
by track consumption. Hence, if given the choice
between two directions, these walkers can go either
way. In our system, directionality is a consequence
of the asymmetry of the design, which is a key
component of functional Brownian motors (4, 5).

Through track stem-loop consumption, our
mechanism allows the walker to hybridize the
fuel hairpins onto the track sequentially and dy-
namically according to the presence of a code on
the track. Such a capability in a molecular autom-
aton is reminiscent of the ribosome and DNA or
RNA polymerase (26). Indeed, the leg-holding
sequences are uncoupled from the fuel-grabbing
sequences. Thus, in principle, a track could be en-
coded to hybridize with an arbitrary number of
fuel molecules before the walker returned to the
beginning of the fuel cycle to take further steps in
the same direction. This demonstration of molecu-
lar coordination is a step toward the development
of more complex and autonomous synthetic mo-
lecular motor systems, whether they are made
fromDNA or from other polymeric materials (5).
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Iron-Based Catalysts with Improved
Oxygen Reduction Activity in Polymer
Electrolyte Fuel Cells
Michel Lefèvre,* Eric Proietti,* Frédéric Jaouen, Jean-Pol Dodelet†

Iron-based catalysts for the oxygen-reduction reaction in polymer electrolyte membrane
fuel cells have been poorly competitive with platinum catalysts, in part because they have a
comparatively low number of active sites per unit volume. We produced microporous
carbon−supported iron-based catalysts with active sites believed to contain iron cations
coordinated by pyridinic nitrogen functionalities in the interstices of graphitic sheets within
the micropores. We found that the greatest increase in site density was obtained when a mixture
of carbon support, phenanthroline, and ferrous acetate was ball-milled and then pyrolyzed twice,
first in argon, then in ammonia. The current density of a cathode made with the best iron-based
electrocatalyst reported here can equal that of a platinum-based cathode with a loading of
0.4 milligram of platinum per square centimeter at a cell voltage of ≥0.9 volt.

Thedesired high power density from polymer
electrolyte membrane fuel cells (PEMFCs)
can only be achieved by speeding up the

otherwise slow reaction steps at their low op-
erating temperatures (~80°C) through catalysis.
For the oxygen-reduction reaction (ORR), non–
precious metal catalysts (NPMCs), which are po-
tentially less expensive and more abundant, have
been outperformed by Pt-based catalysts (1, 2),
which exhibit high activity as the native metal.
For metals such as Co and Fe, improved per-

formance will require a robust method for in-
creasing the reactivity of the metal ion through
ligation.

Since 1964, when Jasinski observed that co-
balt phthalocyanine catalyzed the ORR (3), a
number of approaches have been explored to
create practical NPMCs. Catalysts were first ob-
tained by adsorbing Fe-N4 or Co-N4 macrocycles
on a carbon support and pyrolyzing the resulting
material in an inert atmosphere (4). A break-
through was then achieved by Yeager when it
was revealed that these often-expensive macro-
cycles could instead be substituted by individual
N and Co precursors (5). This approach was fol-
lowed by several groups, including ours (4, 6–16).
Meanwhile, NPMC research using metal-N4

macrocycles has also progressed (17–19).

Our previous approach in the synthesis of
NPMCs for ORR has been to use NH3 as a ni-
trogen precursor. The catalysts were obtained by
wet impregnation of carbon black with an iron
precursor such as iron(II) acetate (FeAc), fol-
lowed by a heat treatment in NH3; we refer to the
products as Fe/N/C electrocatalysts. During py-
rolysis at temperatures of ≥800°C, NH3 partly
gasifies the carbon support, resulting in a mass
loss that depends on the duration of the heat
treatment (20). The disordered domains of the
carbon support are preferentially gasified (21–23).
As a result, micropores are created in the carbon
black particles. The mass loss at which maxi-
mum activity is reached [30 to 50 weight percent
(wt %)] corresponds to the largest microporous
surface area for the etched carbon, which sug-
gests that these micropores (width ≤2 nm) host
most of the catalytic sites (21).

The reaction of NH3 with the disordered car-
bon domains also produces the N-bearing func-
tionalities needed to bind iron cations to the
carbon support (24, 25). It has been proposed that
most of the Fe/N/C catalytic sites consist of an
iron cation coordinated by four pyridinic func-
tionalities attached to the edges of two graphitic
sheets, each belonging to adjacent crystallites on
either side of a slit pore in the carbon support
(21, 25). Thus, four factors have been identified
as requirements for producing active Fe-based
catalysts for ORR: (i) disordered carbon content
in the catalyst precursor (20), (ii) iron, (iii) sur-
face nitrogen, and (iv) micropores in the catalyst.

Our present approach, which introduces a
new material (pore filler) and replaces impregna-
tion with planetary ball-milling, has elevated the
catalytic activity of an Fe-based NPMC by a fac-
tor of >35 relative to the previous best reported
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activity for Fe-based catalysts (11) (and within
~10% of the best Pt-based catalysts). Further-
more, these NPMCs may also present opportu-
nities for ORR in direct alcohol, formic acid, and
alkaline fuel cells.

For NPMCs, it is meaningful to speak in
terms of volumetric activity for ORR (1) because
its product with electrode thickness predicts the
kinetic current density (A cm−2) of the cathode.
Because of mass-transport limitations related
to electrode thickness, NPMC cathodes must
attain the same kinetic current density as Pt-
based cathodes without exceeding a thickness

of ~100 mm (1). This criterion defines a target
for volumetric activity (A cm−3) for NPMCs.
[The activity is originally measured in amperes
per gram of NPMC; conversion fromAg−1NPMC to
A cm−3

electrode is described in (26).] For NPMCs,
the U.S. Department of Energy (DOE) has set
a 2010 target of 130 A cm−3 as measured in a
fuel cell at 0.8 V iR-free cell voltage (i.e., after
correction for ohmic loss R), at 80°C, and at
O2 and H2 absolute pressures of 1 bar (27). All
volumetric activity values reported in this
work correspond to these reference conditions.
For the best catalysts synthesized by our group
to date by impregnation of FeAc on carbon
black followed by heat treatment in NH3 at
950°C, a volumetric activity of 0.8 to 1.5 A cm−3

was obtained (28, 29). This value is compa-
rable to the value of 2.7 A cm−3 (recalculated
for O2 and H2 pressures of 1 bar) obtained by
Wood et al. for a Fe/N/C catalyst (11). All of
these activities are still well below the DOE
2010 target of 130 A cm−3.

The volumetric activity is the product of
the catalytic site density and the activity of a
single site. The latter varies with voltage and
is an intrinsic property of the catalytic site. If the
catalytic activity of the site is left unchanged, in-
creased volumetric activity can only be achieved
by increasing the site density. The volumetric
catalytic activity may be improved by increas-
ing the Fe content. However, doing so in-
creases the activity proportionally only up to

Fig. 1. Schematic representation of catalytic site
formation in the micropores of the carbon support.
(A) Simplified 3D view of a slit pore between two
adjacent graphitic crystallites in the carbon sup-
port. (B) Plan view of an empty slit pore between
two crystallites. (C) Plan view of a slit pore filled
with pore filler and iron precursor after planetary
ball-milling. (D) Plan view of the presumed cat-
alytic site (incomplete) and graphitic sheet growth
(shaded aromatic cycles) between two crystallites
after pyrolysis.

Fig. 2. Volumetric current
density of best NPMC in this
work. Original polarization
curves were obtained from
H2-O2 fuel cell tests at 80°C
and 100% relative humidity
(RH) for cathodes made with
the best NPMC in this work
(small open circles, PO2 =
PH2 = 1.5 bar) and for the
presumed previous best NPMC
(11) (small open diamonds,
PO2 = 3.9 bar and PH2 = 2.5
bar). Corrected polarization
curves are based on DOE fuel
cell test reference conditions
(PO2 = PH2 = 1 bar, 80°C,
100%RH) for the best NPMC
in this work (large open circles) and for the presumed previous best NPMC (11) (large open diamonds). A
catalyst loading of ~1 mg cm−2 was used for all polarization curves. The actual Fe content in the catalyst
from this work is 1.7 wt %, resulting in a Fe loading of 17 mg cm−2. The volumetric (kinetic) current density
at 0.8 V iR-free cell voltage for the presumed previous best NPMC (solid diamond) and the best NPMC in this
work (solid circle) is the intersection of the extended Tafel slope of the corrected polarization curves (dashed
lines) with the 0.8 V axis. Also included are the 2010 (star) and 2015 (hexagon) DOE performance targets for
ORR on NPMCs, all at the reference conditions of PO2 = PH2 = 1 bar, 80°C, and 100% RH.

Table 1. Catalytic activity for optimized catalysts. Volumetric activities are at 0.8 V iR-free cell
voltage at reference conditions of 80°C and 1 bar O2 and H2. Black Pearls 2000 was used as the
carbon support. The mass ratio of pore filler to carbon support was 1:1. Catalyst loading for all tests
was ~1 mg cm−2. The Nafion-to-catalyst ratio (NCR) was 2 unless otherwise noted.

Gas for
first pyrolysis
(1050°C)

Gas for
second pyrolysis

(950°C)
Pore
filler

Nominal Fe
content
(wt %)

Catalytic
activity
(A cm−3)*

NH3 — PTCDA 0.2 22
NH3 — PTCDA 0.5 24
NH3 — PTCDA 1.0 30
Ar — Phen 0.2 2.8
Ar — Phen 1.0 5.5
Ar — Phen 4.1 1.4
Ar NH3 Phen 0.2 60†
Ar NH3 Phen 1.0 64†
Ar NH3 Phen 4.1 31†

Ar NH3 Phen 1.0
99‡

(NCR 1.5)
*Converted from the activity measured under 1.5 bar O2 and H2 absolute pressures to the reference pressures of 1 bar absolute
pressure (26). †Unoptimized mass loss in second pyrolysis. ‡Optimized mass loss in first and second pyrolysis.
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~0.2 nominal wt % Fe, beyond which the ac-
tivity levels off and eventually decreases (29).
Furthermore, when catalysts were prepared using
he impregnation method on nonmicroporous
carbon black and pyrolyzed in pure NH3, the
micropore surface area of the resulting cata-
lysts was shown to govern the catalytic activ-
ity; the nitrogen and iron content were usually
nonlimiting (21).

In a recent study, we impregnated FeAc onto
highly microporous carbon supports followed by
pyrolysis in NH3 (30). An example of a highly
microporous carbon black is Black Pearls 2000
with a Brunauer-Emmett-Teller (BET) surface
area of 1379 m2 g−1 and a micropore area of
934 m2 g−1. By contrast, a typical carbon sup-
port of lower porosity such as Vulcan XC-72R
has a BET surface area of 213 m2 g−1 and a
micropore area of 114 m2 g−1. Surprisingly, the
use of highly microporous carbon supports did
not improve the activity relative to catalysts
made with nonmicroporous carbon supports. We
concluded that only the micropores created dur-
ing heat treatment in NH3 may host catalytic
sites. The micropores in the as-received micro-
porous carbon blacks do not bear the surface
nitrogen necessary to form catalytic sites. Be-
cause these carbon blacks have little disordered
carbon content, surface nitrogen is difficult to
add during pyrolysis in NH3.

In the present work, to capitalize on the high
micropore content of microporous carbon blacks
and to overcome the limitations resulting from
their lack of disordered carbon, we filled these
micropores with a mixture of pore filler (PF)
and iron precursor (Fig. 1). Doing so created a
catalyst precursor that complies with the fac-
tors required for producing active NPMCs, as
described above. To overcome the limitation of
solubility and/or adsorbability associated with
the impregnation method, we used planetary
ball-milling to fill the pores of the microporous
carbon support with PF and iron precursor. Plan-

etary ball-milling uses both friction and im-
pact effects to force the filler materials (PF and
iron precursor) into the pores of the carbon sup-
port while leaving its microstructure relatively
unaffected.

For all catalysts in the present work, we used
Black Pearls 2000 (Cabot; micropore surface
area 934 m2 g−1) as the microporous carbon
black and FeAc as the iron precursor. Micropores
are defined as pores having a width of ≤20 Å.We
chose two pore fillers: perylene-tetracarboxylic
dianhydride (PTCDA), which is nitrogen-free,
and 1,10-phenanthroline (phen), which is N-
bearing. For catalysts made using PTCDA, the N
atoms necessary to form catalytic sites arise from
its reaction with NH3 during pyrolysis. For cata-
lysts made with phen, the pyrolysis may be per-
formed either in Ar or NH3 because phen already
contains nitrogen. Note that phen forms a com-
plex with Fe2+.

We first investigated the effect of the wt %
of PTCDA in the catalyst precursor. Four dif-
ferent wt % PTCDA values (0, 25, 50, 75) were
used with a constant nominal Fe loading of 0.2
wt %. Optimal volumetric activities of 1.8, 8.5,
22, and 27 A cm−3 were obtained, respectively.
The experimental conditions and corresponding
fuel cell polarization curves are given in fig. S3
(26). Next, a PF loading of 50 wt % (PTCDA or
phen) was chosen to investigate the effect of nom-
inal Fe loading in the catalyst precursor. Catalyst
precursors made with PTCDAwere pyrolyzed in
NH3 and those made with phen in Ar, both at
1050°C. Although better volumetric activities
were obtained with the PTCDA series (Table 1),
we investigated the effect of a subsequent 5-min
pyrolysis in NH3 for the phen series. This subse-
quent pyrolysis amplified the volumetric activity
of the Ar-pyrolyzed phen series by a factor of
≤20. These amplified activities surpassed those
of the PTCDA series. Given the notable improve-
ment in activity of the phen-based catalysts after
a second pyrolysis in NH3, we prepared phen-

based catalysts (with 1 wt % nominal Fe content)
using a single pyrolysis in NH3 at 1050°C. The
volumetric activities of the latter catalysts (16 to
29A cm−3) were lower than those achieved using
a two-step pyrolysis, first in Ar at 1050°C, then in
NH3 at 950°C.

Two factors were further optimized on the
most active catalyst corresponding to 1 wt %
nominal Fe content (64 A cm−3, Table 1): (i)
the mass loss during pyrolysis in NH3, and (ii)
the Nafion-to-catalyst ratio (NCR) in the cathode
(Nafion is a proton-conducting perfluoro poly-
ethylene sulfonic acid polymer made by DuPont).
The optimalmass loss andNCRwere found to be
~30% and ~1.5, respectively, leading to an in-
crease in volumetric activity from 64 to 99A cm−3,
which is much closer to the 2010 DOE perform-
ance target of 130 A cm−3 for ORR on NPMCs.
(See table S2 for additional details on mass ac-
tivity, mass loss during pyrolysis, micropore sur-
face area, and nitrogen content.)

Polarization curves (both as-measured and
corrected to the DOE fuel cell test reference
conditions) in terms of volumetric current den-
sity for our best NPMC and for the presumed
best NPMC reported to date by Wood et al.
(11) are shown in Fig. 2. The DOE volumetric
activity target for ORR on NPMCs is specified
for 0.8 V iR-free cell voltage and under reference
conditions. The kinetic activity (free of ohmic
and mass transport losses) of the NPMCs at
0.8 V iR-free cell voltage cannot be directly read
from the corrected polarization curves, but must
instead be estimated by extrapolating the kinet-
ically controlled Tafel slope observed at higher
cell voltage. Our best NPMC shows a factor of
>35 activity enhancement relative to the pre-
sumed previous best NPMC.

To compare these NPMCs for ORR in PEMFCs
to precious metal catalysts, Fig. 3 shows, in terms
of current density, the polarization curves of the
best NPMC produced in this work (Table 1, last
row) using two catalyst loadings, 1.0 and 5.3 mg
cm−2, compared with that of a Pt-based cathode
catalyst (~0.4 mg cm−2 Pt) tested under the same
conditions and test fuel cell. At 0.9 V iR-free
cell voltage, where both polarization curves are
within the kinetically controlled Tafel region,
increasing the loading of the NPMC by a factor
of ~5 increases the current density of the cell by
about the same factor. At 0.9 V, the current den-
sity of the cathodewith the NPMC (5.3mg cm−2)
is equal to that with the Pt-based cathode. Al-
though the NPMC loading of ~5 mg cm−2 is
much greater than that for Pt (0.4 mg cm−2), the
limiting factor for the Pt loading is materials cost,
unlike the low-cost NPMCs in this work (31).
On the other hand, the limiting factor for NPMC
loading is electrode thickness, which, if increased
beyond ~100 mm (1), creates unacceptable mass
transport losses at high current density, resulting
in decreased power density. Indeed, Fig. 3 clearly
shows how increasing the electrode thickness of
the NPMC cathode raises the current density to
that of the Pt-based cathode at high cell voltage,

Fig. 3. Comparison of the best
NPMC in this work with a Pt-based
catalyst. Polarization curves from
H2-O2 fuel cell testing (PO2 = PH2 =
1.5 bar, 80°C, 100% RH) are shown
for cathodes made with the best
NPMC in this work, one with a
loading of 1 mg cm−2 (circles) and
another with a loading of 5.3mg cm−2

(stars). Also shown is a ready-to-use
Gore PRIMEA 5510 membrane elec-
trode assembly (MEA; W. L. Gore &
Associates) with ~0.4 mg Pt cm−2 at
cathode and anode (black line). Flow
rates for H2 and O2 were well above
stoichiometric. The actual Fe content
in our catalyst is 1.7 wt %, resulting
in a Fe loading of 17 mg cm−2 for a
catalyst loading of 1mg cm−2. Open
circuit voltages are 1.03, 1.03, and 1.01 V for the MEAs using 17 and 90 mg Fe cm−2 and 400 mg Pt cm−2 at
the cathode, respectively.
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but creates increased mass transport losses at
current densities of >0.1 A cm−2. It is clear
from these results that improvements in electrode
mass transport properties are required to over-
come this performance loss.

The results of 100-hour durability tests in
fuel cells using hydrogen/oxygen and hydrogen/
air as anode/cathode gases are shown in fig. S4.
Relative to the stable current densities obtained
by Bashyam and Zelenay (32) for tests per-
formed under the same conditions (0.2 A cm−2

with H2/O2 at 0.5 V; 0.13 to 0.14 A cm−2 with
H2/air at 0.4 V), the initial current densities pro-
duced by the catalyst in this work (0.75 A cm−2

with H2/O2 at 0.5 V; 0.58 A cm−2 with H2/air
at 0.4 V) were much higher and remained higher
throughout the 100-hour period, with final values
of 0.33Acm−2withH2/O2 at 0.5Vand 0.36Acm−2

with H2/air at 0.4 V.
The best NPMC in this work has a much

higher initial activity, but less stability, than those
prepared by Bashyam and Zelenay according to a
nonpyrolytic method based on a cobalt salt and
polypyrrole deposited on carbon black (32).
Continued research must now focus on improving
the stability of these NPMCs and optimizing their
cathode mass-transport properties.
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Consecutive Thermal H2 and
Light-Induced O2 Evolution from Water
Promoted by a Metal Complex
Stephan W. Kohl,1 Lev Weiner,2 Leonid Schwartsburd,1 Leonid Konstantinovski,2
Linda J. W. Shimon,2 Yehoshoa Ben-David,1 Mark A. Iron,2 David Milstein1*

Discovery of an efficient artificial catalyst for the sunlight-driven splitting of water into
dioxygen and dihydrogen is a major goal of renewable energy research. We describe a
solution-phase reaction scheme that leads to the stoichiometric liberation of dihydrogen and
dioxygen in consecutive thermal- and light-driven steps mediated by mononuclear, well-defined
ruthenium complexes. The initial reaction of water at 25°C with a dearomatized ruthenium
(II) [Ru(II)] pincer complex yields a monomeric aromatic Ru(II) hydrido-hydroxo complex
that, on further reaction with water at 100°C, releases H2 and forms a cis dihydroxo complex.
Irradiation of this complex in the 320-to-420–nanometer range liberates oxygen and
regenerates the starting hydrido-hydroxo Ru(II) complex, probably by elimination of hydrogen
peroxide, which rapidly disproportionates. Isotopic labeling experiments with H2

17O and
H2

18O show unequivocally that the process of oxygen–oxygen bond formation is intramolecular,
establishing a previously elusive fundamental step toward dioxygen-generating
homogeneous catalysis.

Thedesign of efficient catalytic systems for
splitting water into H2 and O2, driven by
sunlight without the use of sacrificial

reductants or oxidants, is among the most
important challenges facing science today, under-

pinning the long-term potential of hydrogen as a
clean, sustainable fuel (1, 2). In this context, it is
essential to enhance our basic understanding of
the fundamental chemical steps involved in such
processes (3–17). Of the two parts of the water-

splitting cycle, the oxidation half-cycle to form
O2 presents the greatest challenge. Well-defined
metal complexes that catalyze water oxidation to
dioxygen are rare and generally require a sac-
rificial strong oxidant. The molecular mecha-
nisms of such systems, including that of the
intensively studied “blue dimer” cis,cis-[(bpy)2
(H2O)Ru

IIIORuIII(OH2)(bpy)2]
4+ (3, 11, 12), are

generally thought to involve metal oxo interme-
diates and bimolecular steps, but clarification of
the fundamental chemical principles responsible
for O–O bond formation remains a considerable
challenge. In addition, a major challenge faced
by hydrogen and oxygen photogeneration
systems based on soluble metal complexes is
that for a viable system, the two half-cycles must
be combined, avoiding the use of sacrificial oxi-
dants and reductants.We present here a ruthenium-
mediated reaction sequence that, in a stepwise
stoichiometric manner, generates hydrogen ther-
mally and oxygen photochemically, involves
well-defined complexes, and demonstrates the
feasibility of unimolecular O–O bond forma-
tion at a single metal center.
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