The competition is gaining on platinum as
a catalyst for hydrogen fuel cells

A new iron-based catalyst is active enough to compete with its expensive rival, but more work is
needed to make a viable fuel cell.

Hydrogen is a much discussed alter-
native to gasoline for powering cars. It
can be burned in a fuel cell to produce
water and electrical energy. At the anode
of a polymer-electrode fuel cell, hydro-
gen molecules are split into electrons
and protons. At the cathode, the protons
combine with oxygen and the electrons,
which have traveled around an external
circuit, supplying power.

A limiting factor in automotive fuel-
cell performance is the slowness of the
reaction at the cathode. Platinum is ef-
fective in promoting that reaction but it
is both expensive and scarce. About 75%
of the world’s supply comes from South
Africa and most of the rest from Russia.
To be cost competitive with internal
combustion engines, hydrogen fuel-cell
cathodes must lower the Pt content by a
factor of four.

Platinum’s high price tag has moti-
vated much research on alternatives for
the oxygen reduction occurring at the
fuel-cell cathode. The focus has been
primarily on transition metals such as
iron or cobalt that are combined with
nitrogen on a carbon support. Last fall,
Jeffery Dahn and his colleagues from
Canada’s Dalhousie University in Hali-
fax, Nova Scotia, found that Fe-N-C
catalysts prepared using an array of
methods all performed in a similar
manner, with none approaching the de-
sired standard.! The researchers con-
cluded, realistically, that it was “time to
move beyond” Fe-N-C catalysts. The
periodic table is a big place, says Dahn,
and needs to be thoroughly explored.

New hope has now been injected into
the field by a report from Michel
Leféevre, Eric Proietti, Frédéric Jaouen,
and Jean-Pol Dodelet at Canada’ s Insti-
tut National de la Recherche Scientifique
(INRS) in Varennes, Quebec.? They fab-
ricated an iron-based catalyst whose ac-
tivity rivals that of Pt. The current den-
sity of a fuel cell made from the new
Fe-based catalyst approaches that of a
Pt-based fuel cell operating at and above
0.9 V. (The maximum voltage in an ideal
hydrogen fuel cell at 80 °C is 1.18 V.)

MIT’s Hubert Gasteiger, who with
his colleagues at General Motors in 2005
established a set of benchmark require-
ments for fuel-cell catalysts,® thinks the
new result is impressive. He hadn’t be-
lieved the high performance require-
ments for non-precious-metal catalysts
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could ever be reached. Radoslav Atana-
soski of 3M in St. Paul, Minnesota,
noted that Dodelet, who heads the
INRS team, has been systematically
working on Fe-N-C catalysts for more
than a decade, and the new work built
on that experience.

Dodelet is the first to admit that
there’s more work to be done. Two other
factors still limit the current perfor-
mance of the new Fe-based cathodes.
One is the insufficient diffusion of oxy-
gen molecules and protons to the cat-
alytic sites. The other is the instability of
the catalysts, which degrade with time.

Dahn is also excited about the new
results. However, he stands by his
group’s conclusion of last fall. The Fe-
based catalysts are still a long way from
where they need to be, he comments,
while Pt catalysts are getting better all
the time.

Accumulated wisdom

The exact nature of the active site in Fe—
N-C catalysts remains elusive, as does
the catalytic mechanism. Years of exper-

Figure 1. Active site of an
iron-based catalyst might look
like this. Within a carbon parti-
cle are gaps between small
graphitic crystallites. Nitrogen
can bond to newly formed
extensions (blue) at the edge
of the crystallites. An iron
cation (red) is held by the sur-
rounding N atoms. (Figure
courtesy of Jean-Pol Dodelet,
Institut National de la
Recherche Scientifique.)

iments by Dodelet and others, however,
have provided insight into the factors
that promote catalytic activity. Unlike
Pt-based catalysts, which usually con-
sist of nanosized particles of platinum
or its alloys supported directly on
larger carbon particles, Fe-based cata-
lysts consist of an iron ion, which is the
center of the active catalytic site, linked
by ligation through the N atoms to the
C support, as seen in figure 1.

Many researchers today start with
chemical precursors containing Fe and
N and adsorb them onto some form of
C support. They then heat the material
to temperatures of 800 °C or more, often
in a gaseous environment. The aim is to
form attachment sites for the Fe-N com-
plex on the C surfaces.

Dodelet and his INRS coworkers
had been heating carbon black with an
iron precursor in an atmosphere of am-
monia, a nitrogen precursor. A carbon-
black particle has small crystallites of
carbon separated by regions of disor-
dered C. The experimenters found that
the ammonia etched pores in the carbon
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black, and that those pores with widths
less than 2 nm hosted sites where N
atoms could bind the Fe ion (see figure
1). They also noted that the etching re-
action by ammonia occurred 10 times as
fast in disordered C as in structured C
crystallites, so the micropores formed
primarily in the region of disordered C.

If micropores were so important, the
team reasoned, why not simply use
commercially available, highly micro-
porous carbon black as the C support?
Doing so, however, did not improve the
activity of the resulting catalyst. Then
the experimenters realized that micro-
porous carbon black as delivered was
mostly devoid of the disordered C.
Hence, the nitrogen essential for ligat-
ing Fe ions to the C support could not
enter the pores by ammonia etching of
disordered carbon.

The experimenters decided to intro-
duce into the microporous carbon black
some material that would function as
the disordered C. They used a ball-
milling technique to force that pore
filler, along with Fe acetate, into the mi-
cropores. They then heated the result-
ing material first in argon and then in
ammonia.

Resulting performance

Dodelet and his colleagues estimate
that the best hydrogen fuel cells pro-
duced with their new method extrapo-
late to a current density of 99 A/cm?® at
a fuel-cell voltage of 0.8 V. That is close
to the 2010 target of 130 A/cm? that the
US Department of Energy has adopted
for oxygen reduction on non-precious-
metal catalysts and beats the best previ-
ous result by more than a factor of
about 30.

Figure 2 compares the performance
of a commercially available Pt fuel-cell
cathode with that of cathodes made
using the best new Fe-based catalysts.
The two types perform similarly at low
current densities, where performance is
governed only by the kinetic activity of
the catalyst. However, the voltage for
the Fe-based fuel cells falls sharply just
above 0.1 A/cm? Automotive fuel cells
would have to operate at around 0.1-1.0
A/em?, says Jiujun Zhang of the Insti-
tute for Fuel Cell Innovation of
Canada’s National Research Council.

The falloff in voltage is caused by the
mass transport problem: To boost the
current density for a given voltage, one
needs to improve diffusion of oxygen
and protons to the active sites within
the catalyst. That’s the next hurdle fac-
ing scientists and engineers.

Another hurdle is the instability of
the Fe-based catalysts, whose cause is
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Ice chains on copper are built from pentagons

Before they form snowflakes and other familiar hexagonal crystals, water molecules
nucleate in smaller configurations. Determining the structure of those precursors—
even in the outwardly simple case of water on a clean metal surface—is an area of
ongoing interest and controversy. Water forms different structures on different sur-
faces. For example, Andrew Hodgson and Sam Hagq of the University of Liverpool in the
UK noticed several years ago that when less than a single monolayer of water was
adsorbed onto a copper (110) surface, vibrational spectra showed features characteris-
tic of highly ordered, reduced-dimensional structures. They suspected that the water
molecules were forming 1D chains, rather than 2D islands. Their hypothesis was con-
firmed by Hiroshi Okuyama and colleagues at Kyoto University in Japan, who obtained
scanning tunneling microscopy images showing adsorbed water chains up to tens of
nanometers in length
but just 1 nm wide." But
the STM images could
not resolve the positions
of individual water mole-
cules, and the exact
structure of the chains
remained a mystery. Says
Hodgson, “We—or at
least |—assumed that
they would probably be
made up of hexamer
rings, with just one mol-
ecule per hexamer buck-
led out of the plane and
the rest bonding to the
metal” But no arrange-
ment of water molecules
into hexagonal units was
found that could entirely
explain the experimental
data.

Now, Hodgson and
colleagues have collected
STM images of the
chains with much higher
resolution, as shown in

QSRS

LI
ure. And they've teamed

up with computational chemist Angelos Michaelides of University College London to
find the structure.? Michaelides and his postdoc Javier Carrasco decided against mak-
ing the usual assumption that the adsorbed structures, like bulk ice, are made up of
hexagons. Instead, they considered some 50 arrangements of water hexamers, pen-
tamers, and tetramers in unit cells of various sizes.

The most energetically stable structure, as revealed by density-functional theory,
was also the one that gave the best fit to the STM images and vibrational spectra. That
structure, pictured in the bottom panel, is an arrangement not of hexagons, but of
edge-sharing pentagons. The water molecules shown in red and yellow are perpendi-
cular to the plane of the surface—their hydrogen atoms pointing up are responsible
for the bright spots in the STM image, while the hydrogen atoms pointing down (not
visible in the figure) interact with the copper atoms. “The pentamer chain is the most
stable,” Hodgson explains, “because it optimizes the water-metal bonding, allowing
the maximum amount of water to bond flat directly above a copper atom while still
making a reasonably strong hydrogen bonding network” The researchers suggest that
arrangements of nonhexagonal units might be involved at other water-metal inter-
faces where the structure of water is unknown.

Johanna Miller
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currently unknown. Dodelet and
coworkers ran their Fe-based fuel cells
for about 100 hours, and the current
density fell by about 50% within 40
hours. DOE has set 5000 hours as the
minimum durability requirement for
transportation fuel cells.

A better understanding of the cat-
alytic mechanism, says Zhang, mightil-
luminate the factors that limit activity
and help guide the preparation of cata-
lysts and catalyst layers in an optimal
and reproducible manner.

Advances in platinum

The Fe-based catalysts may be chasing
a moving target. In the past four to five
years, experimenters have found ways
to increase the activity of Pt above that
shown in figure 2. According to

Gasteiger and Nenad Markovi¢ of Ar-
gonne National Laboratory,* two ideas
will play a role in the next generation of
Pt-based catalysts: The first is the “de-
alloying” of nanoparticles made from
alloys of Pt with a transition metal (M),
which results in a PtM core and a Pt
shell.> The second idea is to lay a Pt film
merely 10 monolayers thick on a nano-
structured support.® A less-developed
but promising idea is to exploit the find-
ing that the oxygen reduction activity is
much greater on some faces of a Pt-
nickel single crystal than on others.” Re-
searchers propose growing octahedra
with those active faces on the surface.
It remains to be seen whether further
research on Pt will help offset its cost
disadvantage or whether more forward
strides will help Fe-based catalysts to

overcome their remaining performance
deficit. Barbara Goss Levi
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Magnetic waves pervade the Sun’s corona

Alfvén waves manifest magnetism’s dominance of coronal dynamics. Whether they heat the Sun’s

corona remains uncertain.

Somehow, vast amounts of energy
leave the Sun’s 6000-K photosphere, rise
about 10 thousand kilometers, and heat
the corona to 1 million kelvin. Despite
the prodigious scales, no one knows ex-
actly how the energy overcomes the
thermal gradient to reach the corona or
how the energy ultimately thermalizes.

Magnetic fields dominate the energy
density of the corona and surely play a
leading role in heating it, as figure 1 sug-
gests. But to the continuing frustration of
solar physicists, the heating mechanism
evidently operates on scales too fine and
fast to catch in the act.

In a forthcoming paper, Steven Tom-
czyk and Scott McIntosh of the National
Center for Atmospheric Research in
Boulder, Colorado, report a search for
one of the contending mechanisms: the
magnetohydrodyamic disturbances
known as Alfvén waves.! The waves
show up throughout the NCAR study;,
but whether they contain enough en-
ergy to heat the corona remains unclear.
A rival and even more elusive con-
tender —nanoflares—retains the lead-
ing position.

Even if Alfvén waves aren’t the long-
sought heat source, they clearly consti-
tute a major component of coronal dy-
namics. And now that their properties
can be observed and characterized, they
could serve as a diagnostic that helps to
identify the true mechanism.

Resolving Alfvén waves

Hannes Alfvén first identified the
plasma waves that bear his name in
1942. Magnetic fields provide the
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Figure 1. Loops of magnetic field sprout from the Sun’s photosphere and reach
into the corona. This UV image, taken by NASA’'s TRACE spacecraft, reveals the hot
plasma entrained by the loops but not the magnetic waves that might transport

plasma or the nanoflares that might heat it.

restoring force; ions provide the inertia.
As Alfvén himself realized, the waves
seem an ideal mechanism for heating
the corona. They propagate along mag-
netic field lines at thousands of kilome-
ters per second. Density or thermal gra-
dients don’t deflect them. Once
launched from the photosphere, an
Alfvén wave will zoom along its mag-
netic field all the way into the corona.
Because Alfvén waves are oscilla-
tions in velocity, not density, they re-
main almost invisible in emission maps.
The lack of a photometric signature,

compounded with the waves’ high
speed, modest amplitudes, and short,
few-hundred-second periods, makes
detecting Alfvén waves technically
challenging. To have any hope of seeing
them, one needs to resolve plasma ve-
locities with sub-arcsecond, few-second
precision.

To determine the velocities of reced-
ing galaxies, orbiting stars, exploding
supernovae, and other moving objects,
astronomers exploit the Doppler shift
of spectral lines. For their Doppler
study, Tomczyk and McIntosh used a
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