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hydrous character that was altered by later ex-
posure of the zircons to crustal metamorphic
fluids. The temperatures measured by our Ti
thermometer provide strong evidence against
this possibility: Even with allowances for
subunity TiO, activity (Fig. 2), they are simply
too low for the zircons to have crystallized
from dry siliceous melts (37). The restricted
range of temperatures suggests, furthermore,
that a highly reproducible set of circumstances
removed melt fertility from rocks under pro-
grade conditions consistent with crustal ana-
texis throughout the Hadean. Temperatures for
zircons >4.2 Ga are sparse, but the present
database hints at a slight down-temperature
“focusing” of typical magmatic conditions be-
tween 4.35 and 4.0 Ga (Fig. 3, inset).

The simplest scenario is melting in an
ensemble of crustal environments not unlike
that of today under conditions at or close to
water saturation. Taken collectively, our zircon
crystallization temperatures mimic expecta-
tions for “modern-day” igneous zircons, with
most pointing to a crustal anatectic origin.

The present results substantiate the exis-
tence of wet, minimum melting conditions at
4.35 to 4.0 Ga inferred from mineral inclusion
studies and are consistent with the early Hadean
hydrosphere hypothesis (9, 10). They strongly
suggest, moreover, that within ~100 million
years of formation, Earth had settled into a
pattern of crust formation, erosion, and sedi-
ment recycling similar to that produced during
the known era of plate tectonics. The rapid
establishment of this cycle implies, further, that
the pace of geologic activity in general (driven
by rapid mantle convection) was much faster in
the Hadean than in more recent times.
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An Octane-Fueled Solid
Oxide Fuel Cell

Zhongliang Zhan and Scott A. Barnett™

There are substantial barriers to the introduction of hydrogen fuel cells for
transportation, including the high cost of fuel-cell systems, the current lack of
a hydrogen infrastructure, and the relatively low fuel efficiency when using
hydrogen produced from hydrocarbons. Here, we describe a solid oxide fuel cell
that combines a catalyst layer with a conventional anode, allowing internal
reforming of iso-octane without coking and yielding stable power densities of
0.3 to 0.6 watts per square centimeter. This approach is potentially the basis
of a simple low-cost system that can provide substantially higher fuel effi-
ciency by using excess fuel-cell heat for the endothermic reforming reaction.

Improving fuel efficiency is one of the key
reasons, along with reduced pollution, for the
adoption of fuel cells for applications such as
transportation. Improving efficiency not only

reduces fuel consumption but also reduces
the associated CO, emission. Although fuel
cells can achieve efficiencies of 50 to 60%,
overall “well-to-wheels” efficiencies are cur-
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rently only ~29% (/) because of the relative-
ly low efficiency of hydrocarbon conversion
(i.e., reforming) to H,, where excess heat must
be added. The efficiency may improve to as
high as 42% as the technology improves but
still may not provide sufficient motivation to
replace lower-cost options such as gasoline-
electric hybrids with efficiencies of ~32%.
Furthermore, H, production from hydrocar-
bons releases as much CO, as does direct use
in an internal combustion engine, and H, is
more expensive than gasoline (2, 3). (Hy-
drogen production from renewable energy
sources is not considered here; although this
will be a truly pollution-free solution, it will
not provide a substantial fraction of global
energy needs in the foreseeable future.)
However, there is a well-known method
to improve well-to-wheels fuel-cell efficien-
cy to ~50% (4) by using excess fuel-cell
heat for the endothermic reforming reaction.
Solid oxide fuel cells (SOFCs) are well suit-
ed for this because their operating tem-
peratures are high enough to provide the
high-temperature heat needed for reforming
(5). There has been considerable recent interest
in SOFCs for efficient auxiliary electrical
power generation for heavy- and light-duty
vehicles, as well as aircraft (6, 7). With re-
ductions in SOFC operating temperature, there
may also be interest in battery/SOFC hybrid
technology for vehicle propulsion, in which
the SOFC would serve as a battery charger
with relatively infrequent cycling (frequent
on-off cycling would likely be problematic
for high-temperature SOFCs). A transportation
SOFC would likely use internal reforming
within the stack, both because the system is
simplified (a separate reformer system is not
needed) and because heat transfer is optimal
(8). Unfortunately, internal reforming of typ-
ical transportation fuels, that is, gasoline and
diesel, has not been successful because they
cause coking on Ni-based SOFC anodes (9).
Here, we describe a SOFC design that
combines a catalyst layer with a convention-
al anode that allows internal reforming of
iso-octane without coking and yields stable
power densities of 0.3 to 0.6 W/cm?. Iso-
octane, a high-purity compound similar to
gasoline, was used in these experiments to
achieve a demonstration of the feasibility of
SOFCs with transportation fuels. This avoids
a number of experimental complications with
commercial fuels, which typically contain a
number of different compounds and additives
with a substantial range of compositions, as
well as relatively large amounts of sulfur con-
taminants that can seriously affect fuel-cell
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performance. The experiments were done with
conventional SOFCs at ~800°C or with low-
temperature (<600°C) SOFCs that may be
more suitable for transportation applications.

Many of the experiments used SOFCs
similar to those being developed worldwide
(10). These SOFCs consisted of a thin yttria-
stabilized zirconia (YSZ) electrolyte layer, a
thick Ni-YSZ anode support, and a com-
posite cathode consisting of La, ;Sr, ,MnO,
(LSM) and 8 mol% Y,0,-stabilized ZrO,
(YSZ) or La, (Sr, ,Co, ,Fe, ;O, (LSCF) and
Ce, ,Gd, |0, o5 (GDC) (4). Without any modi-
fication, these SOFCs were unstable when
used with iso-octane/CO,/H,O fuel streams.
Examples of the decrease in cell voltage for
constant current operation at 770°C with three
different fuel compositions—6% iso-octane/
94% CO,, 3% iso-octane/72% CO,/25%
steam, or 5% iso-octane/76% CO,/19% air—
are shown in Fig. 1. The degradation was
caused by severe coke buildup on the Ni-YSZ
anode, which was visible to the eye in many
cases. A scanning electron microscope energy-
dispersive x-ray spectrum (fig. S2A) (4) taken
from the SOFC anode after degradation
showed a clear carbon peak along with the
expected Ni, Zr, and Y peaks.

REPORTS

Two modifications were required to achieve
stable operation with iso-octane fuel mixtures.
First, a porous catalyst layer—an ~0.5-mm-
thick piece of stabilized zirconia with a thin
layer of Ru-CeO, on both sides (total Ru
loading 2 mg/cm? in all cases)—was placed
against the anode side of the SOFC. The
effect of the catalyst layer can be seen by
comparing curves 1 and 4 in Fig. 1, which
were both obtained with 6% iso-octane bal-
anced by CO,. The cell was much more stable
with the catalyst than without, showing a near-
ly constant voltage, although subsequent obser-
vation indicated very slight carbon deposition
on the catalyst layer. Although the initial cell
voltages in curves 1 and 4 are similar, the cur-
rent density was lower for curve 4 because of
the catalyst layer; the lower current was not
the reason for the improved stability, how-
ever, because SOFC stability against coking
generally degrades as current decreases (7).
Second, the addition of a small amount of air
to the fuel yielded fully stable performance
(curve 5 in Fig. 1) without measurable car-
bon deposits detected on the catalyst layer or
the fuel cell (as shown in fig. S2B) (4).

A differentially pumped mass spectrome-
ter was used to observe the products of the

1.0
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4. 6% C,H,,;+94%CO, 0.6 A/lcm
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o
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No catalyst layer

Fig. 1. Life tests of
anode-supported SOFCs
(Ni-YSZ|YSZ|LSM-YSZ,
LSM) operated on var-
ious iso-octane/CO,/
steam/air mixtures with
or without a catalyst
layer at 770°C.

Fig. 2. Mass spectrometer peak
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Fig. 3. Voltage and A B
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Fig. 4. Calculated equilibrium 60 60 o ductivity in SDC electrolytes (/3). The maxi-
product distribution as a func- @ ) o mum power values were limited in part by the
tion of temperature for a 5% 22 50 co 50 =% increase in slope seen in the voltage-current
iso-octane/9% air/86% CO, in- c o hich Fie. 3B h beh
let fuel mixture. o | 9 curves at high current (Fig. 3B). Such behav-
= 40 {40 3 ior is often attributed to limited gas transport
7] % through one or both electrodes (/4) and is not
O 30§ 130 surprising given the present thick anodes and
g' 8 low H, partial pressures below 600°C (Fig.
o 20 20 = 2). Thus, increasing the fuel H, content by
o o improving the low-temperature catalyst per-
0 10 10 3 formance is one possible means to improve
@« * <5  upon the cell performance in Fig. 3B.
O P
mimiimiioid() O The above results showed that the cata-

fuel reactions on the Ru-CeO, catalyst. A de-
scription of the measurement and typical mass
spectra (fig. S3) are given in (4). For a 5%
iso-octane/9% air/86% CO, mixture flowing
at 100 standard cubic centimeters per minute
(SCCM) over the catalyst, there was no ap-
parent reaction below ~280°C, that is, the H,,
CO, and CH,, peaks were at background levels
whereas CO,, iso-octane, and O, did not de-
crease (Fig. 2). The O, peak decreased with
increasing temperature from ~280°C to 550°C,
which indicates that iso-octane oxidation was
occurring. No change in the iso-octane peak
was detected in this range, because the O,
amount was sufficient to react at most 10%
of the iso-octane. The primary reaction pro-
ducts that can be used by the SOFC, CO, and
H, did not begin to increase measurably until
the temperature reached ~550°C. This change,
along with the corresponding decrease in the
iso-octane peak that became obvious above
~650°C, indicated that dry reforming was
occurring. Above 700°C, a small amount of
methane was observed.

Typical stable cell performance at differ-
ent temperatures in iso-CgH, /CO,/air with
the catalyst layer (Fig. 3A) exhibited open-
circuit voltages from 0.97 to 1.02 V that
tended to increase with decreasing tempera-
ture, which is consistent with the thermody-

800
Temperature (°C)

namically predicted values of 0.99 to 1.03 V.
The maximum power densities ranged from
0.1 W/em? at 570°C to 0.6 W/cm? at 770°C.
The cells were stable over a wide range of
operating conditions, not just the high currents
shown in Fig. 1. For example, cells kept at
zero current for 50 hours with 5% iso-octane/
9% air/86% CO, maintained a stable open-
circuit voltage without coking on the anode
or the catalyst layer (fig. S4) (4).

The results in Fig. 3A illustrate a typical
trend in YSZ-electrolyte SOFCs: Power den-
sities drop significantly below ~650°C (12).
Lower temperature SOFCs are desired for
transportation applications, so we also tested
reduced-temperature SOFCs with thin Sm-
doped ceria (SDC) electrolytes, thick Ni-SDC
supports, and composite cathodes contain-
ing LSCF and GDC. Figure 3B shows an
example of SOFC/catalyst performance with
iso-octane/CO,/air fuel. The catalyst layer
and air addition were found to be important
for maintaining stable, coke-free operation
over typical 50- to 100-hour tests (figs. S5
and S6) (4). The SDC cells yielded maximum
power densities of ~0.35 W/cm? at 570°C, a
value comparable to those reported for other
SDC-electrolyte cells operated on H, (/3).
The open-circuit voltage was relatively low
for these cells because of the electronic con-

lyst layer was crucial for allowing stable cell
operation without coking. Based on the ther-
modynamic analysis shown in Fig. 4, the
present fuel compositions were stable against
coking at temperatures >720°C but were
within the coking regime for the lower tem-
perature cells. Coking can still occur on Ni
catalysts even under thermodynamically non-
coking conditions (9). Recent studies have
shown that Ni is especially well suited for
growing carbon fibers (/5). Coking from
carbon-containing gases on metal catalysts
like Fe or Co has also been observed (16). It
is nonetheless desirable to use Ni or similar
metals in SOFC anodes because they are
very good electrochemical catalysts (/7). Re-
cent studies have used Cu as an anode con-
ductor because it is inert against coking and
reforming; unfortunately, it is not a good elec-
trochemical catalyst, such that power den-
sities were typically relatively low (/§).

The present cells had conventional Ni-
based anodes to achieve good power densi-
ties and a catalyst layer to prevent coking.
The lack of coking at the Ni-based anode can
be explained by reforming at the Ru-Ceria
catalyst layer, which eliminated most of the
hydrocarbon species before the fuel reached
the anode. A key element of this strategy was
the choice of a catalyst metal, Ru, that pro-
motes hydrocarbon reforming but does not
itself cause coking (/9). For some of the con-
ditions used here (<720°C), coking was expect-
ed (Fig. 4), yet no carbon was observed on the
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catalyst layer in any case, even for the low-
temperature experiments (fig. S6B). The coking
on Ru was presumably kinetically limited.

There are three minor drawbacks to the
catalyst layer. First, it is expected to reduce
the rate at which fuel can diffuse to the anode,
thereby decreasing cell power density. Indeed,
test results at 770°C typically showed lower
power densities of ~0.6 W/cm? with the cata-
lyst layer compared with initial values (prior
to degradation) of 0.8 to ~1 W/cm? without
the layer. Second, because the catalyst layer
was electrically insulating in the present ex-
periments, electrical current collection could
be an issue. However, a slight modification
of a typical interconnect design, in which
the catalyst layer is present only in the in-
terconnect gas-flow channels as shown sche-
matically in fig. S7 (4), could be used to
provide good current collection. Third, Ru is
expensive, although less so than precious
metal catalysts such as Pt and Rh. As dis-
cussed in the supplemental materials (4), this
cost should not be prohibitive for reasonable
Ru loadings.

The other factor required for stable cell
operation was having at least 10% air in the
fuel mixture. This represents a 2% oxygen ad-
dition to the fuel, and it is not clear what role
this plays in preventing coking. One possi-
bility is that the oxygen helps remove carbon
on the catalyst. Although the addition of oxy-
gen amounts to burning some of the fuel, the
amount of air is too small to substantially
reduce the efficiency or to substantially dilute
the fuel with nitrogen.

The present results compare favorably with
other recently reported methods for using heavy
hydrocarbon fuels in SOFCs. SOFCs have re-
cently been reported to operate successfully
on N,-diluted gasoline (/8) and other heavy
hydrocarbon fuels (20). However, the power
densities were substantially lower (0.1 W/cm?)
than in the present results. Prototype SOFC
systems have recently been developed for
vehicle auxiliary electrical power using ex-
ternal partial-oxidation reforming of gasoline
to produce a hydrogen-rich fuel (6). However,
partial-oxidation reforming has substantially
lower efficiency than is possible with H,O-
CO, reforming (21). In cases where reform-
ing is done within the stack but away from
the cells (22) or in an external reformer (23),
heat transfer is not as good and additional
hardware is required. One disadvantage of di-
rect internal reforming is that the endothermic
reaction may be too rapid and may cause sub-
stantial SOFC or catalyst cooling near the fuel
inlet (24). The present catalyst layer may have
an advantage in this regard, because the cata-
lyst material can be varied to suitably adjust
the rate of the reforming reaction. The addi-
tion of oxygen to the fuel also helps mitigate
this cooling because of the exothermic partial-
oxidation reaction.

The present small-scale demonstrations
show the feasibility of SOFCs fueled by hy-
drocarbons such as iso-octane, with substan-
tial advantages including high efficiency, a
relatively simple system design, and reduced
operating temperature. However, more work
needs to be done to prove that this approach
is practical with real fuels such as gasoline,
diesel, and aircraft fuels; recently developed
techniques for reducing sulfur contamination
to low levels (25) may be especially useful.
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From Dimming to Brightening:
Decadal Changes in Solar
Radiation at Earth’s Surface
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Variations in solar radiation incident at Earth’s surface profoundly affect the
human and terrestrial environment. A decline in solar radiation at land sur-
faces has become apparent in many observational records up to 1990, a phenom-
enon known as global dimming. Newly available surface observations from
1990 to the present, primarily from the Northern Hemisphere, show that the
dimming did not persist into the 1990s. Instead, a widespread brightening has
been observed since the late 1980s. This reversal is reconcilable with changes
in cloudiness and atmospheric transmission and may substantially affect sur-
face climate, the hydrological cycle, glaciers, and ecosystems.

Solar radiation at Earth’s surface (also known
as global radiation or insolation) is the primary
energy source for life on our planet. Wide-
spread measurements of this quantity began
in the late 1950s. Trends in worldwide dis-
tributed observational records of solar radi-
ation have been proposed in various studies
(I-5). These studies report a general decrease
of sunlight over land surfaces on the order
of 6 to 9 W m~2 from the beginning of the
measurements in about 1960 until 1990, cor-

responding to a decline of 4% to 6% over 30
years. Such a decrease may profoundly in-
fluence surface temperature, evaporation, the
hydrological cycle, and ecosystems, as noted
in (6-10).

Thus far, no study has addressed the evolu-
tion of solar radiation from 1990 onward, be-
cause extensive observational data after 1990
were not easily accessible. The main source
for data prior to 1990 in (/-5) was the Global
Energy Balance Archive (GEBA) (/7), which
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