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bstract

Segmented-in-series solid oxide fuel cells with relatively short cell lengths of 1.4 mm were fabricated with varying LSM cathode current collector
hicknesses. Increasing the LSM thickness from 11 to 91 �m yielded a factor of 2–3 area-specific resistance decrease and a similar power density

ncrease. The maximum power density measured at 800 ◦C was 0.53 W cm−2 calculated based on total array area (including interconnect), and
.9 W cm−2 calculated based on active cell area. A segmented-in-series electrical model was used to quantitatively explain the results based on the
ecreased cathode sheet resistance. The model also showed that the cell lengths were near optimal for maximizing the power density of these cells.

2006 Published by Elsevier B.V.
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. Introduction

Recent model calculations [1,2] and experimental results [2]
ave suggested that segmented-in-series solid oxide fuel cells
SIS-SOFCs) can achieve higher power densities by reducing
he cell length Lcell below the typical value of ≈1 cm [3–5].
ne model predicts an optimal Lcell value that minimizes lat-

ral resistance losses across the electrodes while maintaining
large fraction of active cell area (i.e., minimizing intercon-

ect area) [1]. For typical SOFC area-specific resistances of
0.3 � cm2 and typical current-collector materials – ≈50 �m

hick (La, Sr)MnO3 (LSM) and ≈20 �m thick Ni-yttria stabi-
ized zirconia (YSZ) – highest power densities were predicted
or Lcell = 1–2 mm. Furthermore, decreasing the cathode-side
heet resistance was predicted to allow increased power den-
ity; note that the main resistance loss is on the cathode side due
o the substantially higher resistivity of LSM compared to Ni-
SZ. Power densities approaching 1 W cm−2 were predicted,

ompared to experimental SIS-SOFC power densities of only

0.1–0.3 W cm−2 [2,4,5].
In this letter, we studied the performance of SIS-SOFCs with

cell = 1.4 mm for varying LSM cathode current collector thick-
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esses. One aim of this study was to compare the model results
escribed above with experimental SIS-SOFCs. Specifically, the
resent work was done to check the model prediction that power
ensity should increase with increasing LSM thickness (decreas-
ng cathode sheet resistance), and then saturate for large-enough
hickness. Another aim was to investigate whether optimized
cell and cathode sheet resistance could lead to higher power
ensities than previously reported.

. Experimental procedure

The fabrication procedure of the four-cell SIS-SOFC arrays
as similar to that described previously [2]. The cell supports
ere porous partially stabilized zirconia (PSZ) pellets formed
y pressing (19 mm diameter, 0.5 mm thick post-firing). After
isque firing at 1250 ◦C, the Ni-YSZ anode, YSZ electrolyte,
nd Pt-YSZ interconnect (45 vol.% Pt) were applied by screen
rinting. The support and active layers were then fired at 1400 ◦C
or 4 h. Subsequently, a LSM cathode active layer, containing
0 vol.% YSZ, was printed and fired at 1175 ◦C. The LSM–YSZ
ayer was followed by 1–4 prints of pure LSM current collec-

or. In order to avoid cracking of overly thick cathode layers,
he cathodes were fired at 1125 ◦C for up to two LSM layers,
ith an additional firing at 1125 ◦C for samples with three or

our layers. All cathode firing steps were 1 h in duration. The

mailto:s-barnett@northwestern.edu
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Predictions based on the segmented-in-series model in Ref.
[1] were compared with the above experimental results. The
calculation included the cell resistance Rcell (i.e., electrolyte
T.S. Lai, S.A. Barnett / Journal o

SM layers were assessed using cross-sectional scanning elec-
ron microscopy, checking the four cells in each array to obtain
truly representative thickness value. The cells were all made

n the same batch and kept as identical as possible, except for
he varied cathode thickness.

A four-point geometry was used to measure the conduc-
ivity of the same screen printed and fired LSM cathodes
2 mm × 9 mm) on PSZ supports as used in the SIS-SOFCs. Gold
aste was used to paint linear contacts onto the bars, and to attach
ilver wire leads. The measured sheet resistances ranged from
4 ��−1 for the thinnest LSM layer (11 �m) to 2.9 ��−1 for
he thickest LSM layer (91 �m). Measured conductivities were
7–38 S cm−1, irrespective of LSM thickness and temperature
from 600 to 800 ◦C), in reasonable agreement with reported
alues for LSM with similar porosity [6]. The ≈20 �m thick
SM–YSZ cathode layer had a low conductivity relative to pure
SM and, hence, had a minor contribution to the overall sheet

esistance.
SOFC current–voltage data were collected from the

egmented-in-series arrays using a setup similar to that typi-
ally used for single SOFC testing [7]. The samples were sealed
o alumina or quartz tubes using silver paste (Shanghai Research
nstitute of Synthetic Resins, DAD-87). Gold and silver pastes
ere used to attach silver wire contacts to the end electrodes.
umidified hydrogen (3% H2O) was flowed through the tube

nto the support/anode side of the SIS-SOFC, generally at a rate
f 100 sccm, while the cathode side was exposed to stagnant
ir. Power densities and area-specific resistances were typically
alculated based on the total area of the four-cell array. Power
ensity values normalized to active cell area are also given in
ome cases where noted, and were a factor of 1.7 higher because
he active cell area was 58% of the total array area.

. Results and discussion

Fig. 1 shows the voltage and power density versus current
ensity for arrays with 11 and 91 �m thick LSM layers, mea-
ured at 600–800 ◦C. The arrays yielded similar open circuit
oltages of 0.90–0.98 V. These values are higher than in a prior
eport [2], apparently due to reduced gas leakage based on a
igher density in the present Pt-YSZ interconnects. The current
ensity and maximum power density increased with increasing
emperature, typical of SOFCs. The maximum power densities
ere substantially higher for the thicker LSM current collec-

or, e.g., 0.53 W cm−2 (0.9 W cm−2 based on cell active area)
ersus 0.19 W cm−2 (0.28 W cm−2 based on cell active area) at
00 ◦C. The voltage versus current density curves showed a gen-
ral concave-up curvature; the exception was for the array with
hicker LSM, where there was evidence of a limiting current at
elatively high current densities >1.8 A cm−2 (3 A cm−2 based
n cell active area). The current–voltage curves were generally
loser to linear at the lesser cathode thickness, perhaps reflecting
larger component of lateral cathode ohmic resistance loss.
Fig. 2 shows the array area-specific conductance (and
esistance), estimated from the low-current slopes of the
urrent–voltage curves (filled symbols), versus LSM thickness
and sheet resistance). The area-specific conductance generally
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v
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ig. 1. Voltage per cell and power density vs. current density for cells with 11-
m-thick LSM layers (a) and 90-�m-thick LSM layers. (b) Power density and
urrent density were calculated based on total array area.

ncreased with increasing cathode thickness, although there was
onsiderable scatter in the data.
ig. 2. Array area-specific conductance and resistance values versus LSM
urrent-collector thicknesses, at various temperatures. Filled symbols indicate
alues measured from the low-current slope of the experimental current–voltage
ata. Open symbols show the dependence calculated using the model.
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Fig. 4. Calculated maximum power densities at 800 ◦C vs. active cell length
for SIS-SOFCs with various cathode sheet resistances (open symbols), taking
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esistance, anode and cathode polarization resistance), resis-
ances associated with lateral current transport across the anode
nd cathode, and the interconnector resistance. The latter term
as negligible in the present case due to the high conduc-

ivity of the Pt-YSZ interconnector. Rcell values were chosen
t each temperature and assumed to be the same for all cells
rrespective of the LSM thickness. That is, the LSM current
ollector thickness was assumed to have negligible impact on
he cathode polarization resistance; this is reasonable because
he LSM–YSZ cathode thickness of ≈20 �m was greater than
he thickness normally thought to contribute to electrochemical
eactions [8]. Also, any additional concentration polarization
ue to the LSM was likely negligible [9]. The key parameters
sed in the resistance-loss calculation are the 1.4 mm cell length
nd the current-collector sheet resistance. The 0.45–0.5 mm
ide current-collector segment, that connects each cell to the

djacent interconnector, was included in the resistance loss.
The predicted area-specific conductance values are com-

ared with the experimental data in Fig. 2. The predicted array
onductance (open symbols) increased with increasing cathode
hickness, but saturated for thicknesses >75 �m. The over-
ll agreement with the experimental data is reasonably good,
espite the scatter in the experimental data. Note that the pre-
icted variation at lower temperatures is quite small—this is
he result of the relatively large Rcell value, which tends to
vershadow the cathode resistance contribution for these short-
ength cells. The Rcell values used in the calculations are plotted
n Fig. 3. Note that they followed the expected Arrhenius depen-
ence on temperature, with an activation energy of ≈1.1 eV.
his value is reasonable assuming that it is a combination of

he ohmic resistance of the YSZ electrolyte (activation energy
1.0 eV [10]) and the electrode polarization resistance (e.g.,
1.5 eV for LSM–YSZ cathodes [8]).
The deviation of the experimental results from the model may

e explained by sample-to-sample variations in our experiments.

he array with the largest cathode thickness was the only case

hat showed a very large deviation, with a much higher power
ensity than predicted. There may have also been a systematic
ariation. That is, an additional firing step was used in cathodes

ig. 3. RCELL values used to obtain the calculated curves shown in Fig. 2,
lotted vs. inverse temperature. The line shown is a fit assuming Arrhenius
ehavior with an activation energy of 1.1 eV.
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CELL = 0.25 cm2. The maximum power density values experimentally mea-
ured at 800 ◦C with LCELL = 1.4 mm are also shown for comparison (solid
ymbols).

ith three or four LSM prints (≥60 �m thickness), resulting in
dditional sintering of the electrochemically active LSM–YSZ
athode layer that might have modified the microstructure and
ielded improved electrochemical performance. However, our
rior work on these cathodes did not show a substantial change
n polarization resistance with LSM–YSZ firing time.

Fig. 4 shows the predicted maximum power density at
00 ◦C versus Lcell, compared with the experimental data at
cell = 1.4 mm. This was calculated for a total inactive length
interconnector plus electrode gaps) of 1.0 mm. This plot illus-
rates that these arrays had Lcell values near the optimal for
he present operating conditions, and again shows the relatively
ood agreement with the model (except for the largest cathode
hickness). According to the calculation, lowering the cathode
heet resistance decreased the cathode resistance loss, shifting
he optimal Lcell from 0.8 to 2.5 mm and increasing the maximum
ower density from 240 to 480 mW cm−2. A similar dependence
as predicted at each temperature but the optimal Lcell values
ere larger at lower temperatures, e.g., at 600 ◦C the optimal
cell increased to the range 2.5–4.75 mm with increasing cath-
de thickness. This was explained by the larger Rcell values
t lower temperature, such that cathode resistance losses only
ecame important for larger cell lengths. Of course, predicted
nd measured power densities were quite low at 600 ◦C.

. Conclusions

For the present cell length of 1.4 mm, LSM thicknesses
75 �m are sufficient to minimize current collection losses. It
ay be desirable in future SIS-SOFC designs to increase Lcell,

.g., to ∼2.5 mm; Fig. 4 illustrates that this can yield higher
ower density if lower sheet resistance cathodes are utilized.
n particular, one of the curves in Fig. 4 was calculated for a
ow sheet resistance of 1 ��−1 (corresponding to a thicker,
260 �m, LSM layer) and shows a 10% higher maximum power
ensity than the thinner LSM layers. However, it would likely be
mpractical to do the large number of screen prints required to

ake such thick LSM layers. A fabrication technique that could
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roduce thick patterned cathode layers onto segmented-in-series
ells would be useful. Alternatively, a more conductive current
ollector material could be used achieve the same effect; for
xample, Ag-based current collectors have been used to achieve
ow resistance losses and good power density (0.3 W cm−2 at
25 ◦C) for cell lengths of 8 mm [11].

The highest measured power density accounting for the full
IS-SOFC area was ≈0.53 W cm−2 at 800 ◦C. This corresponds

o ≈ 0.9 W cm−2 calculated using only the active cell area. There
as a recent report of a power density of ≈0.35 W cm−2 at
.58 V at 835 ◦C for SIS-SOFCs with a similar materials set
nd a cell length of 10 mm [5,12]. However, it was not clarified
hether this was calculated using active or full cell area, nor were

ayer thicknesses given. In any case, the present power densi-
ies were substantially higher, despite the lower temperature of
00 ◦C, presumably due to the shorter cell lengths.
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