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researchers from the university of
illinois at urbana-champaign, knox
college, Argonne, yeshiva university,
and kyushu university (japan) demon-
strated that a high-temperature (900°
c) gas-phase chlorine treatment deacti-
vated non-precious metal catalysts,
while a high-temperature (900° c) hy-
drogen treatment completely reacti-
vated the catalysts (fig. 1). They ob-
served that iterative rounds of the
treatments decreased the heterogeneity
of the catalyst, which then allowed for
the direct characterization of the
species present in the deactivated and
reactivated catalysts. 

The team of researchers then
used mössbauer and x-ray absorption
spectroscopy (xAS), carried out at the
9-bm-b,c beamline and mr-cAT

beamline 10-bm-A,b at the APS, to
identify the active species in the cata-
lyst. The former technique was used to
investigate nuclear structure using the
absorption and re-emission of gamma
rays, while the latter technique was
used to deduce the local atomic envi-
ronment of a compound by analyzing
the way the compound absorbs a
spectrum of x-rays.

The researchers observed that the
untreated iron-based catalyst contained
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F uel cells are an important power source for an array of vehicles and
other applications. however, the lack of cost-effective catalysts has
prevented the use of fuel cells from spreading more widely. iron-

based non-precious metal catalysts have long been seen as an abundant, low-
cost alternative to state-of-the-art platinum-based catalysts. yet, such
iron-based catalysts have remained out of reach due to challenges in identify-
ing exactly which compound in the iron-containing, non-precious metal catalyst
facilitates the oxygen reduction reaction. researchers working at the APS used
a sequential chlorine/hydrogen gas treatment to selectively remove all of the
components of an iron-based catalyst that were not involved in oxygen reduc-
tion, leaving a single type of particle as the catalyst’s active form: a carbon-en-
capsulated iron nanoparticle. This discovery may improve catalyst function and
lower production costs, leading to more efficient, less expensive fuel cells that
can be useful in vehicles and other power-hungry applications such as backup
power generators and satellites.

CARBON-ENCAPSULATED IRON PARTICLES
FOR LESS EXPENSIVE, MORE EFFICIENT FUEL CELLS

Fig. 1. Effect of a sequential high-temperature chlorine/hydrogen treatment on the activity of an iron-
containing non-precious metal catalyst. metallic Fe and FeN4 species are converted into dispersed
FeCl3•xH2O that is then reformed into reduced Fe species by the H2 treatment. The absence of FeN4

sites in the H2-treated catalyst indicates that these sites are not required for the observed oxygen re-
duction reaction activity. 
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a combination of fen4 and reduced iron
(fe) species, making the direct charac-
terization of the active species impossi-
ble, as expected. however, following
the chlorine treatment, the mössbauer
and xAS analyses indicated that the
metallic fe and fen4 species were con-
verted into dispersed fecl3•xh2o,
which is then reformed by the h2 treat-
ment into iron nanoparticles encapsu-
lated by a carbon shell that helps stabi-
lize the reactivated catalyst (fig.1). 

The researchers also used xAS,
along with transmission electron mi-
croscopy, to measure the size of the
nanoparticles. Their size indicates that
the nanoscale features of the iron parti-
cles in the catalyst might contribute to
their activity. further experiments using
x-ray photoelectron spectroscopy indi-
cated that the surface of the carbon-en-
capsulated iron nanoparticles were
doped with nitrogen, which the re-
searchers speculated could also in-
crease the oxygen reducing activity of
the catalyst.

These findings may allow for the
design and synthesis of purer forms of
non-precious metal oxygen reduction
catalysts with a higher loading of the
active species. The research team will
explore optimizing the catalyst nanopar-
ticles by changing their size and in-
creasing their abundance, using multi-
component nanoparticles, and doping
the surface of the catalyst with a variety
of elements. 

catalyst enhancements derived
from these experiments could possibly
bring down the price of fuel cells, mak-
ing them cost-effective for more types
of applications, including powering au-
tomobiles.  — Chris Palmer
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