composed
of an anode and an AFL were sintered and processed to reduce the NiO to Ni.

It is important to note that pore alignment is radial and perpendicular to the surface of the casting channel but is not controlled by
any other force to orientate in any additional direction or form of
alignment. Particle aggregation that forms between the ice crystals
during freeze casting can freely form in any direction 360 deg about
this axis, perpendicular to the surface of the casting channel. In
other words, the growth of the aggregate and ice moving away
from the casting surface is somewhat random. Nonetheless,
having pore alignment in one direction, parallel to the radial direction, provides pore channels connecting the inner channel to the
outside surface of the anode support which is the most important
direction for improving diffusion of fuels through the anode.
Figures 4(a)–4( f ) show the cross-sectional SEM of fractured full
cells after electrochemical evaluations. The surface of the freezecasted anode support in this study has large pores extending from
the inside to the outside surfaces of the tube. The open pores on
the outside of the tube’s surface do not allow for a relatively thin,
dense, and leak-tight electrolyte coating to be directly applied to
the outer surface of the freeze-casted anode support. Therefore, an
AFL was applied to the surface of the anode support primarily as
a ﬁller to cover the large pores. The AFL in this study is thicker

than what has been used in previous works utilizing freeze
casting and speciﬁcally those that focus on optimizing the electrochemical performance of a SOFC by addition of an AFL
[12,28,35–37]. Without further optimization, the thicker AFL for
this study was ∼60 µm and was necessary so that its surface was
suitable for achieving a dense, non-leaking electrolyte. Future
studies should investigate alternative methods to reduce the thickness of the AFL on freeze-casted tubular substrates having maximized porosity. A magniﬁed view between the AFL and the
electrolyte is shown in Figs. 4(d)–4( f ) and demonstrates that the
outer surface of the AFL is suitable for coating an electrolyte that
becomes dense and leak tight. As can be seen, the ScYSZ electrolyte layer is fully dense with only minor closed porosity within the
layer and demonstrates good bonding to both Ni-ScYSZ and
LSM-ScYSZ functional layers. The thicknesses of the AFL, electrolyte, and cathode were ca. 60, 20, and 30 µm, respectively.
The permeability, kD (m2), of a porous anode through which gas
permeates can be expressed in Eq. (1) by Darcy’s law [38]
kD =

Qμd
A(ΔP)

(1)

Fig. 4 SEM images showing a fractured cross section of three tested single cells with varying porosity in the freeze-casted
anode support. (a–c) Scale bar: 60 µm, (d–f ) scale bar: 10 µm. (a, d) Microstructure of different functional layers in the
support, W1, 57.0 vol% porosity; (b, e) W2, 61.4 vol% porosity; (c, f ) W3, 64.0 vol% porosity; AFL: anode functional layer.
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where ΔP (Pa) is the pressure drop along the ﬂow direction through
the pores with a thickness, d (m). The ﬂux of gas permeating
through the pores is the volumetric ﬂowrate, Q (m3/s). The absolute
viscosity, μ (Pa·s), is speciﬁc to the gas used during the evaluation
while the area, A (m2), is the area of the anode tube’s walls allowing
the gas to permeate from one side to the other.
During this evaluation, H2 was originally selected as the working
gas as it is commonly used for electrochemical evaluations, as done
in this study. For any permeation experiment, mass balance at the
entry and exit of the test setup is important as any leak in the
system invalidates the observation for ΔP. The system setup represented in Fig. 5(a) utilized tightly ﬁtted silicone connections to
the anode supports in order to connect the working gas to the
inlet and outlet. Although the silicone was reasonably tight and
while preventing damage to the anode tubes, it was not suitable
to maintain 100% mass balance between the inlets and outlets
when H2 was used. As much as 8 vol% of H2 was lost despite
not observing any apparent leaks. Therefore, methane gas was
selected to represent a lightweight working gas to substitute the
use of H2. Mass balance analysis showed that 100% of the
methane as the working gas was accounted for at the inlet and
outlet during permeation evaluations.
Additionally, methane gas is considered appropriate for SOFC
technology as some designs include the strategy to directly utilize
methane as the anode fuel. Others have reported similar issues
using H2 and consequently have focused on the diffusion properties
of methane, carbon dioxide, and carbon monoxide [39].
The ﬂow of methane was controlled by a mass ﬂow controller at
room temperature while the absolute viscosity of 1.13 × 10−5 Pa·s
was used for calculating the permeability. The permeability of
fuel gasses moving through the anode was calculated from observations made using a custom-made setup shown in Fig. 5(a). For
determining the permeability of the freeze-casted anode supports
without AFL coatings, the ﬂow range of 50 ml/min to 400 ml/min
of methane was used while a range of 10 ml/min to 80 ml/min

was used for anode supports with AFL coatings. The different
ranges of ﬂow were necessary to accommodate the limited range
of the pressure gauges and what later revealed to be a signiﬁcant difference in the permeability of anode supports with and without AFL
coatings. During each evaluation and as the set ﬂowrate was incrementally increased, the pressure, observed at P1, increased as necessary to maintain the set ﬂowrate. The system had an internal
pressure drop of ∼125 Pa at the highest ﬂowrate of methane
moving through the system without any sample (open ﬂow). The
pressure at P2 was manually adjusted with a needle valve to be
500 Pa above atmosphere to maintain a margin greater than the
internal pressure drop of the system. The observed pressure drop
across the porous electrode decreases with respect to an increase
of its permeability, which varies depending upon its porosity.
Figure 5(b) shows the slope of volumetric ﬂowrate through the
anode supports with respect to ΔP increases as the volumetric
porosity is increased. The permeability, kD, of anode supports
without the AFL is 1.4 × 10−2, 1.6 × 10−2, and 1.8 × 10−2 m2 for
anode supports W1, W2, and W3, respectively. Figure 4(c) shows
the slope of volumetric ﬂowrate through the different anode supports with the same AFL with respect to ΔP also increases as the
volumetric porosity is increased. The permeability of anode supports with the AFL is 1.6 × 10−5, 2.1 × 10−5, and 2.2 × 10−5 m2
for anodes identiﬁed as W1, W2 and W3, respectively.
Figure 4(d) shows the permeability of anode supports with and
without AFL coatings with respect to anode porosity. These
results reveal that the permeability of the anode support with the
AFL is three orders of magnitude smaller than that of the anode
without AFL despite that the AFL thickness is 10% of the total
anode thickness. This observation questions the relevance of
slight changes in the porosity of the anode support if the permeation
resistance of fuels moving through the anode is largely dominated
by that of the AFL, a parameter not varied in this study. Nonetheless, a logical trend is observed with and without AFL coatings
that shows an increase in permeability as a function of anode

Fig. 5 (a) Schematic of the permeation testing setup with an anode support with an AFL coating;
(b) controlled ﬂux of methane gas, Q*d/A, of anode supports without AFL coatings and as a function
of the pressure drop, ΔP; (c) controlled ﬂux of methane gas, Q*d/A, of anode supports with AFL coatings
and as a function of the pressure drop, ΔP; and (d) the calculated permeabilities of the anode supports
with the AFL (hollow shapes) and without the AFL (ﬁlled shapes) coatings with respect to vol% porosity
in the anode supports
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porosity. This result also suggests future research should focus on
methods to reduce the thickness of the AFL.
The impedance of SOFCs with varying porosity in the anode
support was evaluated using Nyquist plots under OCV conditions
at 800 °C and with different H2 concentrations in the anode fuel.
The different concentrations of H2 in the anode fuel were used to
analyze the different mechanisms that cause change in the concentration polarization of the SOFC. Spectra shown in Fig. 6(a) represent SOFCs evaluated with 30 vol% H2 in the anode fuel while the
spectra in Fig. 6(b) are those evaluated with 10 vol% H2 (balance
N2). Both sets of spectra show similar trends with respect to the
overall resistance of a SOFC as a function of porosity. Although
the total resistance goes down with increasing porosity, the ohmic
resistance, as determined by the ﬁrst intercept at high frequency,
goes up, as highlighted with the incepts in Figs. 6(a) and 6(b).
The impedance was ﬁtted to a Randles equivalent circuit model
shown in Fig. 6(c) to derive the contributions observed in the
impedance. Although there was inductance observed in the results
and used in the circuit model, it is ignored in this discussion due
to its irrelevance with the study. The contributions to the total resistance, RT, as determined from the ﬁtted spectra, for the impedance
evaluations using 10 to 30 vol% H2 in the anode fuel at 800 °C as
well as the cells evaluated with 30 vol% H2 at other temperatures
are shown in Table S2 available in the Supplemental Materials on
the ASME Digital Collection. The impedance spectra for these evaluations are shown in Figs. S2–S4 available in the Supplemental
Materials on the ASME Digital Collection.
RS, the ﬁrst intercept at high frequency, depends on ohmic losses
in the electrolyte, electrodes, and current collecting elements, and

thus it is one of the factors to be considered while optimizing the
anode porosity. When the H2 concentration in the fuel was at
30 vol%, a 60% increase in the ohmic resistance is observed, from
0.16 Ohm cm2 to 0.25 Ohm cm2 as the anode porosity increases
from 57.0 vol% to 64.0 vol%, W1 to W3. Similarly, a 50% increase
in ohmic resistance is observed when the H2 concentration in the fuel
is reduced to 10 vol%. The change in ohmic resistance as a function
of anode porosity was not expected. The AFL layer, which is the
same for each sample, is relatively thick in this study and could
easily carry the current across the relatively short cell length to the
current collectors. Nonetheless, future studies could investigate
this phenomenon by changing the composition of the anode in
order to directly affect its electrical conductivity and to correlate
this with relative amounts of porosity.
The ﬁrst arc observed in each impedance curve which is typically
associated with charge transport polarization, RCT. RCT varies as a
function of the different porosities in the anode support as shown
in Fig. 6(d) and shows a maximum for the sample W2 having
medium porosity. The inﬂection here is not considered signiﬁcant
as the contribution of RCT for each cell is at least an order of magnitude less than the total resistance and could otherwise be within
the noise of the analysis. Additionally, the varying porosity
within the anode supports would theoretically have negligible
effects on RCT for cells having such relatively thick AFL layers.
The next two arcs moving into the lower frequency regime represent concentration polarizations [18,40–42] and are referred to as
RConc1 and RConc2 in the equivalent circuit model. The contributions
from these two circuit elements dominate the trend seen in the RT for
each cell measured and under different testing conditions. RT, which

Fig. 6 (a) Impedance spectra represented as Nyquist plots of SOFCs with different porosity in the
anode support with 30 vol% H2 in the anode fuel and (b) with 10 vol% H2 in the anode fuel. (c) The
Randles circuit used to ﬁt the spectra and (d) charge transfer resistance (RCT) and total resistance
(RT) of SOFCs as a function of porosity in the anode support measured at 800 °C and with different concentrations of H2 in the anode fuel, as indicated.
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includes all polarization and ohmic losses, is shown in Fig. 6(d ) for
two different H2 fuel concentrations and as a function of porosity in
the anode support. RT values were determined by ﬁtting and were
0.93, 0.87, and 0.60 Ohm cm2 for W1, W2, and W3 cells, respectively, at 800 °C and with 30 vol% H2 in the anode fuel. When the
H2 in the anode was decreased to 10 vol%, the respective RT
values increased to 1.08, 0.97, and 0.63 Ohm cm2. Overall, it is
apparent that the overall resistance of the different SOFCs went up
as H2 concentration was decreased from 30 to 10 vol% and as porosity within the anode support is decreased. The RT reduced by 35% by
increasing the porosity of the anode support from 57.0 to 64.0 vol%
when the anode fuel was 30 vol% H2. Similarly, RT is reduced by
42% when the anode fuel is 10 vol% H2.
I–V polarization curves of single cells at 800 °C with 30 vol% H2
in the anode fuel are shown in Fig. 7(a). As represented in Fig. 7(b),
the cells showed a maximum power density during their ﬁrst evaluation of 0.50, 0.45, and 0.35 W/cm2 with 64.0, 61.4, and
57.0 vol% porosity in the anode support, respectively. A second
evaluation was performed after a thermal cycle of each cell and
the maximum power densities obtained were 0.52, 0.41, and
0.32 W/cm2 for SOFCs with 64.0, 61.4, and 57.0 vol% porosity
in the anode support, respectively. The performance of the cell
with the highest porosity in the anode support goes up slightly
while the performances of the other SOFCs decrease slightly.
Overall, the highest performing SOFC compares favorably with
that of other SOFCs containing similar electrolyte and electrode
materials [43–46] despite that the electrochemical performance is
affected by many factors such as relative thicknesses and composition of each electrode’s functional layer, surface area of particles
and grain boundaries, dynamic fuel compositions, and relative pressure of fuel delivery. The second set of I-V polarization curves for
each SOFC represented a complete thermal cycle after the ﬁrst

evaluation, at different temperatures in a range from 650 to 800 °
C and with different concentrations of H2 in the fuel. These polarization curves are shown in Figs. S5–S7 available in the
Supplemental Materials on the ASME Digital Collection. As seen
in the polarization curves, the performance drops as the temperature
is reduced suggesting that ionic conductivity of the electrolyte and/
or the associated activation polarization losses dominate the net
polarization losses. Nonetheless, the trend of improving performance with increasing vol% porosity in the anodes remains consistent when temperature is constant. The maximum power density for
each I-V evaluation is shown in Figs. S5–S7 which is available in
the Supplemental Materials on the ASME Digital Collection and
is summarized in Table S3, also available in the Supplemental
Materials on the ASME Digital Collection.
The results above show the electrochemical performance
increases as porosity is increased in the anode support. This trend
suggests that the porosity should be further increased; however, a
practical limit exists with respect to the amount of porosity that
can be designed into the support of a SOFC which can be deﬁned
by determining a minimum practical mechanical strength of the
support. Although there is no standard for tubular SOFCs, the
mechanical strength of the support should be strong enough so
that the cell does not suffer any cracks or factures through all processing methods, necessary evaluations, and eventually during
assembly into a SOFC stack.
The MOR is a mechanical ﬁgure-of-merit that can be used to help
identify a practical mechanical strength. The MOR for the tubes
made in this study was determined by a three-point method
within a universal testing machine represented by the schematic
shown in Fig. 8(a). The MOR was determined by measuring the
force, F (N), at the initial breaking point of the tube shown in
Eq. (2) [47,48]
σ=

FLR
π(R4 − r 4 )

(2)

where σ is the MOR (Pa), L (m) is the span length between to the
two points supporting the sample, R (m) is the outer radius of the
tube, and r (m) is the inner radius. Figure 8(b) shows the MOR of
anode supports, converted to MPa, after sintering at 1480 °C and
in their reduced state with and without the AFL coatings. The

Fig. 7 (a) Single-cell power generation from three different cells
representing different amounts of porosity in the anode support
at 800 °C and with 30% H2 in the anode fuel and (b) maximum
power density shown as a function of porosity in the anode
support
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Fig. 8 (a) Three-point method for measuring the MOR of a
ceramic tubular structure and (b) MORs of bare anode supports
and anode supports with an AFL with respect to the porosity in
the anode support
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average maximum MOR values for the three samples in this study
with the AFL coating were 14.5, 8.6, and 4.6 MPa having 57.0,
61.4, and 64.0 vol% porosity in the anode support, respectively.
The ﬁrst observation is the signiﬁcantly higher MOR for all
anode supports with the AFL coatings suggesting that the mechanical strength is dominated by the AFL rather than the anode support
itself. The second observation is the decrease in the MOR as the
porosity is increased. This is somewhat intuitive as the mechanical
strength is expected to decrease as the porosity is increased. And
third, the highest MOR average representing the lowest amount
of porosity in the anode, W1, and with the AFL coating, is much
smaller than MOR values observed in other works using different
methods of fabrication that show values as high as ∼175 MPa
when a method referred to as gel-casting is used to make the
anode support [48], ∼180 MPa for tubes made by an extrusion
and consisting of a Sc stabilized zirconia electrolyte supported
tube [47], and ∼350 MPa for thicker, more conventional anodesupported extruded tubes [49]. Despite that there is no standard
mechanical strength for SOFC tubes and therefore understanding
the importance of mechanical strength is still unclear, the tubes
made in this study have signiﬁcantly less mechanical strength. If
deteremined necessary, future studies could look to increase the
mechanical strength of the freeze-casted tubular SOFC without
jeopardizing its electrochemical performance. Possible methods
include using partially stabilized zirconia, nano-alumina, alumina
titanate, or even reducing the average particle size of the materials
that make-up the anode support; all of which should increase the
mechanical strength without jeopardizing electrochemical performance [50–52].

4 Conclusions
In this work, a freeze-casting method was used to fabricate
tubular SOFC anode supports with radially aligned pore channels
and with a range of porosity from 57.0 to 64.0 vol% by controlling
the solids to water ratio in the casting slurries. Conventional SOFC
materials such as Ni-ScYSZ, ScYSZ, and LSM-ScYSZ were used
to make the anode, electrolyte, and cathode, respectively, so that
overall performance could be compared with previous works. The
permeability of the anode support, measured using Darcy’s law,
was found to be dominated by the AFL, which sits between the
anode support and the electrolyte of the SOFC. As porosity was
increased from 57 to 64 vol%, the total cell resistance decreased
by 35% enabling an increase in electrochemical performance by
42% from 0.35 to 0.50 W/cm2 when evaluated with 30 vol% H2
as the fuel at 800 °C. Mechanical characterization showed a practical upper limit of porosity for anode support design with the standard materials. The improved performance by controlling porosity
and deeper understanding of the correlation between porosity and
concentration polarization losses may shed light on the further optimizations of SOFCs.
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