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Abstract

Segmented-in-series solid oxide fuel cells (SIS-SOFCs) were prepared on flattened-tube partially stabilized zirconia supports. The distinguishing
characteristic of these cells was the short repeat period, 2.4 mm, and small active cell length, 1.3 mm, compared to 10 mm in previous SIS-
SOFCs. The support tubes, formed by gelcasting, were bisque fired and then screen printing was used to sequentially deposit Ni-YSZ anodes, YSZ
electrolytes, and Pt-YSZ composite interconnects. After high-temperature co-firing, LSM-YSZ and LSM cathode layers were screen printed and
fired. Each flattened tube side had 12-16 individual cells. For testing, the open tube ends were sealed and humidified hydrogen flowed inside of the
tubes; air was flowed over the outside of the tubes. Maximum total power at 800 °C was ~8 W and maximum power density was ~0.7 W cm2,
calculated using cell active area. Good stability was observed during a 650 h steady-state test. Excellent stability was also observed over 220

redox cycles.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent calculations for segmented-in-series solid oxide fuel
cells (SIS-SOFCs) have indicated that power densities approach-
ing 1 W cm™2, comparable to planar SOFCs, can be achieved
by using cell lengths of ~1-2 mm [1]. These small lengths are
needed to provide low lateral electrode resistances when using
relatively thin (20-50 wm) electrodes that are readily prepared
by screen printing. For more traditional SIS-SOFCs where cell
widths are typically >10mm [2—4], such high power densities
are typically not achieved, and indeed would only be feasi-
ble with very thick (=1 mm) perovskite (e.g. LSM) cathodes,
or alternatively by using highly conductive precious-metal-
containing cathodes [5].

While good performance is possible, fabricating SIS-SOFCs
with 1-2 mm cell lengths is challenging. It requires feature res-
olution and alignment accuracy of ~0.1 mm, near the limit of
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what can be achieved by patterned deposition techniques such
as screen printing. Recent demonstrations of short-length SIS-
SOFCs are promising but have been limited to four-cell arrays on
planar supports with <1 cm? active cell area [6,7]; an important
next step is to demonstrate fabrication and good performance
for larger areas with larger numbers of cells. It is also neces-
sary to demonstrate this concept in a more useful geometry, e.g.
flattened tubes with cell arrays on both sides.

In this paper, we report results from SIS-SOFC modules with
segmented-in-series arrays screen printed on both sides of flat-
tened partially stabilized zirconia (PSZ) tubes. A conventional
SOFC materials set — Ni-YSZ anodes, YSZ electrolyte, and
LSM-YSZ cathode — was employed along with a Pt-YSZ com-
posite interconnect. The processing included high-temperature
co-firing of the support, anode, electrolyte, and interconnect,
followed by application and firing of the cathode. The arrays cov-
ered a total print area of 212—16 cm? (depending on the length of
the tube) on each tube side, had ~12-16 cells on each side with
an active cell length of 1.2—1.3 mm, and an interconnect length of
0.2 mm. A maximum power density (calculated using active cell
area) of ~700 mW cm~2 was measured at 800 °C. Stable oper-
ation over ~650 h was demonstrated. Moreover, excellent array
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performance stability was measured over ~20 redox cycles, pre-
sumably due to the small thickness of the Ni-YSZ anodes.

2. Tube fabrication and experimental methods
2.1. Gelcasting of PSZ support tubes

A gelcasting slurry was prepared by ball milling PSZ pow-
der (TOSOH) and starch (pore former) along with a monomer
(hydroxy ethyl methacrylate), dispersant, and water as the sol-
vent. An initiator along with a catalyst was then added to the
slurry to start the gelling process [8]. The catalyst, along with
a slightly elevated temperature (~70 °C), helped to reduce the
gelling time. The slurry was then poured into a mold. After gela-
tion, the mold internal parts were removed and the support tubes
dried slowly. Finally, the green tubes were pre-fired, typically at
1150 °C, in order to burn off the organics and provide sufficient
strength for handling and screen printing.

2.2. Screen printing and firing

Screen printing was employed to deposit the electrodes, elec-
trolyte, and the interconnect layers. The screen printing inks
were prepared by first ball milling the relevant powders, and
then combining with vehicle (Electro-Science Laboratories 450
and/or V 737, Heraeus Inc.) in a three-roll mill. Prints with
excellent uniformity and well-defined patterns with resolution
<100 wm were reproducibly obtained. Details of the screen
printing — e.g. ink solids loading and rheology, adjustment of
the printer parameters, and surface flatness requirements — have
been described previously [9]. Layer thicknesses were varied via
parameters including ink viscosity, solids loading, screen mesh
size, and number of prints.

The anode material was Ni-YSZ cermet. NiO (J.T. Baker) and
YSZ (TOSOH) were mixed in the weight ratio 70:30, before ink
fabrication with solids loading of ~20-25% by volume. Final
anode thickness was ~20 pum. The electrolyte was YSZ with
8% Y,03 obtained from TOSOH. A solids loading of ~25%
was used, yielding a thickness of ~20 pm. The interconnect was
made from a mixture of Pt (Technic Inc.) and YSZ in the volume
ratio of 45:55. The ink solids loading was ~20% by volume,
yielding a thickness of 230 wm. The above three layers were
all printed in sequence with drying between the print steps. This
procedure was then repeated on the other side of the flattened
tube. High-temperature firing was done at 1400 °C. After firing,
the support porosity measured by the Archimedes’ method was
~43%, The interconnect resistivity, measured separately using
un-patterned layers at room temperature using a van der Pauw
geometry, was ~10~% Q cm.

Matching of the cathode screen to the pre-existing
anode/electrolyte/interconnect patterns was a key issue because
of the shrinkage that occurred during the high-temperature fir-
ing step. The support shrinkage was typically ~19-20%. The
shrinkage variation between different supports fired using the
same procedure was consistently less than 0.5%. This relatively
small variation made it possible to match the cathode screen print
to the as-fired patterns. The cathode was a mixture of LSM (Prax-
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Fig. 1. Schematic drawing showing the geometry of the segmented-in-series
SOFC array (adapted from Ref. [1]). Dimensions shown are the cell period A,
active cell length L, cathode gap Lcg, anode gap Lag, interconnect length L
and thickness 11, electrolyte thickness 7, anode thickness 74, cathode thickness
tc, and support thickness fs.

air) and YSZ in the ratio 50:50 by weight. The solids loadings
of both the LSM-YSZ and the LSM inks were about 28%. After
printing and drying the LSM—YSZ cathode layer, it was fired at
1175 °C for 1 h. Two consecutive LSM current collector prints
were then done and fired at 1125 °C for 1 h in order to produce
an 80-100 wm thick layer; the thick current collector helped
minimize cathode resistance losses as described elsewhere
[1].

Fig. 1 shows schematically the lateral dimensions and align-
ment of the printed layers after completed fabrication. Note
that Fig. 1 is somewhat idealized: the interconnect was actu-
ally wider than the gap in the YSZ electrolyte, extending
150-200 pwm beyond either side of the gap to ensure that the elec-
trolyte/interconnect combination provided a continuous dense
layer. The cells were 4 cm wide, yielding an active area per cell
of 0.5 cm?. The percentage of the print area that was active fuel
cell (defined by the anode—cathode overlap as shown in Fig. 1)
was ~52-55%.

Fig. 2 shows an image of a finished module, illustrating the
flattened tube geometry with cross-members and a 15-cell array

Fig. 2. Optical image of a typical screen printed segmented-in-series SOFC
module after electrical testing. The black strips visible on the flattened PSZ tube
are the cathodes of individual cells. The PSZ tube interior has cross ribs both for
strength and to provide channels for fuel flow. The silver strips visible on both
ends were used for electrical connections to the end electrodes of the array.
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on each side. After firing, the modules were ~5 cm x 5 cm, and
the printed area was ~3.6 cm x 4 cm.

2.3. Module testing setup

The completed module was held between two stainless steel
manifolds that were sealed to each of the module open ends. A
combination of mica and Ag ink was used for sealing between
the manifolds and the module ends. Pressure was applied for
sealing using the threaded rods and wingnuts via springs. One
manifold was used as the fuel inlet and the other used for the
exhaust gas. Evenly spaced holes in the manifolds were used to
supply fuel to the SIS-SOFC module gas channels. Electrical
connections were made along the full length of the first and last
electrodes of the arrays using silver ink, strips (Fig. 2), and wires.
Two wires were connected to each end electrode: one for current
and the other for voltage measurement.

The modules were tested in a split tube furnace. During test-
ing, humidified hydrogen was supplied at a flow rate of 500 sccm
with 600 sccm of air at the cathode surface. Initially, the Ni-based
anodes were reduced in hydrogen at 800 °C for ~2h. Current
and voltage were measured using a Keithley-2440 5 A power
supply that was interfaced to a computer using a GPIB card.
The electrochemical impedance spectra were obtained using an
IM6 Electrochemical workstation (Zahner, Germany). The fre-
quency range studied was from 100 kHz to 100 mHz. The IM6
supplied a current through the two current wires and the voltage
was measured by two separate voltage wires.

3. Results and discussion
3.1. Microstructure and permeability measurements

Fig. 3a shows a representative fracture cross-sectional SEM
image of the electrolyte portion of a completed SIS-SOFC.
Fig. 3b shows a similar image of the interconnector region. In
both images, the layers are reasonably flat and uniform, with
intimate contact at the interfaces. Fig. 3¢ shows a lower mag-
nification image of the transition region between the electrolyte
and interconnect. Note that there was a 200 pum-wide region
where the interconnect overlapped the electrolyte. The support
shows large pores due to the pore former. The electrode layers
show the expected porosity while the electrolyte appears to be
reasonably dense. The interconnect layer showed considerable
structure since it consisted of Pt and YSZ phases, so it was diffi-
cult to ascertain whether it was dense from these images. These
images and other low magnification plan-view SEM images
showed that the layers were free of large holes or defects. On the
other hand, plan-view SEM images of the Pt-YSZ interconnect
surface (Fig. 3d) showed small open pores that may be a source
of gas leakage. For comparison, the screen printed YSZ surfaces
showed no such pores.

Leak tests across these layers were carried out by doing un-
patterned large-area screen prints on PSZ surfaces and firing
under conditions identical to those used for printing the mod-
ules. The measurement provided a qualitative measure of leak
rate by pumping on one side of the layer with a mechanical vac-

Fig. 3. Representative SEM images of the SOFCs. (a) Cross-sectional image of a region showing the support, anode, electrolyte, and cathode. (b) Cross-sectional
image of a region showing the support, anode, interconnect, and cathode. (c) Lower magnification cross-sectional image showing the region between cells where the
interconnect and electrolyte overlap. (d) A plan-view image of the interconnect surface showing small open pores.
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Fig. 4. Voltage and power vs. current from a segmented-in-series module with
15 cells on each side. Also shown are the current density and power density cal-
culated based on active cell area. The module was tested at different temperatures
with air at the cathodes and humidified hydrogen at the anodes.

uum pump, and using a vacuum gauge to measure the pressure
achieved. The vacuum chamber yielded an ultimate pressure
of 0.2 Torr when the sample was fully dense. Good quality
screen printed YSZ layers typically yielded pressures from 0.2
to 0.3 Torr. Permeability measurements [9] on a Pt-YSZ sur-
face screen printed on a gelcast PSZ piece and fired at 1400 °C
gave ultimate pressures of 0.9 Torr. Prior measurements on pla-
nar SOFC button cells with a similar leak tester showed that this
pressure level was sufficient to deleteriously impact open-circuit
potential [9]. Thus, the Pt-YSZ layers appeared to be a source
of leakage in these SOFC modules.

3.2. Electrical performance

Fig. 4 shows electrical test results from one of the modules
tested (module A), with 15 cells on each side and the two sides
electrically connected in parallel. Results are shown at various
temperatures with humidified hydrogen supplied to the anodes at
a flow rate of 500 sccm, and air flowed outside the module. The
maximum module power output was 8 W (535 mW cm ™2 calcu-
lated using active cell area) at 800 °C and 7W (465 mW cm_z)
at 750°C. The current—voltage curves were fairly typical of
thin-electrolyte SOFCs with these materials operated in this tem-
perature range [10]. At lower temperature, the voltage versus
current was concave up, indicating that activation polarization
dominated the cell performance. At higher temperature, the volt-
age versus current became more linear — probably indicating
that ohmic resistance was becoming more important — and there
were indications of concave-down curvature, perhaps indicating
concentration polarization at a current density of ~2 A cm™2.
The average cell area-specific resistance, obtained from the I-V
curves (open-circuit voltage divided by short circuit current den-
sity) varied from ~0.4  cm? at 800 °C to 0.7 Q cm? at 650 °C.

These values were typical of the segmented-in-series modules
tested with the two sides electrically connected in parallel. When
the sides were measured separately, higher power (usually a
5-10% difference) was observed from the SOFC array on one

side. One of the best modules (module B) tested so far gave
maximum power densities of ~700 mW cm ™2 on one side and
650 mW cm ™2 on the other at 800 °C, corresponding to area-
specific resistances of 0.26 and 0.29 Q2 cm?, respectively. This
was probably due to slight variations in the processing steps
involved in fabricating the two sides, including the fact that the
second side printed had a thinner cathode due to one fewer LSM
print. There may also have been some variations in the quality
of the end contacts on each SOFC array.

The open-circuit voltage, ~14 V across 15 cells in Fig. 4,
corresponded to 0.93V per cell, substantially lower than the
theoretical value of ~1.1 V per cell in humidified hydrogen and
air. This was fairly typical of OCV values measured for the
segmented-in-series modules, which ranged from 0.91 to 0.96 V
per cell at 800 °C. We attribute the low OCV to gas leakage,
probably through both the module end-seals and the Pt-YSZ
interconnects. Leakage at the end-seals was verified in tests with
dense “dummy” modules, by observing that the gas out-flow
rate was ~15% less than the inlet flow rate. The interconnects
were suspect because the out-flow rate was further reduced by
~25% when actual modules were tested. This is consistent with
the vacuum leak-rate measurements described above. The OCV
may also be reduced slightly (<10 mV) due to residual ionic
conductivity in the PSZ supports that allows a small parasitic
support current [1].

The fuel utilization in most of the modules tested was
~20-25% at maximum power at 800 °C. Attempts to improve
the utilization by decreasing the fuel flow rate had limited suc-
cess. For example, a decrease from 500 to 200 sccm in module
B increased the utilization only to 30%, because the maximum
power density decreased from 650 to 460 mW cm™2. This was
due more to a change in module current — the short circuit cur-
rent decreased by ~50% when the flow rate was reduced to
200 sccm —than to a decrease in OCV—which decreased by only
~5%. This probably indicates increased concentration polariza-
tion at the down-stream cells as H, was depleted by oxidation
and leakage. Based on these results, an increase in the density
of the interconnect is a key need for these modules; improved
leak tightness would not only allow higher fuel utilization but
increase OCV values, which would in turn increase power
density.

Fig. 5 shows the AC impedance spectrum at various temper-
atures from one side of a module (module C) that had eight cells
on both sides. Humidified hydrogen at flow rate of 200 sccm
was used as the fuel. The measured resistances were divided
by the number of cells (8) and multiplied by the active area
per cell (0.5cm?) to yield the area-specific resistances plot-
ted. At each temperature, the electrode arc was substantially
larger than the high-frequency horizontal-axis intercept, indi-
cating that electrode polarization was the main component of
the cell losses. There were three apparent electrode arcs: a very
small arc at the highest frequencies, a large arc at moderate
frequencies, and a smaller arc at the lowest frequencies. The
general frequency ranges and sizes of these arcs are similar
(except for the highest-frequency arc) to those reported for pla-
nar thin-electrolyte SOFCs with the same materials set as in the
present experiments [11]. The decrease in the high-frequency
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Fig. 5. Electrochemical impedance spectra measured at different temperatures
across eight series-connected cells on a segmented-in-series module. Measure-
ments were done at open circuit with air at the cathodes and humidified hydrogen
at the anodes. Frequencies at the tops of the arcs are labeled.

intercept with increasing temperature, e.g. from 0.34 Q cm? at
650°C to 0.15 Qcm? at 750°C, was consistent with the area-
specific resistance expected for a 20 wm-thick YSZ electrolyte
at these temperatures [12], 0.47 cm? at 650 °C to 0.13 © cm?
at 750°C. The change from 750 to 800 °C was less, however,
and the predicted value of 0.08 cm? at 800°C [12] was con-
siderably lower than the measured value of 0.12 Q cm?. This
indicates another component of ohmic loss that may be related
to the interconnects, lateral resistance losses across the elec-
trodes, and contact/wire measurement losses. We suspect that
the interconnect losses were unimportant here, because of the
high conductivity of the Pt-YSZ. A substantial portion may
be the contact/wire losses, as good NiO-YSZ anode-supported
cells tested in our lab, with no interconnect or lateral electrode
losses, typically show a similar ohmic resistance of ~0.1 Q cm?
at 800 °C [9,13]. Overall, these results suggest that the present
segmented-in-series design succeeded in achieving relatively
low electrical resistance losses. Electrode polarization resis-
tances were the primary losses, so attempts to improve module
performance should focus primarily on this area.

3.3. Stability testing

The SOFC modules generally showed stable performance.
Fig. 6 shows the voltage versus time from one side of a module
that was operated at 460 mA at 750 °C. The break in the data at
~320h was due to a computer malfunction. The slight increase
in performance observed after the break was due to resumption
of air flow that had stopped at some point during the first 300 h.
Despite these flaws in the life test, the overall stability was good,
with ~3.5% reduction in voltage over 2700 h. Note that some of
this degradation was likely due to the test apparatus; especially
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Fig. 6. Voltage vs. time for a segmented-in-series module maintained at a con-
stant current density of 0.92 A cm™~2. The measurement was made from 12 cells
on one side of the module. The break in the data around the 350 h point was
caused by a failure in the testing electronics. Some of the voltage decrease in the
first 350 h was due to a loss of air flow to the cathode; when testing was resumed
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Fig. 7. Cell voltage vs. time at constant current (while hydrogen was flowing)
during redox cycling at 800 °C. In the first part of the test shown in (A), 12
cells on one side of the module were tested during 7 cycles. The module was
cycled to room temperature and then back to 800 °C before the second part of
the test (B), where 9 cells on the other side of the module were tested during 12
cycles. Arrows 1 and 2 indicate when the module was left overnight at 800 °C
in hydrogen without cycling. Arrow 3 indicates a longer-than-usual (1h) fuel
cycle.
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because the Ag ink and wires tend to degrade over the time scales
of this test.

Fig. 7 shows the effect of redox cycling on SIS-SOFC per-
formance. In the initial test shown in Fig. 7A, module B was
operated under typical conditions, 500 mW cm? at 800 °C, for
30 min before the fuel flow was stopped and air flowed through
the module for 3040 min. The fuel flow was then re-started
and the cycle repeated seven times. The voltage spiked imme-
diately after re-starting the fuel flow in each cycle, but then
approached to a saturation value near the initial power level.
Overall, however, there was no apparent cycle-to-cycle degra-
dation. The module was then cooled to room temperature and
then re-heated back to 800 °C for a second set of redox cycles.
Fig. 7B shows the second set of 12 redox cycles (with two breaks
of ~15 h each), in this case measuring the other side of the same
module. The test conditions were the same as in the previous
test, as were the results, although the power output was lower
from this side of the module. Note that cycle 11 was run longer
in the fuel cell mode, 60 min, showing more clearly that the volt-
age reached a steady-state value. These results show excellent
redox cycling tolerance over a total of 19 cycles, much better
than observed for Ni-YSZ anode-supported SOFCs [14]. This
is presumably due to the small amount of Ni in the thin SIS-
SOFC anodes compared to anode-supported SOFCs. Thus, there
appears to be little structural degradation to the anode caused by
the expansion and reduction as the anode Ni was oxidized to
NiO and then back to metallic Ni [15].

4. Summary and conclusions

The above results demonstrate the fabrication of short-period
segmented-in-series SOFCs by screen printing on flattened tube
supports prepared by gelcasting. The processing steps included
high-temperature co-firing of the support, anode, electrolyte, and
interconnect, followed by application and firing of the cathode.
The arrays covered a 3.6 cm X 4 cm area, had 12-15 cells on
each side of the flattened tubes, a cell length of 1.3 mm, and an
interconnect length of 0.2 mm. Print accuracy of the cell active
layers to within 0.2 mm was demonstrated using manual visual
alignment. Maximum module power output was 8 W at 800 °C.
The maximum power density (calculated using active cell area)
obtained from a module was ~700 mW cm~2 at 800 °C. Stable
operation over 700 h was demonstrated. Excellent array perfor-
mance stability was measured over 20 redox cycles, presumably
due to the small thickness of the Ni-YSZ anodes.

A key area that needs improvement in these devices is the
interconnect. The present Pt-YSZ interconnect layers show some
gas leakage that was partly responsible for the lower than theo-
retical open-circuit voltages. Also, the cost of Pt interconnects

would be prohibitive for many SOFC applications. Thus, a
ceramic interconnect with low materials cost would be a critical
improvement for SIS-SOFCs. The interconnect material should
be readily screen printed and should reach high density in a co-
firing step while not reacting with the other cell components.
We are currently testing a number of promising candidate mate-
rials for this application. In addition, based on our experience
with fabricating the current design, it will also likely be possi-
ble to decrease the gap area between individual cells. This will
increase the percentage of active cell area from the current value
of ~53 to >60%, thereby increasing power output.
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