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Abstract: The oxygen reduction reaction (ORR) is one of the
most important reactions in both life processes and energy
conversion systems. The replacement of noble-metal Pt-based
ORR electrocatalysts by nonprecious-metal catalysts is crucial
for the large-scale commercialization of automotive fuel cells.
Inspired by the mechanisms of dioxygen activation by metal-
loenzymes, herein we report a structurally well-defined, bio-
inspired ORR catalyst that consists of a biomimetic model
compound—an axial imidazole-coordinated porphyrin—
covalently attached to multiwalled carbon nanotubes. Without
pyrolysis, this bio-inspired electrocatalyst demonstrates supe-
rior ORR activity and stability compared to those of the state-
of-the-art Pt/C catalyst in both acidic and alkaline solutions,
thus making it a promising alternative as an ORR electro-
catalyst for application in fuel-cell technology.

The activation/reduction of dioxygen is an important process
in various biochemical transformations and in energy con-
version systems such as fuel cells and metal–air batteries.[1,2]

The oxygen reduction reaction (ORR) is a challenging
reaction to catalyze, and its sluggish kinetics at the cathode
is one of the key roadblocks in hydrogen–oxygen (air) fuel
cells.[2a] Currently, the noble-metal platinum (Pt) is predom-
inantly used as the ORR catalyst in fuel cells. The replace-
ment of the scarce and costly Pt by nonprecious-metal
catalysts (NPMCs) is crucial for the large-scale commercial-
ization of automotive fuel cells. Despite significant efforts and
advances in research on NPMCs in recent years, the activity
and stability of those NPMCs are still lower than those of Pt-
based catalysts.[3] Among various types of NPMCs
explored,[3–6] metal/N/C (metal = Co, Fe) catalysts have
attracted the most attention because of their low cost and
facile preparation approach. The pyrolysis of cobalt- and iron-
containing heteroatom precursors (e.g. metal-N4 chelate) has
been the dominant route for the preparation of NPMCs.
High-temperature pyrolysis has the beneficial effects of

improving both the ORR activity and durability of NPMCs;
however, this method has the disadvantage in that the ORR
activity cannot be tuned in a controllable structure–function
manner, because the original chemical structures are com-
pletely destroyed during pyrolysis.[3d–e, 4, 6b] Consequently, the
optimization of ORR activity mainly relies on trial-and-error-
based experiments through varying the synthesis conditions,
while the actual nature of the active sites and the related
reaction mechanisms remain elusive with those NPMCs.

On the other hand, metalloenzymes provide us with good
examples of the delicate tuning of O2 activation/reduction
processes. For example, enzymatic oxygen reduction cata-
lyzed by cytochrome c oxidase (CcO)[7] and laccase[8] occurs
at very low overpotentials. Several bioinspired NPMCs for the
ORR have been reported in recent years, including a copper/
heme binuclear CcO model,[9] multicopper complexes,[10] and
iron phthalocyanines.[11] Although those unpyrolized NPMCs
have demonstrated appreciable ORR activity, their ORR
performance, in particular stability, is still lower than that of
the Pt/C-based catalyst in acidic fuel-cell conditions. The
nature of the active site of the ORR catalyst and precise
control of the interfacial structure between the ORR catalyst
layer and the underlying support hold the key for the
development of efficient NPMCs.[12, 13] Previous biomimetic
mechanistic studies on the activation of O2 with respect to the
active site of CcO and heme-containing enzymes have shown
that the incorporation of an imidazole ligand axial to iron
porphyrin is crucial for O2 activation.[14, 15] With these consid-
erations in mind, we report herein a biomimetic ORR
electrocatalyst which is covalently grafted onto multiwalled
carbon nanotubes (MWCNTs) and where an axial imidazole-
coordinated iron porphyrin ((DFTPP)Fe-Im; DFTPP = 2,6-
difluorotetraphenylporphyrin; Im = imidazole) mimics the
active site of O2-activating heme-containing enzymes
(Figure 1). Noticeably, this bio-inspired (DFTPP)Fe-Im-
CNTs catalyst showed superior ORR activity and stability
compared to the commercial Pt/C catalyst in both acidic and
alkaline environments.

The surface functionalization of MWCNTs with imidazole
groups was conducted in two steps. A protected aryl alkyne
monolayer was first grafted onto the MWCNTs by treating
a triisopropylsilyl (TIPS) protected ethynyl aryldiazonium
salt with purified MWCNTs in the presence of a hydrazine
reductant. The in situ cleavage of the TIPS group afforded
a grafted reactive ethynyl aryl layer on the MWCNTs, and the
imidazole group was then covalently attached to the aryl
alkyne monolayer through a typical “click” reaction through
the use of 1-(4-azidophenyl)imidazole. We employed chem-
ical reduction rather than electroreduction to reduce the silyl-
protected aryldiazonium salt for the covalent grafting of
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MWCNTs, following a strategy similar to that of Hapiot and
co-workers, who developed an efficient electrochemical
approach to covalently modify carbon surfaces with con-
trolled morphology by using a silyl-protected aryl diazonium
salt.[16] The merit of this method is that it avoids the formation
of disordered polyaryl multilayers on the carbon surface,
thereby producing a high density of reactive groups in
a monolayer-anchoring coating. The imidazole-grafted
CNTs (Im-CNTs) were characterized by various spectroscop-
ic methods. Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images showed individ-
ual CNTs (see Figure S1 in the Supporting Information). The
elemental composition of the Im-CNTs was analyzed by X-
ray photoelectron spectroscopy (XPS). The survey spectrum
of the Im-CNTs revealed the successful incorporation of
nitrogen atoms onto the CNTs with a nitrogen content of 7.88
at% (Figure 2a). The XP N1s scan spectrum showed a broad
peak, which was deconvoluted into two peaks with binding

energies (BEs) of 400.1 and 401.5 eV (Figure 2b). The N1s
peak at 400.1 eV was assignable to the imino nitrogen atoms
of the imidazole group,[17] and the nitrogen atom from the
triazole ring also contributed to this peak; the peak located at
401.5 eV was attributed to the remaining nitrogen atoms of
the triazole ring.[18a] A quantitative analysis of the data gave
an estimate of the ratio of the grafted imidazole group to the
CNTs (Im/C) as approximately 1:55 (see Table S1 in the
Supporting Information). This result indicates that the
modification of the surface of the CNTs with imidazole
functional groups is highly efficient. Compared with that of
pristine CNTs, the FTIR spectrum of the Im-CNTs revealed
additional signals at 1114 and 1437 cm�1, which were assign-
able to stretching vibrations of the triazole ring,[18b] and the
remaining additional peaks may be attributable to vibrations
of the imidazole-phenyl ring motif (Figure 2c). The IR results
thus also suggest the formation of a triazole linker with an
imidazole group on the CNTs. The Raman spectrum of the
Im-CNTs displayed D and G bands at 1344 and 1576 cm�1,
respectively. The D/G band intensity ratio for the Im-CNTs
(ID/IG = 1.24) was greater than that of the pristine CNTs (ID/
IG = 1.07, Figure 2d), which indicates that more defects were
created on the surface of the CNTs after covalent grafting.
This phenomenon is consistent with previously reported
covalent-grafted CNTs.[18a, 19] Consequently, the Raman spec-
troscopic evidence further corroborates the successful cova-
lent functionalization of CNTs with imidazole groups.

An iron porphyrin ((DFTPP)Fe) was assembled on the
imidazole-functionalized carbon nanotubes (Im-CNTs)
through coordination with the imidazole group to produce
the (DFTPP)Fe-Im-CNTs catalyst. The morphology of the
(DFTPP)Fe-Im-CNTs catalyst was then examined by various
microscopy methods, such as TEM (Figure 3a), SEM, and
atomic force microscopy (AFM; see Figure S2 in the Sup-
porting Information). The XPS survey spectrum of the
(DFTPP)Fe-Im-CNTs showed signatures of carbon, nitrogen,
oxygen, fluorine, and iron (Figure 3b). The iron content was
determined to be 0.84 at% by XPS analysis. The Fe2p core-
level XP spectrum displayed peaks at 709.9 and 722.1 eV,
which were assigned to the BE values of Fe2p3/2 and Fe2p1/2,
respectively (see Figure S3 in the Supporting Informa-
tion).[20a] The N1s XP spectral region of the (DFTPP)Fe-Im-
CNTs showed a broad nitrogen signal, which was deconvo-
luted into three components (Figure 3c). The N1s peaks at
399.9 and 401.4 eV were attributed to the imidazole and
triazole nitrogen atoms in Im-CNTs, respectively, and the
third peak at 398.8 eV was associated with the four nitrogen
atoms of porphyrin.[20] The diffuse reflectance UV/Vis
spectrum of (DFTPP)Fe-Im-CNTs revealed that the porphy-
rin Soret band appeared at 409 nm, and Q-bands appeared at
approximately 500 and 592 nm, which are different from
those of a simple mixture of pristine CNTs and (DFTPP)Fe,
in which the Soret band appears at 422 nm (Figure 3 d). This
result indicated that the iron porphyrin was anchored to the
CNTs most probably through the coordination of its surface-
functionalized imidazole group to form an axial imidazole-
coordinated porphyrin.

The ORR catalytic activity and kinetics in an O2-saturated
0.1m HClO4 solution were studied by using a rotating ring-

Figure 1. a) Heme (iron porphyrin) in O2-activating enzyme active sites
such as CcO and hemeoxygenase. b) Schematic representation of the
bio-inspired ORR catalyst (DFTPP)Fe-Im-CNTs covalently anchored to
the surface of multiwalled CNTs. Ar: 2,6-difluorophenyl; Im: imidazole.

Figure 2. a) XPS survey spectrum of Im-CNTs. b) XPS N1s scan spec-
trum of Im-CNTs. c) FTIR spectra of pristine CNTs (gray) and Im-CNTs
(black). d) Raman spectra of pristine CNTs (gray) and Im-CNTs
(black). Excitation= 532 nm.
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disk electrode (RRDE) at room temperature. A commercial
Pt/C catalyst (20 wt% Pt on Vulcan XC72R carbon) obtained
from Johnson Matthey (JM Pt/C) was used as the reference
catalyst. All electrodes were pretreated by repeated cycling of
the potential between 0.0 and 1.2 V versus a reversible
hydrogen electrode (RHE) at a sweep rate of 100 mVs�1 to
remove surface contamination before testing the ORR
activity. The ORR polarization curves with (DFTPP)Fe-Im-
CNTs, Pt/C, and (DFTPP)Fe-CNTs (a simple mixture of
pristine CNTs and the porphyrin (DFTPP)Fe catalysts are
shown in Figure 4a. In a mixed kinetic/diffusion region, the
half-wave potential (E1/2) of an ORR polarization curve is
often used to evaluate the electrocatalytic activity of a cata-
lyst. The E1/2 value for the ORR measured with the
(DFTPP)Fe-Im-CNTs catalyst is 0.880 V versus RHE,
which is approximately 38 mV higher than that of the Pt/C
catalyst (0.842 V) under the same experimental conditions.
The result demonstrated a significant improvement in the
ORR kinetics by lowering the overpotential for this bio-
inspired catalyst. To the best of our knowledge, the E1/2 value
of 0.880 V is the highest among the NPMCs reported to date
in acid electrolytes (see Table S2 in the Supporting Informa-
tion). In addition, this (DFTPP)Fe-Im-CNTs catalyst also
demonstrated a significant increase in the limiting current
density relative to the Pt/C catalyst at the same loading level
(1.0 mgcm�2). It is worth noting that the E1/2 value for the
simple mixture of (DFTPP)Fe-CNTs negatively shifted to
a significantly lower potential (ca. 0.54 V) in the same acidic
conditions, thus indicating its poor ORR activity (Figure 4a).
The sharp contrast in the ORR activities of the (DFTPP)Fe-
CNTs and (DFTPP)Fe-Im-CNTs catalysts implies the impor-
tant role of the covalently grafted imidazole group, which

coincides well with our previous O2-activation mechanistic
studies using similar heme-containing emzymatic models.[14]

The rotation-rate-dependent current-potential curves of
the (DFTPP)Fe-Im-CNTs catalyst displayed linear Kou-
tecky–Levich plots (Figure 4b). The electron transfer
number (n) was calculated from the slopes of Koutecky–
Levich plots to be about 4 at 0.55–0.70 V,[21] which suggests
a nearly 4e� oxygen reduction process. The amount of
partially reduced product H2O2, as detected from the ring
electrode, was less than 1% in the potential range of 0.4–
0.9 V, which was even less than that of the Pt/C catalyst
(Figure 4c). Kinetic currents derived from the disk currents
showed a Tafel slope of about 67 mV per decade at low
currents (Figure 4d). The mass-transport-corrected kinetic
current at + 0.90 V for the (DFTPP)Fe-Im-CNTs catalyst
(2.66 mA cm�2) was approximately 2.2 times higher than that
of the Pt/C catalyst (1.20 mAcm�2, Figure 4d inset). Accord-
ingly, all the above results on the ORR evaluation confirm the
higher ORR activity of the (DFTPP)Fe-Im-CNTs catalyst
relative to the commercial JM Pt/C catalyst in acidic electro-
lytes.

Durability is one of the major concerns in ORR NPMCs
that are used in fuel-cell technology, especially for PEMFCs.
The stability of the (DFTPP)Fe-Im-CNTs catalyst was tested
by chronoamperometric measurements. The (DFTPP)Fe-Im-
CNTs catalyst retained about 90% of its initial current after
45000 s at 0.7 V, while the Pt/C catalyst maintained only
about 57% of its initial current under the same experimental
conditions (see Figure S4 in the Supporting Information). The
durability of the (DFTPP)Fe-Im-CNTs catalyst was also
evaluated using the US DOEs accelerated durability test
protocol, where the potential was cycled between 0.6 and
1.0 Vat 50 mVs�1 in a 0.1m HClO4 solution saturated with O2.
Although a clear negative shift of E1/2 (ca. 14 mV) was
observed for the (DFTPP)Fe-Im-CNTs catalyst after 10000
continuous cycles, the negative shift of the E1/2 value is only
less than half that of the commercial Pt/C catalyst (ca. 37 mV)
under the same experimental conditions (Figure 4e). After
the accelerated durability test, the ORR performance gap
between these two catalysts increased even further: the
(DFTPP)Fe-Im-CNTs catalyst exhibited a significantly higher
ORR half-wave potential (DE1/2: ca. 60 mV) than the Pt/C
catalyst (Figure 4 e). These results clearly demonstrate that
our bio-inspired catalyst has improved stability over the Pt/C
catalyst even in acidic electrolytes. It is worth commenting
that unpyrolyzed metal macrocycles and other NPMCs
usually suffer from very poor durability in acidic environ-
ments.[4a, 11, 22] The high stability of this unpyrolyzed
(DFTPP)Fe-Im-CNTs catalyst may benefit from its low
overpotential for the ORR and associated high selectivity
(ca. 99%) of 4e� versus the 2e� reduction of dioxygen to
water, and, thus, less H2O2 is produced. The partially reduced
product of H2O2 is notorious for its deactivation effect on the
ORR catalyst, and is also the main energy loss on using O2 as
the oxidant in fuel cells. Furthermore, this catalyst effected
the catalytic decomposition of H2O2 in argon saturated 0.1m
HClO4 solution with similar CV curves to those of the ORR
(see Figure S10 in the Supporting Information), which
suggests the catalyst has a good ability to clear H2O2 through

Figure 3. a) TEM image of (DFTPP)Fe-Im-CNTs. b) XPS survey spec-
trum of (DFTPP)Fe-Im-CNTs. c) XPS N1s scan spectrum of (DFTPP)Fe-
Im-CNTs. d) Diffuse reflectance UV/Vis spectra of (DFTPP)Fe-Im-CNTs
(black, solid), (DFTPP)Fe-CNTs (gray, solid), and (DFTPP)Fe (gray,
dashed). The Cl� counterion is omitted for clarity.
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decomposition and reduction of the in situ produced O2.
Consequently, the catalytic activity of the (DFTPP)Fe-Im-
CNTs catalyst against H2O2 may further contribute to its
improved ORR durability.

A methanol cross-over test on the (DFTPP)Fe-Im-CNTs
catalyst was also performed. The (DFTPP)Fe-Im-CNTs
catalyst exhibited a stable amperometric response after the
introduction of 2.0m methanol, which suggests a good toler-
ance to the methanol cross-over effect. For comparison, the
corresponding i-t chronoamperometric response of the Pt/C
catalyst showed a sharp decrease in the current upon the
addition of 2.0m methanol (Figure 4 f). These results suggest
that the (DFTPP)Fe-Im-CNTs catalyst may also be used as
a methanol-tolerant cathode catalyst in direct-methanol fuel
cells.

We also evaluated the ORR activity of the (DFTPP)Fe-
Im-CNTs catalyst in 0.1m KOH electrolyte. It exhibited an
ORR E1/2 value of 0.922 V, which was approximately 47 mV
higher than that of the Pt/C catalyst (0.875 V) under the same
experimental conditions (see Figure S11 in the Supporting
Information). The accelerated durability test was further

carried out in an O2-saturated 0.1m KOH solution. Compared
to the negative shift in the E1/2 value of the Pt/C catalyst by
34 mV, there was no apparent negative shift of the E1/2 value
for the (DFTPP)Fe-Im-CNTs catalyst after 10 000 cycles, thus
indicating the high stability of this bio-inspired catalyst in an
alkaline environment (see Figure S15 in the Supporting
Information). The (DFTPP)Fe-Im-CNTs catalyst thus also
displayed both excellent ORR activity and durability in
alkaline media.

In conclusion, we successfully anchored the biomimetic
ORR electrocatalyst (DFTPP)Fe-Im onto the surface of
carbon nanotubes through imidazole functionalization of
MWCNTs. An axial imidazole-coordinated porphyrin mimics
the active site of O2-activating heme-containing enzymes.
This bio-inspired ORR catalyst demonstrated a high selec-
tivity (99 %) in the direct 4e� reduction of dioxygen to water,
while producing the 2e� reduction product of H2O2 in
a minimal amount. This bio-inspired catalyst did not undergo
any pyrolysis treatment, and exhibited remarkably higher
ORR activity, superior stability, and excellent methanol
tolerance in comparison to the commercial Pt/C catalyst in

Figure 4. a) Linear scanning voltammograms of Fe(DFTPP)-CNTs (gray, dashed), (DFTPP)Fe-Im-CNTs (black, solid), and Pt/C (gray, solid)
catalysts in O2-saturated 0.1m HClO4. Electrode rotation speed, 1600 rpm; scan rate, 10 mVs�1; loading, 1.0 mg cm�2. b) Rotating-disk
voltammograms of (DFTPP)Fe-Im-CNTs (loading 1.0 mgcm�2) in an O2-saturated 0.1m HClO4 solution at different rotation rates. The inset
shows the corresponding Koutecky–Levich plots at different potentials. Scan rate: 10 mVs�1. c) Peroxide yield of (DFTPP)Fe-Im-CNTs (solid) and
Pt/C (dashed) catalysts in O2-saturated 0.1m HClO4. d) Tafel plots of (DFTPP)Fe-Im-CNTs (black) and Pt/C (gray) catalysts derived by the mass-
transport correction of the corresponding RDE disk currents. The inset shows the kinetic density at + 0.90 V for (DFTPP)Fe-Im-CNTs and Pt/C
catalysts. Electrode rotation speed, 1600 rpm; scan rate, 10 mVs�1; e) ORR polarization plots of Pt/C (gray) and (DFTPP)Fe-Im-CNT (black)
before (solid) and after (dashed) 10 000 potential cycles in O2-saturated 0.1m HClO4 solution. The potential was cycled between 0.6 and 1.0 V at
a rate of 50 mVs�1. Electrode rotation speed, 1600 rpm. f) Current–time chronoamperometric response of (DFTPP)Fe-Im-CNTs (solid) and Pt/C
(dashed) upon the addition of 2.0m methanol in an O2-saturated 0.1m HClO4 solution. The arrow indicates the introduction of methanol.
Electrode rotation speed, 900 rpm.
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both acidic and alkaline solutions. It could thus be used as
a good substitute for the noble-metal Pt catalyst in energy-
conversion systems in the future.

Experimental Section
The catalyst ink was prepared as follows: Catalyst (5.0 mg,
(DFTPP)Fe-Im-CNTs and (DFTPP)Fe-CNTs or 20 wt% Pt on
Vulcan XC-72, JM HiSPEC 3000) was mixed in a glass vial with
a 5 wt % dispersion solution of Nafion (25 mL; Aldrich) and
isopropanol (225 mL). The ink was sonicated in a bath sonicator for
1 h. The catalyst ink (10 mL) was applied to the surface of a glassy
carbon disk (0.196 cm2), and the solvent was evaporated at room
temperature under air to produce a uniform film with a catalyst
loading of about 1.0 mgcm�2. The Pt loading for the reference Pt/C
catalyst was 0.2 mgPt cm�2.

An RRDE (Pine Instruments) with a 5.0 mm diameter glassy
carbon disk and Pt ring (geometric area 0.110 cm�2) was used to
evaluate the catalyst performance on a CH Instrument Model 760D
potentiostat in a standard three-electrode cell. To avoid any potential
contamination of the catalyst by platinum, a graphite rod was used as
the counter electrode. An Ag/AgCl electrode was used as the
reference electrode in 0.1m HClO4 electrolyte, while a Hg/HgO
electrode was used as the reference electrode in 0.1m KOH electro-
lyte. All the potentials in this study were reported with respect to the
reversible hydrogen electrode (RHE). All cyclic voltammetry (CV)
and RRDE tests were performed at room temperature with a scan
rate of 10 mVs�1. The electrolyte was bubbled with O2 for 30 min
prior to each experiment, and O2 purging was maintained over the
electrolyte during the electrochemical measurements. A 30 s poten-
tial hold at the open cell potential preceded every polarization
experiment. The ring potential was set to 1.3 V versus RHE.
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