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Polarization caused by the oxygen reduction reaction (ORR)
on cathodes still contributes significantly to the energy
efficiency loss of metal–air batteries and fuel cells.[1] Thus,
ways of increasing the ORR kinetics while maintaining fast
mass transfer is a grand challenge in the development of
a new generation of metal–air batteries and fuel cells.
Catalysts based on platinum and other precious metals are
very effective in facilitating the rate of ORR in batteries and
fuel cells.[2] However, their high cost and low stability have
hindered their practical applications in air-breathing electro-
des. Accordingly, much attention has been devoted to rational
design of non-precious-metal or metal-free catalysts with
unique architectures to dramatically enhance ORR activity
(Supporting Information, Figure S1).[3] For example, Jasinski
and co-workers reported that metal/nitrogen/carbon (M/N/C)
catalysts have high catalytic activity for the ORR.[4] These
composite materials were synthesized by pyrolizing proper
precursors with nitrogen, carbon, and abundant transition
metals. While the superior catalytic activity for ORR are
demonstrated,[5] there is still debate on active sites for ORR
of N-M-C catalysts and their performance seems to be limited
by mass transfer.[6]

To dramatically enhance mass transfer through porous
oxygen-breathing electrodes, we have created some unique
electrode architectures that are similar to breakwaters
composed of highly porous tetrapod structures (Figure 1a).
To imitate this structure, we started with a commercially
available melamine foam.[7] After pyrolysis, the open-cell

network structure of the carbonized melamine foam (Sup-
porting Information, Figure S2b) becomes very fragile, and it
is easily broken to pieces by grinding with a mortar. Interest-
ingly, the broken pieces appear similar to the tetrapod
architecture (Figure 1a). In fact, our unique electrodes consist
of carbonized melamine foam and nano-sized ketjenblack,
thus offering high specific surface area, large number of active
sites, and large amount of pore volume for fast mass transport.
Although Lin et al. used melamine resin to prepare metal-
free N-doped electrocatalysts for ORR,[8] the unique archi-
tecture of carbonized melamine foam has not yet been used in
synthesizing electrocatalysts for ORR (Figure 1b).

Rotating ring–disk electrode (RRDE) experiments were
used to characterize the electrocatalytic activity of the as-
prepared Fe/Fe3C-melamine/N-KB (Ar-800) (hereafter
denoted as Ar-800 for brevity; Figure 2a). First, the carbon-
ized melamine foam showed higher positive onset potential
but much lower limiting current density than pure ketjenblack

Figure 1. a) Architectural features of tetrapod structures, commercially
available melamine foam (inset), and a cross-sectional view (SEM
image) of a fractured melamine foam after pyrolysis. The intercon-
nected large pores may facilitate fast mass transport. b) The synthesis
of Fe/Fe3C functionalized melamine foam infiltrated with N-doped
ketjenblack (KB). 1) Impregnation of melamine foam with FeCl2·4H2O
solution; 2) infiltration of Ketjenblack EC-600 JD; 3) carbonization in
Ar atmosphere for 2 h at 800, 900, and 1000 8C; 4) leaching in a 2m

H2SO4 solution.
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Supporting information for this article (including the preparation of
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EC-600JD (KB). This result clearly indicates the importance
of C�N group on the increased activity for ORR. However,
carbonized melamine foam itself is ineffective because it has
a very low surface area.[9] To confirm the nitrogen doping
effect on the activity for the ORR, we carefully separated N-
doped carbon from the Ar-800 sample and performed XPS
analysis. The N 1s peaks confirmed that nitrogen was doped
on KB, which had more positive onset potential and much
higher current density than ketjenblack (Supporting Infor-
mation, Figure S3). As melamine foam contains a large
amount of nitrogen, its carbonization yields only 10 to
15 wt % of carbon at 800 8C (which is due to vaporization of
unstable species and release of carbon nitride gases). To make
better use of the carbon–nitrogen (C-N) content of melamine
foam, commercial ketjenblack carbon was infiltrated into
porous melamine foam. The micropores of the ketjenblack
carbon could capture carbon nitride gases (for example,
C2N2

+, C3N2
+, C3N3

+) during pyrolysis to form C�N moieties.
Apparently, the large surface area of ketjenblack

enhanced limiting current density. In the case of Ar-800,
dramatic shift to positive direction of its onset
potential and much higher limiting current density
were observed. To confirm this synergic effect
between iron carbide functionalized melamine
foam and N-doped ketjenblack, we further exam-
ined two different samples, a composite electrode
and an electrode consisting of physical mixture of
the two phases. Although the two electrode samples
had very similar onset potentials, the composite
electrode displayed much higher current density
than the one of physical mixture, more so at higher
cathodic polarization (>�0.25 V). Also, different
current–voltage relationships were observed for the
two electrodes at around �0.4 V. The current

density of the physical mixture electrode showed a plateau
at a voltage range from �0.3 V to �0.45 V and then resumed
a small increase beyond �0.45 V. In contrast, the composite
electrode displayed a continuous increase in current density
in the entire voltage range studied, suggesting that the
physical mixture had inferior performance to that of the
composite electrode. As the plateau current region is very
similar to that for the pure Ketjenblack electrode, the limiting
current in the medium potential range is attributed to the
physical portion of the ketjenblack in the mixture sample.
Thus, it is reasonable to conclude that there are two types of
active sites: the iron carbide functionalized melamine skel-
eton and the nitrogen-doped ketjenblack. Proper combina-
tion of the two, as seen in the composite electrode, has
a significant synergic effect on enhancing ORR activity.

To our surprise, the current density of the as-prepared
sample are even slightly higher than that for Pt/C catalysts at
high overpotentials, implying that the electrode architecture
of our as-prepared sample is more effective in facilitating
oxygen transport to the active sites for ORR than the Pt/C
catalysts under the testing conditions (Supporting Informa-
tion, Table S1). Furthermore, the superior catalytic activity of
the composite (Ar-800) over that of the physical mixture
sample was also confirmed by the H2O2 yields and the number
of electrons (n) transferred in the electrode reaction, as
determined from the linear polarization curves (Figure 2b).
In particular, the number of electrons transferred was
determined to be about 3.7 to about 3.85 (very close to 4)
for our best catalysts (Ar-800), suggesting that it is an efficient
four-electron transfer pathway with peroxide yield of about
15% at �0.4 V. These results indicate that the composite
samples are very promising electrocatalysts for the ORR in an
alkaline solution, demonstrating highly competitive perfor-
mance but at a much lower cost than the benchmarked Pt/C
catalysts.

For practical applications, resistance to the methanol
crossover effect and durability of the catalysts are important
considerations as well. The chronoamperometric response of
the Ar-800 sample recovered quickly, about 150 s after
methanol injection (Figure 3a), meaning that the catalyst
was not influenced by methanol crossover.

In contrast, the chronoamperometric response of the Pt/C
catalyst changed dramatically after methanol injection (Fig-
ure 3a), suggesting that the methanol oxidation reaction
(MOR) initiated, because the sign of current changed from

Figure 2. a) Steady-state RRDE experiments of 1) ketjenblack EC-
600JD, 2) carbonized melamine foam, 3) a physical mixture of Fe/Fe3C-
melamine and KB, 4) Fe/Fe3C-melamine/N-KB composite catalyst,
5) 9.55 mgPt cm�2, and 6) 28.6 mgPt cm�2 in O2-saturated 0.1m KOH at
2000 rpm. Non-precious-metal catalyst loadings were 0.286 mgcat cm�2.
Ring (top) and disk current density (bottom) were separated for
convenience. b) Peroxide yields (%, top) and the number of electrons
(n) transferred (bottom) of as-prepared samples.

Figure 3. a) Chronoamperometric response with 10% (w/w) methanol; b) chro-
noamperometric response of Ar-800 and 20 % Pt/C in O2-saturated 0.1m KOH
solution at �0.2 V (vs Hg/HgO) and 1600 rpm.
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negative for the ORR to positive for the MOR. It clearly
demonstrated that our catalyst has superior tolerance against
methanol crossover effect. Further, the time-dependence data
of performance suggested that the Ar-800 catalyst degraded
in a slower rate than the Pt/C catalysts (Figure 3 b). This result
implies that our catalysts are promising candidates for direct
methanol and alkaline fuel cells as well.

We also constructed Zn-air full cells using our catalysts
and the Pt/C catalysts. Performance evaluation of these cells
(Figure 4a) indicates that, at low current densities, there is
a gap in power output between Ar-800 and Pt/C catalysts,
which is consistent with the observations with the half cells
discussed earlier. At higher current densities, however, the
voltage of our catalysts became higher than that of the cell
with Pt/C catalysts; the corresponding peak power density of
the cell with our catalyst was about 200 mW cm�2, which is
slightly higher than about 195 mWcm�2 for the cell with the
Pt/C catalyst (Figure 4b). These measurements are consistent
with the RRDE results (Figure 2 a), suggesting that our
catalysts have unique porous architecture for rapid mass and
charge transfer.

To correlate the high performance with the microscopic
features of the as-prepared samples, we examined the
crystalline phases of Ar-800. XRD analyses (Figure 5a)
indicate that metallic Fe, Fe3C, and graphitic carbon co-
existed, according to the diffraction data for a-Fe (JCPDS No.
87-0722) and Fe3C (JCPDS No. 89-2867).[6, 10] Other samples
heat treated at higher temperatures (900 and 1000 8C) for 2 h
also showed the same diffraction patterns (Supporting
Information, Figure S4a). However, the intensities of the
peaks related to iron species were low owing to low iron
content (ca. 3.30 wt %) in the Ar-800 sample (Supporting
Information, Figure S5).

At low magnification, the morphological features of the
Ar-800 (Figure 5c) appear similar to those of the melamine
foam (Figure 5b); at higher magnification, however, Fe/Fe3C
nanorods and ketjenblack carbon are evenly attached onto
the surface of melamine foam in Ar-800 (Figure 5d; Support-
ing Information, Figure S6a,b). The nanorods have a diameter
of about 100 nm with a length of around 0.6 to 1 mm. The well-
defined crystalline phase has a lattice fringe with d spacing of
0.184 nm, which is consistent with the (221) plane of Fe3C
(Supporting Information, Figure S6b,d).

To examine the effect of pyrolysis temperature on
catalytic activity for the ORR, the samples were
pyrolyzed under Ar atmosphere at 800, 900, and
1000 8C. Linear-sweep voltammetry curves (Fig-
ure 6a) for the three samples (Ar-800, 900, and
1000) indicate that Ar-800 had more positive onset
potential and higher current density than the other
two samples pyrolyzed at higher temperatures. To gain
more insight into the surface properties of the
catalysts, we performed XPS analysis of the samples.
High-resolution XPS spectra suggest that with increas-
ing pyrolysis temperature, the amount of pyridinic
moiety decreased but quaternary nitrogen increased

(Figure 6c). Thus, proper combination of pyridinic N and
pyrrolic N could be a key factor affecting the enhanced
catalytic activity for ORR. This conclusion seems to contra-
dict a previous report that graphite-like nitrogen atoms are
more important in metal-free catalysts.[11] In our case, the iron
precursor may be easily bounded to (and stabilized with) the
nitrogen atom with lone pair electrons for further growth of
Fe/Fe3C particles. Therefore, our conclusion seems to be
reasonable. On the other hand, sulfur was not affected by the
heat-treatment temperature (Figure 6 d), implying that sulfur
may not significantly affect the catalytic activity for ORR.
One possible explanation is that sulfur exists as bisulfite in
pristine melamine structure, not in the C-N skeleton of
melamine. XPS analyses support our hypothesis. Sulfur is
found to be in the form of�C�SOx�C�, not in the form of�
C�S�C�.[12]

However, it is worth noting that the�C�SOx�C�moiety
may increase the hydrophilicity of carbon plane so that more
electrolyte (together with dissolved oxygen) may gain easy
access to the catalytic active sites. Meanwhile, oxygen gas may
move along hydrophobic moiety. Therefore, proper combi-
nation of hydrophobic and hydrophilic property in catalyst

Figure 4. a) Current–voltage and b) power–voltage curves of Zn–air cells with
Ar-800 and 20% Pt/C catalysts. A gas diffusion layer without any catalysts was
used as the baseline air electrode for comparison.

Figure 5. a) X-ray diffraction patterns of Ar-800. b) A SEM image of
ground melamine foam structures after carbonization, c) an SEM
image of Ar-800, and d) a higher magnification of the image of (c).
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design is vital to facilitating fast transport of reactants for
ORR. Another origin of hydrophilicity is supported by C 1s
and O 1s spectra. For the C 1s spectra, as expected, the center
peak of sp2 C around 284.1 eV became more symmetric as the
heating temperature increased, implying that the degree of
graphitization of the as-prepared samples increased with
temperature (Figure 6e). This result is also supported by
XRD and Raman data (Supporting Information, Figure S4).
Obviously, graphitization could affect catalytic activity for
ORR owing to increased electrical conductivity and improved
hydrophobicity. Further, the�O�C=O group was still present
in Ar-800, which may increase the hydrophilicity of the
sample and its affinity to aqueous electrolyte (Figure 6 f).

XPS analysis of the iron species was less successful; it was
almost impossible to determine the exact oxidation state of Fe
(Fe 2p, 702–740 eV), which is due to very week signal
intensity (Figure 6b; Supporting Information, Table S2).[13]

XRD analysis indicates, however, that most iron species
exist as metallic Fe or iron carbide (Fe3C), not iron oxide.
Furthermore, iron oxides (Fe2O3, Fe3O4) are hardly detected
at 529.5 eV[14] in the O 1s spectra. Also, no peaks related to
the redox FeII/IIIcouple are observable in the ORR region of
cyclic voltammetry curves, even at very high scan rates
(Supporting Information, Figure S7).[15] Accordingly, it is
reasonable to conclude that iron redox couple (FeII/III)
might not play an important role in the ORR.

In conclusion, nanosized ketjenblack clusters were suc-
cessfully incorporated into commercially available melamine
foam of microscale porous skeleton through a simple solution
based method and pyrolysis, creating unique catalyst archi-
tectures with a large number of active sites for the ORR and
large pore volume for fast transport of oxygen gas and
aqueous electrolyte to the active sites. Electrochemical
performances of the low-cost catalysts are comparable to
those of Pt-based catalysts at low overpotentials and even
better at high overpotentials. XPS analysis suggests that�C�
SOx�C, C=O, and C�OH in the as-prepared sample may
increase hydrophilicity, thus enhancing transport through the
porous catalysts. Performance measurements using RRDE
and Zn–air cells suggest that a large surface area of N-doped
ketjenblack and Fe/Fe3C of melamine carbon foam are
responsible for the dramatically increased ORR activity.
Good methanol tolerant and durability were also demon-
strated. As commercially available melamine foam and
ketjenblack carbon are relatively inexpensive and the facile
synthetic method is amendable to mass production, the non-
precious metal catalysts are a promising alternative for a new
generation of low-cost and high-performance metal–air
batteries and fuel cells.
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