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cific angular momentum of the gas within radius
7, and vk, is the Keplerian velocity at that radius.
Within a mass of ~0.1 M, two spiral arms

initially ionized gas (25), second-generation pri-
mordial stars formed under such conditions are
predicted to be several tens of solar masses
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may be possible, although not very likely,
during later accretion phases.

The instantaneous gas mass accretion rate at
the time of protostar formation was as large as
0.01 to 0.1 M per year within the innermost
10 Mg, If the gas in the inner portion accreted
efficiently, the protostar would quickly grow to
be as massive as 10 M, within 1000 years (22).
Even if multiple stellar seeds formed, there would
be at least one main accreting protostar. A de-
tailed protostellar calculation for a similarly large
accretion rate predicts that the mass of the star
when it lands on the main sequence will be
~100 M, (13, 23).

Feedback effects, in particular those from
ionizing photons emitted by the protostar, work
to evaporate the surrounding gas and to halt gas
accretion. A semianalytic calculation including
this radiative feedback and the effect of rotation
shows that the final stellar mass can still be

9. V. Bromm, P. S. Coppi, R. B. Larson, Astrophys. J. 527,
L5 (1999).
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High Rates of Oxygen Reduction
over a Vapor Phase—Polymerized

PEDOT Electrode

Bjorn Winther-Jensen,* Orawan Winther-Jensen, Maria Forsyth, Douglas R. MacFarlane

The air electrode, which reduces oxygen (0,), is a critical component in energy generation

and storage applications such as fuel cells and metal/air batteries. The highest current densities
are achieved with platinum (Pt), but in addition to its cost and scarcity, Pt particles in
composite electrodes tend to be inactivated by contact with carbon monoxide (CO) or by
agglomeration. We describe an air electrode based on a porous material coated with
poly(3,4-ethylenedioxythiophene) (PEDOT), which acts as an O, reduction catalyst. Continuous
operation for 1500 hours was demonstrated without material degradation or deterioration in

Downloaded from www.sciencemag.org on July 31, 2008

performance. O, conversion rates were comparable with those of Pt-catalyzed electrodes of the
same geometry, and the electrode was not sensitive to CO. Operation was demonstrated as an air
electrode and as a dissolved O, electrode in aqueous solution.

oth fuel-cell technology for power gen-
B eration and metal-air batteries for energy
storage require an efficient electrode for
O, reduction. Such air electrodes are usually a Pt

greater than a few tens of solar masses in a
reasonable parameter space of the model (24). If
instead mass accretion is unimpeded throughout
the star’s evolution, the final stellar mass can be
very large, possibly exceeding a few hundred so-
lar masses (22, 23). Such very massive stars
ionize a large volume of the surrounding gas.
Because of the different thermal evolution of an

catalyst embedded in a porous carbon electrode.
Despite having a high current density suitable for
high-power applications such as vehicle drive sys-
tems (/—4), a number of issues with these elec-
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trodes may ultimately limit the use and lifetime of
the fuel cell or the storage battery, despite recent
improvements (3, 6). For example, the cost of the
Pt alone in a polymer membrane fuel cell for a
small 100-kW passenger vehicle is substantially
greater (at March 2008 prices) than the current
cost of an entire 100-kW gasoline engine (7). Sev-
eral technical issues also arise with the use of Pt
catalysts. The Pt particles present in the compos-
ite electrode are not fixed in place, and a well-
known drift phenomenon (8) by which the particles
diffuse and agglomerate over time ultimately di-
minishes the performance of the fuel cell. Further,
Pt is very sensitive to deactivation in the presence
of CO, either in the air supply or as a by-product
from the use of methanol in the direct methanol
fuel cell (9-13).

Other metallic electrode materials, such as co-
balt and Ru/Pt alloys (/4, 15), have been explored
to overcome some of these problems, but in all
cases one or more of the issues remain. In par-
ticular, the sensitivity to CO is a particularly dif-
ficult problem to overcome. In this work, we have
developed a Pt-free air electrode based on a nano-
porous, intrinsically conductive polymer (ICP)
multilayer structure that offers performance sim-
ilar to that of Pt-catalyzed electrodes under parallel
testing. Because the material is homogeneous, the
drift issue is avoided and, being nonmetallic, the
catalyst is not sensitive to CO poisoning.

The use of ICPs for catalytic electrodes was
investigated early in the history of conducting
polymer research and applications. However, suc-
cess was limited by low conductivity and efficien-
cy, and the instability of the ICP in the environment
required for the catalysis (/6—18). By incorpora-
tion of traditional catalytic centers such as Pt into
ICPs, a range of catalytic electrodes have been
reported (14, 19, 20), but these materials all suffer
from many of the same problems as the Pt-C
electrode. Recently, the development of chemical
polymerization [in particular, a process known as
vapor phase polymerization (VPP)] and “de-
signed” ICP derivatives has produced materials
with high conductivity, improved ordering and
stability, and controllable porosity at the nanoscale
(21-24). These properties improve the potential of
these materials for electrocatalytic applications.
Previous studies of PEDOT (25) have not been
able to demonstrate catalysis of oxygen reduction;
however, the improved thin-film properties
obtained via VPP prompted us to reexamine its
potential as an electrocatalytic material.

One of the key features of an air electrode is
that it must establish a high—surface area bound-
ary between the three active phases: air, the elec-
trolyte, and the catalyst/conductor. To achieve
this three-phase interface, we coated a PEDOT
electro-active layer onto one side of a hydropho-
bic, porous membrane (Goretex). The procedure
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developed here involves plasma polymerization
of a binding layer to the polytetrafluoroethylene
(PTFE) membrane, followed by VPP of the 3,4-
ethylenedioxythiophene monomer to form the
PEDOT conducting polymer (see fig. S1 for
further details).

A schematic of the cross-sectional structure of
the electrode in Fig. 1A shows the intended three-
phase interface in the circled region. The de-
signed structure allows access of the air stream
from one side of the electrode to a high—surface
area, electrochemically active layer of the PEDOT,
which is simultaneously in contact with the
electrolyte. The Goretex membrane provides a
good, although not entirely optimized, starting
point because it is highly porous at the micrometer
level and, being hydrophobic, does not allow
penetration of the aqueous electrolyte into the
pores of the membrane. Because the electrical
conductivity of PEDOT is still not high enough
to provide a low-resistance path to the external
circuit, a more electronically conductive under-
layer was used. Coating one face of this mem-
brane with a ~40-nm layer of gold provided the
conductor layer without altering the structure of
the membrane (Fig. 1B). In the next stage, a 400-nm
PEDOT layer is created on one side by VPP (Fig.
1C). The structure of the underlying membrane is
still visible after these deposition steps, which
indicates that the three-phase boundary has been
obtained over a substantial fraction of the mem-
brane. An image of the cross-sections of the com-
plete membrane assembly (Fig. 1D) shows the
thin PEDOT layer on the surface of the structure.

From the thickness measurements, the mass
ofthe PEDOT can be determined to be 0.05 mg/em®
for the optimum layer for this particular Goretex

PEDOT A
Electrolyte

Gold

membrane; this optimal thickness will change
with pore size and shape of the membrane.

The Goretex/PEDOT electrode was subjected
to testing as an air electrode at various pH levels
and potentials in a cell that allowed direct contact
with air from one side and electrolyte from the
other (see fig. S2 for detailed experimental set-
up). The air reduction current under standard
conditions (Fig. 2) shows that the electrode per-
forms well over a wide pH range. The PEDOT
membrane provides substantial oxygen reduction
current densities at all of the pH conditions studied
with the potential of onset of the reduction cur-
rents shifting as a function of pH in the expected
way. To demonstrate that the underlying gold
layer was not actively involved in the catalytic
process, we conducted a separate experiment (fig.
S3) using a Goretex membrane coated only with
gold; this electrode produced substantially lower
currents.

Continuous operation in air was achieved at
—0.3 V versus saturated calomel electrode (SCE)
for more than 1500 hours at pH = 1; 3 A-hour/cm®
of charge was passed during this test. Testing of
the electrochemical characteristics of the electrode
after 1500 hours showed no change as a result of
this period of operation (fig. S4).

Electrodes were constructed with PEDOT
thicknesses ranging from around 40 to 1300 nm.
It appears that the 400-nm coating shown in Figs.
1 and 2 is nearly optimal for this membrane pore
size. When thicker coatings are applied, the dif-
fusion of species, either in the electrolyte, or of
oxygen through the PEDOT, becomes limiting
and leads to lower currents.

For comparison purposes, we created a Pt-
catalyzed electrode by depositing a 45-nm Pt

Fig. 1. (A) Schematic representation of the PEDOT/Goretex air electrode. (B to D) Scanning electron
micrograph images: (B) The Goretex membrane coated with gold. Scale bar, 5 um. (C) The PEDOT/Goretex
structure. Scale bar, 5 um. (D) Cross-section of the electrode with thickness measurements of the PEDOT

layer. Scale bar, 20 um.
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Fig. 2. Steady-state A B C
measurements (each point 4 4
after 1 hour of continu- 6
ous operation) of the con-
version current versus ° 3 3
potential at different pH N’E‘ 4
values (black line: 400- g 5 »
nm PEDOT/Goretex; gray ¢ 3
line: 45-nm PYGoretex). =
MpH1 B pH7 and " 2 ; ;
(C) pH 13 for oxygen ;
reduction from air.

0 0 0

-0.5 -0.3 -0.1 0.1

layer onto the Au layer. The magnitudes of the
conversion currents delivered by the PEDOT
electrode are comparable to those of Pt for the
same geometrical (membrane) area (Fig. 2). At
pH 1, the Pt seems to perform better than the
PEDOT electrode by a factor of ~2, whereas at
pH 7 and pH 13, the conversion currents are sim-
ilar. The active surface area is actually con-
siderably higher in the Pt case, because of the
pore-filling effect of the thicker PEDOT layer in
the Goretex membrane. It is also interesting that,
although the thicknesses are different for the Pt
(45 nm) and PEDOT (400 nm) layers, the dif-
ference in their densities (21.1 g/em® for Pt and
~1.2 g/em® for PEDOT) means that the mass
loading of active material is actually lower in the
PEDOT case by a factor of ~2. The electrocat-
alytic performance of the PEDOT material (up to
~0.2 A/mg) is also similar to that of other
recently reported cobalt-based materials (/4).

The highest room-temperature current den-
sity observed with the membranes described here
is ~6 mA/cm®. This value is sufficient for some
metal/air batteries and a number of fuel-cell tech-
nologies including small direct methanol fuel
cells, micro fuel cells, and the various biofuel cell
concepts (9, 26). Higher—current density fuel-cell
application of the PEDOT electrocatalyst concept
would require extension of the three-phase inter-
face into a thicker membrane structure.

The performance of the PEDOT and Pt-based
assemblies is compared in Fig. 3A for different
levels of CO contamination in the air supply; the
PEDOT electrode is not affected, whereas the Pt
electrode is poisoned very rapidly under identical
conditions. The formation of carbonyl complexes
of Pt at the surface that poisons its activity is un-
likely with PEDOT. The effect of oxygen partial
pressure in the gas supply (air = 20%) (Fig. 3B)
demonstrates that the electrode is capable of even
higher currents than are generated in air and that no
limit related to processes within the PEDOT is being
reached over the range of oxygen contents probed.

In a similar series of tests, the sensitivity of
the electrode to the presence of methanol in the
electrolyte was examined. Methanol crossover
from the anode to the cathode is a major issue in
the direct methanol fuel cell. The oxidation of
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Fig. 3. Response of the PEDOT air electrode (black line) to different gas supplies (0.3 V versus SCE, 0.1 M
phosphate buffer, pH 7). (A) Current versus time in air contaminated by 10% CO compared to a similar
Pt-catalyzed electrode (gray line). (B) Current as a function of oxygen content in the gas supply.
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methanol is seen to be a competitive reaction to
O, reduction on the cathode side (9). In the
present work, a 1% addition of methanol was
found to decrease the steady-state current at —0.3 V
versus SCE by 20%, at which point the current
again reached a steady value. Removal of the
methanol brought the current back to its original
value, indicating that no permanent damage to
the electrode had been caused.

Further insight into the mechanism of the
processes taking place in these PEDOT electrode

assemblies is provided by Fig. 4, which shows
the electronic conductivity of the membrane as a
function of the applied potential in an aqueous
system. PEDOT in the absence of O, adopts a
variable state of oxidation as a function of po-
tential between about —0.5 to +0.5 V versus
Ag/AgCl in aqueous solution (fig. S5). It is
transformed from a low-conductivity material in
its reduced state to a highly conductive material in
its fully oxidized state. Operating the PEDOT air
electrode at various potentials shows a conductiv-
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ity profile with much higher conductivity at lower
potentials (Fig. 4) compared to PEDOT in the
absence of air (fig. S5), indicating that the PEDOT
is reaching a steady-state oxidation level according
to the applied potential, which is greater in the pres-
ence of air. The mechanism of the air reduction elec-
trocatalysis likely involves a redox cycling process
where the PEDOT, which naturally rests in an oxi-
dized form, is momentarily reduced by the action of
the electrochemical cell. An O, molecule then ab-
sorbs onto the surface of the PEDOT and rapidly
reoxidizes the PEDOT to its preferred oxidized state
and is itself reduced in the process. The role of the
counterion in this mechanism, if any, is still unclear.

Given the similarity between the Pt and PEDOT
responses in Fig. 2, it seems likely that the O,
reduction proceeds via the four-electron pathway as
it does on Pt, because there is no sign of an ad-
ditional process that might indicate a contribution
from H,O, formation. Further investigation of the
type described by Halseid ef al. (27) is under way to
probe the selectivity with respect to the four-elec-
tron pathway. Recent reports (28) describe efficient
iron-loaded graphite catalysts for oxygen reduction.
Given the very low Fe loadings involved, we can-
not exclude the possibility of a role for residual Fe,
at levels below the limit of x-ray photoelectron
spectroscopy detection, in the mechanism reported
here. However, iron-based catalytic centers would
normally be expected to show signs of poisoning
in the presence of CO; the resistance to CO poi-
soning seen here (Fig. 3) thus suggests that iron
centers do not play a notable role.

A laboratory Zn/air battery was also constructed
based on this PEDOT air-electrode assembly and a
1 M KOH electrolyte. An open-circuit voltage of

1.44 V was measured, comparable with other exam-
ples of this cell (29, 30). Discharge characteristics
(fig. S6) as a function of current density and over a
48-hour continuous test were superior to similar
devices constructed with a Pt/Goretex air electrode.

The electrode described here provides only a
partial solution to some of the problems with the
use of Pt discussed in the introduction, because Pt
is also used in the anode (fuel) electrode in the
fuel cell. However, the fundamental mode of
catalysis at work in the present materials may be
able to be extended to other reactions, such as the
hydrogen oxidation reaction, by careful choice of
the ICP. ICPs can be successfully used as a sub-
stitute for Pt in dye-sensitized solar cells for the
I' /I3 redox reaction (37). Thus, the development
of the gas-ICP-electrolyte three-phase interface
electrode reported here may provide a platform
for a new generation of metal-free electrocatalysts.
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Structures of Neutral Au,, Au,g, and
Au,g Clusters in the Gas Phase

Philipp Gruene,* David M. Rayner, Britta Redlich,® Alexander F. G. van der Meer,?
Jonathan T. Lyon,* Gerard Meijer,> André Fielicke™*

The catalytic properties of gold nanoparticles are determined by their electronic and geometric structures.
We revealed the geometries of several small neutral gold clusters in the gas phase by using vibrational
spectroscopy between 47 and 220 wavenumbers. A two-dimensional structure for neutral Au; and a
pyramidal structure for neutral Au,o can be unambiguously assigned. The reduction of the symmetry when a
corner atom is cut from the tetrahedral Auy cluster is directly reflected in the vibrational spectrum of Auss.

aruta et al.’s finding that dispersed gold

nanoparticles show pronounced catalytic

activity toward the oxidation of CO has
triggered a gold rush in cluster chemistry (/). Al-
though bulk gold is a classic example of chemical
inertness (2), many later studies have confirmed
the size-dependent reactivity of deposited gold clus-
ters (3—6). Small particles of gold differ from the
bulk because they contain edge atoms that have low
coordination (7) and can adopt binding geometries
that lead to a more reactive electronic structure (8).
Thus, the secret of the catalytic properties of gold
nanoparticles lies at least partly in their geometric
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structure. Structural information for deposited gold
mono- and bilayers on titania has been obtained by
using high-resolution electron energy—loss spec-
troscopy on CO adsorbates (9). Determining the
three-dimensional (3D) structure of deposited gold
nanoparticles is more challenging, but recently has
been achieved for clusters containing around 310
atoms by means of aberration-corrected scanning
transmission electron microscopy (10).

The geometry of nanoparticles can also be
studied in the gas phase. The advantages of this
approach are the exact knowledge of the clusters’
size and the absence of any interaction with the

surrounding environment. The properties of such
well-defined species can thus be modeled very
precisely with quantum-mechanical calculations.
Different experimental techniques exist for the
study of free clusters. By measuring the mobility of
size-selected gold anions and cations in helium, a
transition from 2D to 3D structures has been found
(11, 12). This transition appears at different cluster
sizes for cations and anions and is yet to be de-
termined experimentally for neutral species. A
combination of photoelectron spectroscopy and
quantum-mechanical calculations has revealed fas-
cinating structures of anionic gold species—for ex-
ample, cages for clusters containing 16 to 18 atoms
(13), a tetrahedral pyramid for Au,y (/4), and a
possibly chiral structure for Auss (/5). These
structural motifs have been confirmed by measure-
ment of the electron diffraction pattern of size-
selected trapped anions (75, 6). Although ion
mobility measurements, photoelectron spectrosco-

LFritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Ber-
lin, Germany. 2Steacie Institute for Molecular Sciences, Ottawa,
Ontario K1A OR6, Canada. 3Stichting voor Fundamenteel
Onderzoek der Materie (FOM) Institute for Plasma Physics
Rijnhuizen, 3439 MN Nieuwegein, Netherlands.

*To whom correspondence should be addressed. E-mail:
fielicke@fhi-berlin.mpg.de

SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on July 31, 2008


http://www.sciencemag.org

