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Fuel cells directly and efficiently convert chemical energy to
electrical energy1. Of the various fuel cell types, solid-oxide fuel
cells (SOFCs) combine the benefits of environmentally benign
power generation with fuel flexibility. However, the necessity for
high operating temperatures (800–1,000 8C) has resulted in high
costs and materials compatibility challenges2. As a consequence,
significant effort has been devoted to the development of intermediate-temperature (500–700 8C) SOFCs. A key obstacle to
reduced-temperature operation of SOFCs is the poor activity of
traditional cathode materials for electrochemical reduction of
oxygen in this temperature regime2. Here we present Ba0.5Sr0.5Co0.8Fe0.2O32d(BSCF) as a new cathode material for reducedtemperature SOFC operation. BSCF, incorporated into a
thin-film doped ceria fuel cell, exhibits high power densities
(1,010 mW cm22 and 402 mW cm22 at 600 8C and 500 8C, respectively) when operated with humidified hydrogen as the fuel and
air as the cathode gas. We further demonstrate that BSCF is
ideally suited to ‘single-chamber’ fuel-cell operation, where
anode and cathode reactions take place within the same physical
chamber3. The high power output of BSCF cathodes results from
the high rate of oxygen diffusion through the material. By
enabling operation at reduced temperatures, BSCF cathodes
may result in widespread practical implementation of SOFCs.
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The primary function of the cathode in a fuel cell based on an
oxygen-conducting electrolyte is to facilitate the multistep electrochemical reduction of oxygen4:
1=2 O2 ðgasÞ þ 2e2 ðcathodeÞ ! O22 ðelectrolyteÞ

ð1Þ

In a single-chamber fuel cell, the cathode must furthermore be
inactive towards oxidation of fuel, and operation at reduced
temperatures is essential to minimize undesirable gas-phase reactions2 (Supplementary Fig. 1). In the present work, we use BSCF as a
new cathode material and demonstrate excellent performance in
both dual-chamber and single-chamber configurations at temperatures lower than 600 8C. This material, a cubic perovskite (Supplementary Fig. 2) in the BaCoO32d–SrCoO32d system, was first
developed as a high-temperature (.800 8C) oxygen permeation
membrane material5,6. Unlike typical cathodes, the A-site cation of
BSCF perovskite is an alkaline-earth species rather than a rare-earth
element.
We first measured the polarization resistance of BSCF by
two-electrode impedance methods using symmetric
BSCFjelectrolytejBSCF cells, where the electrolyte was ,1-mmthick 15 mol% samaria-doped ceria (SDC). As is standard in this
field, we use the term area specific resistance (ASR) to describe all
resistance terms associated with the electrode, whether they occur at
the gas–cathode interface, within the bulk of the cathode, or at the
cathode–electrolyte interface. Data were collected under a uniform
air atmosphere, both with (three-electrode) and without (twoelectrode) a reference electrode; the three-electrode configuration
allowed direct measurement of the half-cell voltage with and without an applied direct current. The cathode ASR (Fig. 1a) was
determined from raw impedance plots as indicated in Fig. 1b,
where the high-frequency offset is due primarily to the electrolyte
resistance and the radius of the complete arc to the cathode
resistance. The ASR, as determined by both techniques, was
remarkably low: 0.055–0.071 Q cm2 at 600 8C, and 0.51–0.60 Q cm2
at 500 8C. Furthermore, the measured value dropped from
,0.60 Q cm2 to ,0.27 Q cm2 at 500 8C under an applied current
of 0.14 A cm22. Cells fabricated using silver alone as the cathode
showed ASR values ,1,000 times larger (Supplementary Fig. 3),
demonstrating that silver paste, used to attach silver mesh leads,
served only as a current collector. The ASR of the BSCF cathode
reported here is substantially lower than that of other single-phase
perovskite cathodes measured under similar conditions, and comparable to that of the best composite systems7–10.
The performance of the BSCF cathode in a conventional, dualchamber fuel cell was then investigated, again using SDC as the
electrolyte. A thin (20 mm) electrolyte layer was supported on a 700mm-thick Ni þ SDC anode, with a 10–20-mm-thick BSCF cathode
layer deposited on the opposing side, after first depositing an
additional porous interlayer of SDC (,5 mm in thickness). Air
was supplied to the cathode chamber and humidified H2 (3% H2O)
to the anode chamber. Peak power densities of ,1,010 mW cm22
and 402 mW cm22 were obtained at respectively 600 8C and 500 8C
(Fig. 2a). These values are more than twice those measured in our
laboratory for a similar cell but with SSC þ SDC as cathode
(Supplementary Fig. 4). In addition to the polarization curves,
the cell resistances under open-circuit conditions were measured at
various temperatures by impedance spectroscopy. The electrode
polarization resistance (the sum of anode and cathode ASRs) is only
about 0.021 Q cm2 at 600 8C, and 0.135 Q cm2 at 500 8C (Fig. 2),
amounting to just 14% and 26% of the resistance of electrolyte at
these respective temperatures (Supplementary Fig. 5). It is noteworthy that composite SDC þ BSCF cathodes, although still very
active for oxygen electroreduction, yielded lower power densities
than simple BSCF cathodes.
The trilayer fuel cell was further operated in a single-chamber
configuration with a propane þ O2 þ He mixture in a 4:9:36
volumetric ratio as the feed gas, and a total flow rate of
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490 ml min21. A peak power density of ,391 mW cm22 was
observed at a furnace set temperature of 575 8C, with a current
density at short circuit of ,1.9 A cm22. At 525 8C the respective
values were , 358 mW cm22 and ,1.7 A cm22. Upon modifying
the BSCF cathode to incorporate 30 wt% SDC, significant improvements in power density were observed in single-chamber mode over
simple BSCF. At a furnace set temperature of 500 8C, a peak power
density of ,440 mW cm22 was achieved (Fig. 3). Hibino et al.3
reported a comparably high peak power density of 403 mW cm22 at
500 8C for an electrolyte-supported fuel cell using SSC þ SDC as the
cathode and ethane as the fuel. However, this cathode was incompatible with propane at temperatures higher than 450 8C (ref. 3). It
should be noted that, because of the heat release during partial
oxidation at that anode, the real temperature of the single-chamber
fuel cell is about 150–245 8C higher than the furnace temperature,
depending on the operation conditions (Supplementary Fig. 6).
This self-heating in SCFC mode explains the higher power densities
obtained from single-chamber than from dual-chamber fuel cells at
nominally low temperatures (compare Figs 2a and 3).
The mechanisms responsible for the excellent performance of

Figure 1 The area specific resistance (ASR) of the cathode material BSCF under air,
measured both with (three-electrode, half cell) and without (two-electrode, symmetric
cell) a reference electrode. a, ASR as a function of temperature, and b, a typical
impedance spectrum, as obtained from the two-electrode, symmetric cell at 500 8C (raw
impedance data have been multiplied by the fuel-cell active area, 0.71 cm2, so that the
cathode ASR corresponds directly to the diameter of the arc associated with the cathode
response). The electrolyte, 15 mol% samaria-doped ceria (SDC), is about 1 mm thick, and
each electrode about 20 mm thick. The activation energy for the overall cathode resistance
is 116 kJ mol21, comparable to that determined for the surface exchange process,
indicating that surface exchange at the cathode–air interface is the rate-limiting step.
NATURE | VOL 431 | 9 SEPTEMBER 2004 | www.nature.com/nature

BSCF as a fuel-cell cathode were identified by oxygen permeability
measurements (Supplementary Figs 7–9) and extensive impedance
spectroscopy studies of symmetric cells (Supplementary Figs 10,
11). The oxygen permeation measurements, combined with thermal gravimetric analysis to determine the oxygen vacancy concentration as a function of oxygen partial pressure, revealed that the
oxygen vacancy diffusion rate is 7.3 £ 1025 cm2 s21 at 775 8C and
1.3 £ 1024 cm2 s21 at 900 8C (temperatures at which such measurements could be accurately performed), from 2 to 200 times greater
than that of comparable cathode perovskites11,12. In addition, the
activation energy for oxygen diffusion in BSCF was found to be less
than half that for oxygen surface exchange, 46 ^ 2 kJ mol21 versus
113 ^ 11 kJ mol21, suggesting that oxygen surface exchange is the
rate-limiting step at low temperatures and that the exceptionally
high oxygen diffusivity through BSCF gives it its overall high rate of
oxygen electro-oxidation. The oxygen ion conductivity is, in fact,
higher than that of SDC. It is for this reason that introduction of a
small amount of the electrolyte material decreases cathode performance in dual-chamber configuration, rather than increasing it,
as is otherwise observed (for example, in composite LSM þ YSZ
cathodes13).
Impedance spectroscopy of the symmetric cells strongly supported the conclusions of the permeability measurements: specifically, that oxygen diffusion is rapid and surface exchange kinetics are

Figure 2 Performance obtained from a Ba0.5Sr0.5Co0.8Fe0.2O32d
(,20 mm)jSm0.15Ce0.85O22d (,20 mm)jNi þ Sm0.15Ce0.85O22d (,700 mm) fuel cell.
Air was supplied to the cathode (400 ml min21 at STP) and 3% H2O-humidified H2 was
supplied to the anode (80 ml min21 at STP). a, Cell voltage and power density as functions
of current density, and b, ASRs of the electrodes (sum of anode and cathode
contributions) measured under open circuit conditions. The peak power density reaches
1 W cm22 at 600 8C.
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rate-limiting. In particular, (1) good linearity of the cathode ASR
versus reciprocal temperature was observed over the temperature
range investigated, 400–725 8C, and the derived activation energy,
,116 kJ mol21, was almost identical to that determined for the
oxygen surface exchange step (113 ^ 11 kJ mol21). (2) At low
temperatures, the cathode ASR was sensitive to the presence of
CO2 and H2O in the atmosphere, gases which could only affect
surface and not bulk properties. Carbon dioxide increased the
interfacial resistance whereas steam decreased it (Supplementary
Fig. 10). (3) An increase in the cathode thickness decreased the ASR
(without changing the activation energy) (Supplementary Fig. 11),
presumably as a result of increasing the area over which surface
exchange could occur. (4) The possibility that interfacial charge
transfer could be the rate-limiting step is eliminated by the fact that
no arc that could be associated with this step appeared in the
impedance data.
The observation that the apparent cathode ASR drops under
applied current (without detectable changes in structure as determined by ex situ X-ray diffraction), Fig. 1a, is additionally consistent
with a picture in which the surface exchange step is rate-limiting.
Specifically, it is known that oxygen adsorption and desorption rates
can differ significantly, with desorption occurring much more
slowly than adsorption14. In the absence of an applied current
there is no net ion flux, and thus the adsorption and desorption
processes contribute equally to the measured resistance. Under an
applied current, however, net adsorption occurs at the electrode
functioning as the cathode, and the measured rate is dominated by
this faster process, resulting in the observed reduction in ASR. Such
an effect could not occur for an overall process limited by bulk
diffusion.
A key characteristic of a useful cathode for single-chamber fuelcell applications is a low activity towards fuel oxidation under the
oxidant þ fuel environment. It is notable that, together with its
high activity of oxygen electroreduction, BSCF exhibits the quality
of low activity towards propane oxidation. Under stoichiometric
conditions (O2:C3H8 ¼ 5:1 with 95 vol.% helium) and at 500 8C,
the propane conversion rates over BSCF, LSCF and SSC are 5.3%,
35.5% and 16.1%, respectively (Fig. 4). The high activity of SSC

Figure 3 Cell voltage and power density as functions of current density obtained in singlechamber mode from a Ba0.5Sr0.5Co0.8Fe0.2O32d þ Sm0.15Ce0.85O22d
(,20 mm)jSm0.15Ce0.85O22d (,20 mm)jNi þ Sm0.15Ce0.85O22d (,700 mm) fuel cell.
The BSCF:SDC ratio in the cathode was 70:30 by weight. A mixture of propane, oxygen
and helium, flowing (at STP) at 40 ml min21, 90 ml min21 and 360 ml min21,
respectively, was used as the feed gas. The temperature reported is that of the furnace;
local heating due to partial oxidation at the anode can result in considerably higher
temperatures (DT < 188–240 8C, Supplementary Fig. 6). The peak power density is
relatively insensitive to furnace temperature, broadly peaking at 500 8C at a value of
,440 mW cm22.
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towards propane oxidation is probably responsible for the relatively
poor performance of this cathode3. Incorporation of electrolyte
material into the BSCF cathode under the single-chamber fuel-cell
configuration improves performance (unlike the dual-chamber
results), and we speculate that the electrolyte is beneficial for
limiting the detrimental influence of in situ generated CO2 on the
oxygen surface exchange kinetics of BSCF.
For practical applications, in addition to high power density,
good fuel-cell stability is essential. Degradation can occur either by
reduction/phase decomposition under low oxygen partial pressures
or by phase segregation under an oxygen partial pressure gradient.
Whereas phase segregation under a steep oxygen concentration
gradient has been reported for BSCF5,15, such conditions are unlikely
to exist in the fuel-cell cathode because of rapid oxygen diffusion
through BSCF. Furthermore, we found that reduction of BSCF
occurs only at oxygen partial pressures of ,1026–1028 atm. These
partial pressures are equivalent to cathode polarization drops of
0.20–0.23 V at 500–600 8C for a cell exposed to ambient air at the
cathode. At lower temperatures, polarization losses increase, as does
the tendency towards phase segregation, and thus stability at low
temperatures provides a stringent measure of long-term viability. A
preliminary examination of stability was carried out using a dualchamber fuel cell with a BSCF-based cathode, operated at 390 8C
under an air/3% humidified H2 gradient. The cell showed essentially
stable performance within the test period of 120 h (Supplementary
Fig. 12). Under the fuel-rich, single-chamber conditions employed
above, the thermodynamic oxygen partial pressure is as low as
10228 atm at 500 8C, conditions that could well induce the reduction
of BSCF. Because such reduction was not observed in our experiments, we conclude that the poor activity of BSCF for propane
oxidation results in local oxygen partial pressures in the vicinity of
the cathode which are high enough to prevent reduction of cobalt.
The present study demonstrates that very high power densities
can be achieved at low temperatures in both dual-chamber and
single-chamber fuel cells using Ba0.5Sr0.5Co0.8Fe0.2O32d as a cathode. A significant fraction of the overall cell resistance even at 500 8C
(,74%) in dual-chamber configuration is attributable to the 20mm-thick electrolyte. The SDC used here has a measured conductivity of ,4.7 £ 1023 S cm21 at 500 8C (Supplementary Fig. 5),
which is lower than the best reported value for doped ceria,
,9.5 £ 1023 S cm21 (ref. 16). Thus, a decrease in electrolyte resist-

Figure 4 Comparison of the catalytic activities of BSCF (Ba0.5Sr0.5Co0.8Fe0.2O32d), SSC
(Sm0.5Sr0.5CoO32d), and LSCF (La0.6Sr0.4Co0.2Fe0.8O32d) oxides towards propane
oxidation under stoichiometric conditions. Test samples were exposed to a mixture of
propane, oxygen and helium flowing (at STP) at 40 ml min21, 90 ml min21 and
360 ml min21, respectively. Powders were calcined for 5 h at appropriate temperatures
so as to yield comparable specific surface areas: BSCF at 900 8C (0.62 m2 g21), SSC at
1,050 8C (0.66 m2 g21) and LSCF at 1,100 8C (0.65 m2 g21). Low catalytic activity of
BSCF is advantageous for single-chamber fuel-cell operation.
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ance by a factor of two could realistically be achieved by optimization of its synthesis and composition, or by reduction of its
thickness to ,10 mm (as has already been achieved in the literature17), and can be anticipated to result in a peak power density of
.600 mW cm22 at 500 8C. Additional increases in power density
may be achieved through precise control of the cathode architecture
using advanced preparation methods to maximize the surface area
over which the oxygen exchange reaction can occur. These steps
would probably also yield benefits for operation under singlechamber fuel-cell mode. In addition, a detailed study of possible
degradation due to phase segregation induced by the oxygen flux
through the cathode, particularly at high current densities, may be
necessary for evaluating the long-term viability of BSCF cathodes.A

Methods
Cathode powder preparation
Phase-pure Ba0.5Sr0.5Co0.8Fe0.2O32d, Sm0.5Sr0.5CoO32d and La0.6Sr0.4Co0.2Fe0.8O32d
powders were synthesized by a sol–gel method in which the appropriate metal nitrates
were dissolved in water, and a combination of EDTA and citric acid served as complexing
agents. Mild heating induced gelation of the solution, and the resulting gel was held at
250 8C for 12 h to remove organics, and then calcined for 5 h under stagnant air at 900–
1,050 8C.
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Fuel-cell fabrication
Electrolyte-supported symmetric cells for impedance studies were prepared by nitrogenborne spray deposition of BSCF powder suspended in isopropyl alcohol onto both sides of
an SDC electrolyte disk (,1 mm), followed by calcination at 1,000 8C for 5 h under
stagnant air. Silver mesh was attached to the electrode surfaces using silver paste as the
current collector. Anode-supported thin-film electrolyte fuel cells (trilayer cells) were
fabricated using a dual dry-pressing method. The anode, formed from a 60:40 wt%
mixture of NiO and SDC powders was dry-pressed into a pellet, and then an electrolyte
powder was distributed on the anode surface and co-pressed with the anode. The resultant
bilayer was calcined at 1,350 8C for 5 h in air, and then reduced at 600 8C under flowing
hydrogen for 5 h. Either simple BSCF or a 70:30 (by weight) BSCF þ SDC powder mixture
dispersed in isopropyl alcohol was sprayed on the electrolyte surface. The cell was calcined
at 1,000 8C for 5 h under flowing nitrogen. The final fuel cells had the following properties:
diameter of 1.33 cm, anode thickness of 0.7 mm, anode porosity of ,46%, electrolyte
thickness of ,20 mm, cathode thickness of 10–20 mm, and cathode porosity of ,30%.
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Fuel-cell electrochemical characterization
Both symmetric cells and complete trilayer fuel cells were placed in an in-house
constructed measurement station, and polarization curves collected using a Keithley 2420
source meter based on the four-probe configuration. In the case of dual-chamber
measurements, the trilayer cell was sealed to a quartz tube using silver paste, the cathode
side was open to air, and the anode side was exposed to 3% H2O-humidified H2 at a flow
rate of 80 ml min21 at STP. For the single-chamber fuel-cell test, the whole cell was place in
a quartz tube reactor with an inner diameter of 15 mm. Digital mass flow controllers (Aera
FC-D980C) were used to introduce propane, oxygen and helium gases to the reactor at
various flow rates.

The transition to a sulphidic ocean
, 1.84 billion years ago
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Electrochemical impedance test
The ASR of BSCF cathode was measured in the two-electrode symmetric cell configuration
under air. Impedance measurements were performed using a Solartron 1260A frequency
analyser under open circuit conditions from 10 mHz to 105 Hz. The three-electrode halfcell test was conducted by fixing an additional silver electrode to the middle edge of the
SDC as a reference electrode, and then measuring the impedance between the working and
reference electrodes measured under both open circuit conditions and current
polarization conditions using a combined Solartron 1260A frequency response analyser
and a PAR EG&G 273A potentiostat/galvanostat. The impedance of the single cell was also
measured under asymmetric atmospheres under open circuit conditions.

Catalytic activity
The catalytic activity of BSCF and other cathode materials towards propane oxidation was
tested in a flow-through quartz reactor with a 6 mm inner diameter, containing a fixed bed
of 0.3 g catalyst mixed with 1.5 g of silica granules. A gas mixture of He þ C3H8 þ O2 was
passed through the reactor, which was heated to various temperatures using an electrical
furnace. The effluent gas was analysed using an in-line Varian CP-4900 Micro GC.
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The Proterozoic aeon (2.5 to 0.54 billion years (Gyr) ago) marks
the time between the largely anoxic world of the Archean
(>2.5 Gyr ago)1 and the dominantly oxic world of the Phanerozoic (<0.54 Gyr ago). The course of ocean chemistry through the
Proterozoic has traditionally been explained by progressive
oxygenation of the deep ocean in response to an increase in
atmospheric oxygen around 2.3 Gyr ago. This postulated rise in
the oxygen content of the ocean is in turn thought to have led to
the oxidation of dissolved iron, Fe(II), thus ending the deposition
of banded iron formations (BIF) around 1.8 Gyr ago1,2. An
alternative interpretation suggests that the increasing atmospheric oxygen levels enhanced sulphide weathering on land and
the flux of sulphate to the oceans. This increased rates of sulphate
reduction, resulting in Fe(II) removal in the form of pyrite as
the oceans became sulphidic3. Here we investigate sediments
from the ,1.8-Gyr-old Animikie group, Canada, which were
deposited during the final stages of the main global period of BIF
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