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the Lake Tahoe sequence is most likely in
response to rock failure due to a high strain
rate, typical of dike injection (7). The injec-
tion front of a propagating dike is reflected by
the temporal progression of earthquake
depths, whereas the high-frequency character
of the events requires brittle failure of rock at
the crack tip. Also, tensile failure along east-
dipping structures would be consistent with
east-west extension along the Great Basin
Sierra Nevada transition near Lake Tahoe.
High dilatational strain rates are inferred
from GPS data in the Lake Tahoe region (Fig.
4). SLID deformation and the character of the
earthquake swarm are consistent with magma
injection. The volumetric source required to
fit SLID observations would correspond to a
~1-m-thick dike over the area of the imaged
structure at depth. Dipping eastward at 50°,
the lower-crustal structure would project to
the surface west of the Sierra Nevada Great
Basin frontal fault system west of Lake Ta-
hoe. However, if a Sierra Nevada/Great
Basin—bounding structure, or structural zone,
shallows eastward into the lower crust, the
event may have taken place near or within
this structural boundary.

Periodic aseismic transient deformation
in the Cascadia subduction zone is associ-
ated with deep-crustal LP earthquakes (25
to 45 km in depth) with tremor-like seismic
signatures (20, 21). Outside of subduction
regions, however, deep brittle—failure
earthquakes are uncommon because of the
predominance of a brittle-ductile transition
in the mid-crust and increased temperature
with depth. Brittle failure at these depths
requires localized high strain rates that can
result from magma injection. Deep earth-
quakes observed in the western Sierra Ne-
vada foothills (22) may be in response to
the same mechanism (Fig. 4). We suggest
that this magmatic phenomenon should not
be viewed as a likely precursor to volcanism,
but rather as part of the tectonic cycle of
lower-crustal evolution, perhaps providing a
mechanism to sustain crustal thickness and
crustal strength in zones of extension.
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Powering Fuel Cells with CO via
Aqueous Polyoxometalates and
Gold Catalysts

Won Bae Kim, T. Voitl, G. ). Rodriguez-Rivera, J. A. Dumesic*

Electricity was produced by catalytic oxidation of carbon monoxide (CO) by
using gold catalysts at room temperature. The observed rates are faster than
conventional processes operating at 500 kelvin or higher for the conversion of
CO with water to produce hydrogen and carbon dioxide through the water-gas
shift (WGS). By eliminating the WGS reaction, we remove the need to transport
and vaporize liquid water in the production of energy for portable applications.
This process can use CO-containing gas streams from the catalytic reforming
of hydrocarbons to produce an aqueous solution of reduced polyoxometalate
compounds that can be used to generate power. The reduced polyoxometalate
can be reoxidized in fuel cells that contain simple carbon anodes.

The production of H, for fuel cells typically
involves the initial formation of a mixture of
H,, CO, and CO, from hydrocarbons or
oxygenated hydrocarbons (/-5), followed by
the water-gas shift (WGS) reaction (CO +
H,O0 — CO, + H,) to achieve the high
conversions of CO to CO, (6—9) necessary
for proton-exchange membrane (PEM) fuel
cells, in view of the strong poisoning effects
of CO on Pt-based anodes (/0). The WGS
reaction represents a major bottleneck in the
production of H, because this exothermic
reaction is slow at the low temperatures
(~500 K) required to achieve favorable equi-
librium conversions. In addition, the WGS
reaction imposes an important limitation for
the production of H, for portable applications
because large amounts of liquid water must
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be transported and vaporized. Here, we dem-
onstrate a process that bypasses the WGS
reaction during the production of fuel-cell-
grade H, by using the CO directly as an
additional source of energy from H, streams.
This process is especially promising for the
production of electrical energy from renew-
able biomass-derived oxygenated hydrocar-
bons because these reactants have C:O stoi-
chiometric ratios equal to 1:1, and they there-
fore generate H, and CO in nearly equal
amounts during catalytic decomposition.
Our process for oxidation and use of CO
involves the reaction of CO and liquid water
with a reducible polyoxometalate (POM)
compound, such as H;PMo,,0,,, that serves
as a strong oxidizing agent for CO and as an
energy-storage agent for electrons and pro-
tons, over gold nanotubes or nanoparticles,
and it takes advantage of the high catalytic
activities of gold nanoparticles for CO oxida-
tion (/7/-13), especially in the presence of
liquid water (14, 15). This catalytic process
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can be accomplished at room temperature,
whereas the WGS reaction must be operated
at elevated temperatures (at least 400 K and
typically above 500 K) (6, /6). In our pro-
cess, CO is removed from the gas stream by
oxidizing it to CO,, thereby forming an aque-
ous solution of reduced POM species accord-
ing to the following representative reaction:

CO(g) + Hzo(l) + PM0120403-(aq) -

COy + 2H " + PM0,,0407 gy

This solution contains stored energy in the
form of protons and electrons associated with
reduced metal cations that can be reoxidized
readily at a fuel-cell anode by the transfer of
electrons from the POM to the electrode and
the transport of protons through the PEM to
the cathode. Accordingly, this process for CO
oxidation not only removes CO from gas
streams for fuel cells, but also converts the
energy content of CO into a liquid that can
subsequently be used to power a fuel cell.
Thus, whereas previous studies of CO oxida-
tion have used irreversible oxidizing agents
such as O, (I7, 18), our process uses
aqueous-phase POM compounds that under-
go reversible oxidation-reduction reactions.
In this way, the reducible POM compound fa-
cilitates the CO removal step by undergoing
reduction, and the reduced POM then serves as
a fuel for the electrical energy generation step
by undergoing oxidation at a fuel-cell anode.
Thus, the use of the POM species as redox
shuttle eliminates the need to convert CO with
H,O0 to gaseous H, and CO, as an intermediate
reaction for power generation.

To illustrate a possible application of our
process for CO use, we consider ethylene
glycol as a fuel source, which decomposes
according to the stoichiometric reaction

C,0,Hggy —> 2COy, + 3H,

This reaction can be carried out by using a
supported catalyst (for example, 3 weight
percent Pt/Al,05) with CO and H, selectivi-
ties of 90% or greater with 50% conversion
of ethylene glycol at the temperatures near
500 K. Ethylene glycol dissociation is endo-
thermic (234 kJ mol ') and requires combus-
tion of 0.83 moles of CO for an energetically
neutral process to produce 3 moles of H, and
1.17 moles of CO for energy production. If
the H, and CO are separated, then the H, can
be sent to a PEM fuel cell operating at 50%
efficiency, 0.83 moles of CO can be com-
busted, and the remaining 1.17 moles of CO
can be converted to electrical energy at 0.35
V (corresponding to ~25% of the standard
Gibbs free-energy change for CO combus-
tion). The overall efficiency for production of
energy from the ethylene glycol fuel by this
process is equal to 40%. This process does
not require the use of water, as would be
needed for ethylene glycol reforming (2, 3).

www.sciencemag.org SCIENCE VOL 305 27 AUGUST 2004

C,0,Hgq) + 2H,0(5) —> 2CO0;y,) + SHy,

In this respect, the energy content of liquid
ethylene glycol is about 20 kJ cm ™2 (equal to
60% of the value for octane), whereas the
energy content of a stoichiometric liquid mix-
ture of ethylene glycol and water is about 10
kJ cm™3. In contrast, the energy density of H,
at a pressure of 690 bar (~10,000 psi) is only
equal to about 7.5 kJ cm 3. Moreover, the
ethylene glycol fuel is nonflammable and can
be stored safely.

Figure 1 shows a schematic representation
of the reactor system used to study the reduc-
tion of aqueous solutions of POM compounds
by CO in a gold nanotube membrane reactor
and the subsequent generation of electrical
energy from these reduced POM solutions
that contain protons in the aqueous phase and
electrons associated with the POM. Most of
our studies were carried out using aqueous
solutions of H;PMo,,0,, [which has the
Keggin structure comprised of tetrahedral
PO, surrounded by 12 octahedral MoO (19)]
as the POM oxidizing agent, which is yellow
in color and stable at temperatures up to 473
K in solid form. Reaction with CO over the
gold catalyst leads to the formation of CO,
and an aqueous solution that has the charac-
teristic deep blue color that is caused by
charge transfer between Mo>* and neighbor-
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ing Mo®" species (20). The reduction of
H,PMo,,0,, by CO does not take place at
room temperature without the gold catalyst.
This aqueous solution containing reduced
POM species was delivered to a fuel cell
constructed with an anode fashioned from a
gold nanotube membrane or made from a
simple carbonlike graphite without any pre-
cious metal. The cathode of the fuel cell was
comprised of Pt supported on carbon for cas-
es in which O, was used as the oxidizing
agent (the upper fuel cell system in Fig. 1).
For cases in which the oxidizing agent was an
aqueous solution of H;PMo,,0,,, the cath-
ode was composed of a gold nanotube mem-
brane or made from carbon (the lower fuel
cell system in the figure). The latter case is a
completely precious metal—free fuel-cell sys-
tem. Oxidation of the reduced POM solution
at anode does not require a precious-metal
electrode because the protons and electrons
have already been separated during the CO
oxidation step over the gold catalyst.

The rate of CO, production (Fig. 2) with
aqueous solutions of POM compounds on
gold nanotube membranes increases with the
concentration of the aqueous POM solution
up to 0.05 M, and the rate is first order with
respect to the partial pressure of CO in the
gas stream. [Images of gold nanotubes from
scanning electron microscopy are presented

Fig. 1. Schematic dia-
gram of the mem-
brane reactor coupled
with fuel cells to study
CO oxidation at the
membrane reactor and
energy transfer at the
fuel cells. (1) CO inlet,
(2) CO, outlet, (3) oxi-
dized POM inlet, (4) re-
duced POM outlet
from membrane reac-
tor and from fuel cell
cathode or inlet to the
fuel cell anodes, (5) O,
inlet, (6) H,O outlet,
(a) gold nanotube
membrane catalyst af-
ter RIE for the interface
of CO gas and liquid
POM solution, (b) elec-
trodes fashioned from
a simple carbon or gold
nanotube membrane
with surface gold, (c)
Nafion PEM, and (d)
cathode made of Pt/C.
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in fig. S1 (21).] The rate is enhanced when the
gold nanotubes within the track-etched pores of
polycarbonate template were exposed from the
polycarbonate to a depth of 1 to 2 wm by
selectively etching the membrane using reactive
ion etching (RIE) with an O, plasma (22). The
rate of CO oxidation per gram of gold is greater
for membranes containing smaller amounts of
gold because the average particle size of gold is
smaller for these materials (fig. S1), thus lead-
ing to higher surface areas per gram of gold.
This result suggests that the rate of CO oxida-
tion can be altered by changing the morphology
of the gold catalyst, for example, by changing
the inner and/or outer pore diameters of the
gold nanotubes.

Catalysts consisting of gold nanopar-
ticles on various supports should be prom-
ising candidates for achieving high rates of
CO oxidation by aqueous solutions of POM
compounds, because these catalysts have
been shown to exhibit high rates of CO
oxidation by O, (17, 18) or by H,O (6, 23)
at low temperatures. Indeed, we have ob-
served very high rates of CO oxidation by
aqueous solutions of H,PMo,,0,, over
nanoparticles of gold supported on carbon

Fig. 2. Rate of CO oxidation with
POM  (H,PMo,,0,,) on gold

or titania with gold catalysts provided by
the World Gold Council (sample 4D or
18A, respectively) (fig. S2). Typically,
these experiments were carried out at 298 K
in a pressurized batch reactor at a CO
pressure of 15 bar with 20 cm?® of 0.05 M
POM solution. The rate of CO, production
at low conversions was approximately
16 X 10* wmol gAu™ ! min~! (~3500 cm?
at 273 K and 1 bar of gaseous CO, pro-
duced per gram of gold per minute), which
is equivalent to a turnover frequency (TOF)
of 4.3 s7', assuming a gold dispersion of
12% based on the average diameter of the
gold particles (7 to 10 nm) on carbon. This
high specific rate achieved even at room
temperature is comparable to or even faster
than rates of CO oxidation by O, over
supported gold catalysts at 353 K (30 X 10*
pmol gAu~! min~') (24) and rates of
WGS over cyanide-leached gold catalysts
at 523 K (3.7 X 10* pmol gAu ! min~ 1)
(6). The rate of CO, production and TOF are
very high at pressures near 1 bar (equal to
3 X 10* wmol gAu ! min~! and 0.85 s™!,
respectively, as shown in fig. S2), which
suggests that our room-temperature process

CO pressure (bar)

nanotube membranes at 298 K 200 |
and a total pressure of 1 bar.
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and oxidized H;PMo,,0,, was __
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could be applied to gaseous streams produced
from a conventional catalytic reforming of
hydrocarbons, without involving the WGS
reaction as an intermediate step to remove
CO. Moreover, we have observed that the
rate of CO oxidation by our process is 10
times as fast as the rate of H, oxidation
when both gases are passed separately over
a gold catalyst, and the rate of CO oxida-
tion is at least an order of magnitude faster
than the rate of H, oxidation when using a
CO:H, gas mixture containing 10% CO.
The rate of H, oxidation was measured by
monitoring the color change of the POM
solution using an ultraviolet-visible spec-
trometer operating at 500 nm. These results
indicate that our process can be used to
effectively remove CO from H, gas streams
for fuel-cell applications.

The highest energy density obtained in this
work was 2.5 moles of CO, produced
per liter of solution containing H,PMo,,0,, at a
concentration of 1 M, corresponding to 5
electrons per Keggin unit. This extent of
storage was achieved with a pressurized
batch reactor containing the solution of
POM compound with gold nanoparticle cat-
alysts, operating at room temperature and a
CO pressure of 15 bar. The extent of POM
reduction calculated from the CO, produc-
tion agreed within 20% with the extent of
reduction measured by integrating the elec-
trical current versus time produced when the
reduced solution was completely reoxidized
in a fuel cell discharged at constant resis-
tance, and dividing this value by the Faraday
constant. [See table S1 for details (27).] We
believe that the rate of CO oxidation as well
as the energy storage capacity could be im-
proved by further studies among the large
number of other POM compounds that can
be synthesized (25).

The generation of power by using reduced
POM solutions, produced from CO oxidation,
is not limited to conventional electrodes (e.g.,
Pt based). Figure 3 shows curves of voltage
versus current density from a single cell for
various combinations of anodes, cathodes,
and reduced POM solutions. Although higher
current densities (by 20 to 50%) are achieved
with electrodes containing precious metals
(i.e., Pt, Au) with a Nafion (Sigma-Aldrich,
St. Louis, MO, USA) PEM (21), it can be
seen that good current densities can be gen-
erated with a simple carbon anode. Good
current densities can be generated even when
the Pt-containing cathode used with O, is
replaced by a simple carbon cathode used
with oxidized H,PMo,0,,,.

Current H, PEM fuel cells operating with
Pt-based electrodes have current densities
higher than 100 mA c¢cm 2. However, these
fuel cells have been highly optimized, and
they require precious metals to oxidize H, at
the anode and reduce O, at the cathode. Our

27 AUGUST 2004 VOL 305 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 23, 2010


http://www.sciencemag.org/

studies demonstrate the feasibility of making
new generations of inexpensive fuel cells that
operate with solutions of reduced POM com-
pounds and that have current densities of at
least 10 mA c¢cm 2. This current density was
increased by a factor of 3 at 100 mV and by
a factor of 4 or greater at 50 to 100 mV when
the assembly consisting of carbon anode, Na-
fion, and Pt cathode was treated by hot-
pressing at 400 K, as included in Fig. 3
(compare open versus filled triangle sym-
bols). Thus, we believe that further optimiza-
tion with these new fuel cells will lead to
improved current densities and improved uti-
lization of precious metals at the electrodes.
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Group A streptococci, acommon human pathogen, secrete streptokinase, which
activates the host’s blood clot—dissolving protein, plasminogen. Streptokinase
is highly specific for human plasminogen, exhibiting little or no activity against
other mammalian species, including mouse. Here, a transgene expressing hu-
man plasminogen markedly increased mortality in mice infected with strep-
tococci, and this susceptibility was dependent on bacterial streptokinase
expression. Thus, streptokinase is a key pathogenicity factor and the primary
determinant of host species specificity for group A streptococcal infection. In
addition, local fibrin clot formation may be implicated in host defense against

microbial pathogens.

Plasmin, the major serine protease that de-
grades the fibrin blood clot, is generated
through cleavage of the proenzyme plasmin-
ogen (PLG) by the plasminogen activators
urokinase (uPA) and tissue-type plasminogen
activator (tPA). Human PLG can also be
activated by streptokinase (SK) secreted by
group A streptococci (GAS), leading to the
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clinical use of SK for therapeutic fibrinolysis
of pathologic thrombi associated with myo-
cardial infarction, stroke, and venous throm-
bosis (/). PLG deficiency results in the rare
genetic disorder ligneous conjunctivitis, char-
acterized by thick fibrinous pseudomembra-
nous deposits on the conjunctiva and other
mucous membranes (2). PLG null mice de-
velop spontaneous fibrin deposition in multi-
ple tissues, leading to retarded growth, rectal
prolapse, and decreased survival (3, 4). Plg
null mice also exhibit eye findings similar to
those for the human disease (5). In addition
to GAS, a number of other human pathogens
also express a plasminogen activator, includ-
ing staphylokinase of Staphylococcus aureus
(6) and the Pla protein of Yersinia pestis, the
agent responsible for the plague (7). Other
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microbes, such as Borrelia burgdorferi, use a
host plasminogen activator as a pathogenicity
factor (8, 9). GAS is the most common cause
of clinically significant bacterial pharyngeal
and skin infections. A subset of these infec-
tions are highly invasive into soft tissues or
organs and result in rapidly progressive, life-
threatening conditions, such as necrotizing
fasciitis (/0). Like many microbial patho-
gens, GAS is highly host-specific and natu-
rally only infects humans. This restricted host
specificity is correlated with the limited abil-
ity of many candidate pathogenicity factors,
including SK and surface receptors for PLG,
to interact with ligands or protein substrates
from species other than humans (//-16).
Studies of streptococcal pathogenicity and
the role of SK and surface-bound PLG-bind-
ing proteins have been hampered by this lim-
itation, as well as by species-specificity in the
interactions among host fibrinolytic system
components, including tPA and PLG (/7).

We generated a “humanized” transgenic
mouse expressing human PLG under control
of the mouse albumin gene regulatory se-
quences within a bacteria artificial chromo-
some (BAC) transgene [(/8) and fig. SI1A].
Two independent founder lines, A/bPLGI
and A/bPLG2, directed highly liver-specific
PLG expression (fig. SIB). The level of PLG
detected in the plasma of A/bPLGI corre-
sponded to ~17% of the PLG level in control
human plasma (16.7 = 1.78) with a much
lower level (<1%) for AIbPGL2. Consistent
with previous reports (//, /5), human PLG
derived from the transgene also exhibited
increased susceptibility to activation by hu-
man tPA and SK compared with mouse PLG
(fig. S1, C and D) (17, 19).

Mice that are Plg™~ are viable but exhibit
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