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ABSTRACT: It is commonly accepted that it is almost not
possible to realize the large-scale practical application of fuel
cells if the expensive noble metal-based electrocatalysts for
oxygen reduction reactions (ORR) cannot be replaced by
other low-cost, efficient, and stable ones. Herein, our studies
demonstrate that iron phthalocyanine (FePc) supported on
chemically reduced graphene through π−π interaction can act
as a noble metal-free electrocatalyst with a comparable activity,
long-term operation stability, and better tolerance to methanol
crossover and CO poisoning compared with commercial Pt/C
for ORR in alkaline media. The improved electrochemical
activity and stability of FePc by graphene is mainly attributed
to the inherent properties of graphene and the π-stacking interaction between FePc and planar aromatic structure of graphene.
The as-prepared graphene−iron phthalocyanine (g-FePc) composite exhibits an efficient 4-electron pathway and can be used as a
promising Pt-free ORR electrocatalyst.
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1. INTRODUCTION

Because of the high power density, high energy-conversion
efficiency, and zero or low emission of pollutants, proton
exchange membrane fuel cells (PEMFCs) have attracted
increasing attention over recent decades; however, the current
bottleneck of PEMFCs lies in the sluggish oxygen reduction
reaction (ORR) kinetics on the cathode.1 Although Pt-based
electrocatalysts have been traditionally used to catalyze the
ORR with a high efficiency, they still suffer from several serious
problems, including declining activity, the crossover, and
poisoning effects.2,3 In addition, the high cost of the platinum
catalysts, together with its limited reserves in nature, has
hindered the large-scale commercialization of PEMFCs.4

Therefore, various types of nonprecious ORR catalysts have
been investigated to replace platinum, including transition
metal chalcogenides,5,6 nitrogen-doped carbon nanotubes or
graphene,7−9 carbon nitride,10,11 conductive polymer-derived
materials,12,13 and metal-N4 chelate macrocycles (M-N4-macro-
cycles).14−16 Problems plaguing these catalysts include
insufficient activity and low stability.17 Understanding the
nature of ORR catalytic sites on the atomic scale, identifying
the causes of instability, and designing catalysts with both
optimal activity and durability for ORR are still the big
challenges.

Since 1964, when Jasinski first reported that a N4-chelate
complex with a transition metal could be used to electro-
chemically reduce oxygen,18 many M-N4-macrocyclic com-
pounds, such as phthalocyanines and porphyrins, have been
widely investigated for ORR,19−21 among which iron
phthalocyanine holds the best performance.22 In addition,
FePc can be synthesized more easily or purchased more cheaply
compared with other specially designed metal porphyrins or
phthalocyanine. Unfortunately, although much effort has been
made for developing FePc as fuel cell catalysts, none of them
has reached the level of Pt-based catalysts in terms of catalytic
activity and stability.23

The poor ORR performance of FePc is mainly attributed to
the following aspects: First, FePc molecules are prone to
aggregation, which greatly decreases the active sites for ORR.
Second, the poor electron conductivity of FePc does not
facilitate electron transfer in the ORR process. To solve these
problems, their polymeric or heat-treated M-N4 forms have
been fabricated and tested for ORR because this could lead to
better chemical and thermal stabilities, higher electronic
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conductivities, and higher O2 reduction activities; however,
such treatments will result in trial and harsh experiments and
make it difficult to tailor the structure and the surface
properties of the catalysts.24 In addition, FePc has been studied
by supporting on a variety of carbon materials, such as Vulcan
XC-72,25 carbon nanotubes,26 to improve its catalytic perform-
ance. Nevertheless, all of these carbon-supported FePc
composites can hardly be dispersed homogeneously in most
solvents, and the preparation and purification of carbon
nanotubes are really tough process. Moreover, these improve-
ments for the ORR property of FePc are actually limited, so
improving the ORR performance of the M-N4-macrocyclic
materials remarkably by a facile and effective way remains to be
solved.
This has created the objective for the present work, in which

we first synthesized highly stable graphene sheets via mild
chemical reduction of exfoliated graphene oxide, then FePc was
immobilized onto the graphene sheets through π−π interaction.
The graphene support, to which FePc is homogeneously
attached, has improved the dispersibility of indissolvable FePc
and acts as supplementary electron-providing sites to prevent
issues arising from slow electron transfer. Furthermore, being
attached on large planar graphene sheets through forceful π−π
interaction, further aggregation between the FePc molecules is
prevented during the storage and the electrochemical tests,
maintaining isolation between catalytically active sites. Because
of the unique structure and composition, the graphene-iron
phthalocyanine (g-FePc) exhibits comparable activity, superior
stability, methanol tolerance, and anti-CO poisoning effects
compared with a commercial Pt/C catalyst for four-electron
ORR in alkaline solution. The desirable performance of the g-
FePc composite, together with the low cost and the facile mass-
production ability, make the g-FePc a promising cathode
candidate for alkaline methanol fuel cell application.

2. EXPERIMENTAL SECTION
2.1. Materials. Iron phthalocyanine (FePc) and 20% E-

TEK Pt/C were purchased from Alfa Aesar and used as
received. The Vulcan XC-72 carbon support was purchased
from Cabot Corporation (Boston, MA, USA). Graphite powder
was purchased from Tianjin Guangfu Fine Chemical Research
Institute. Unless otherwise stated, other reagents were of
analytical grade and used as received. Aqueous solutions were
prepared with double-distilled water from a Millipore system
(>18 MΩ cm).
2.2. Sample Preparation. Graphene oxide (GO) was

synthesized from graphite powder following a modified
Hummers’ method.27 Graphene sheets were obtained through
the partially reduction of GO by an endogenous reducing agent
from a most widely used and cost-effective solvent, without
adding any other toxic reducing agent.28 In a typical
experiment, the as-synthesized GO was first dispersed in
DMF (0.4 mg/mL) under ultrasonical treatment for 30 min,
and then the solution was heated in an oil bath (153 °C) for 45
min. The as-obtained graphene was filtered through a nylon
microporous membrane (0.22 μm) and redispersed in DMF
with a concentration of 0.4 mg/mL.
To prepare graphene supported FePc, 0.4 mg/mL of the

FePc dispersion in DMF was added to the graphene solution of
the same concentration drop by drop under stirring. The
mixture solution was stirred at room temperature for 6 h and
then ultrasonicated for 0.5 h. The obtained g-FePc dispersion
was purified by filtration and washing with DMF at least three

times and then redispersed in DMF at a concentration of 0.4
mg/mL for further use.

2.3. Characterizations. UV−vis spectroscopic data were
collected using a Hitachi U-3900 spectrophotometer, and
fluorescence emission spectra were recorded on a Hitachi F-
4600 fluorescence spectrophotometer with an excitation
wavelength of 490 nm. Transmission electron microscopy
(TEM) micrographs were imaged by a JEOL 2000 transmission
electron microscopy operating at 100 kV. High-resolution
transmission electron microscopy (HRTEM) images were
carried out on a JEM-2100 microscopy operated at 200 kV.
Energy-dispersive X-ray spectroscopy (EDX) was obtained by a
field emission scanning electron microscopy (FE-SEM,
XL30ESEM-FEG). XPS measurement was performed on an
Thermo ESCALAB 250 spectrometer (Thermo Fishier
Scientific, East Grinstead, UK) with Al Kα X-ray radiation as
the X-ray source for excitation. Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27 spectrometer) and
Raman spectra (Renishaw Raman system model 1000
spectrometer) with an excitation laser of 514 nm were also
used to characterize the samples. Thermogravimetric analyses
(TGA) measurements were performed on a Perkin-Elmer
TGA-2 thermogravimetric analyzer under nitrogen from room
temperature to 900 °C at 10 °C/min.

2.4. Electrochemical Measurements. Cyclic voltammo-
grams (CVs) and amperometric i−t curves were performed
with a CHI 660A electrochemical workstation in a conventional
3-electrode system. The working electrode was a 3 mm glassy
carbon electrode (GCE) covered with the catalyst samples. A
platinum coil and Ag|AgCl (3 M KCl) electrode were used as
the counter electrode and the reference electrode, respectively.
All electrode potentials in this work were converted to the
reversible hydrogen electrode scale without special description.
The CV measurements were conducted in N2- or O2-saturated
0.1 M KOH solution at a scan rate of 10 mV/s.
The rotating disk electrode (RDE, d = 5 mm) and rotating

ring disk electrode (RRDE) tests were measured on a Princeton
Applied Research (PAR) model 636 ring-disk electrode system
at a scan rate of 10 mV/s in an O2-saturated 0.1 M KOH
solution. The Pt ring potential was set at 0.5 V (vs Ag|AgCl) in
the RRDE tests. For the RDE and RRDE measurements, 20 μL
of the 0.4 mg/mL g--FePc dispersion was pipetted onto the
electrode surface, and the electrode was allowed to dry at room
temperature. Then 5 μL of 0.5 wt % Nafion was further cast-
coated to form a protective layer against catalyst detaching from
the electrode surface. In the control experiments, the FePc/C
(0.4 mg/mL) was prepared in a way similar to that of the g-
FePc, especially that the graphene was substituted by Vulcan
XC-72 carbon. A 20 μL portion of the FePc/C ink was drop-
coated on the electrodes before the Nafion coating. A 10 μL
portion of graphene or FePc solution of the same concentration
was coated on the electrode before the Nafion deposition. The
Pt/C ink was prepared by mixing 1 mg of commercially
available 20% E-TEK Pt/C with 800 μL of water, 190 μL of
isopropyl alcohol, and 10 μL of 5 wt % Nafion. A 20 μL portion
of the ink was drop-coated on the RDE and RRDE. To remove
the capacitive current of the working electrode, the background
current was measured by running the above electrodes in N2-
purged KOH electrolyte after the ORR measurements and
subtracted from the ORR polarization curve. Therefore, the net
faradic current of ORR was obtained for evaluation of the ORR
activity.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs4001927 | ACS Catal. 2013, 3, 1263−12711264



In the CV and i−t measurements, a corresponding amount of
catalysts was coated on the GCE (3 mm) with the same catalyst
loading per area as that on the RDE.

3. RESULTS AND DISCUSSION
Graphene, a two-dimensional sheet of sp2 conjugated carbon
atoms, has fascinated the scientific community in recent
years.29,30 The combination of a high specific surface area
and high electrical conductivity makes graphene sheets highly
promising as a supporting platform for electrocatalysts.31,32 The
schematic interaction between graphene and FePc and the
ORR process on g-FePc is illustrated in Scheme 1. The

extended, delocalized, and conjugated π-electron system of
graphene facilitates interaction with phthalocyanine molecules
through the π−π stacking interaction.33 Thus, graphene is an
ideal selection to support FePc, and the noncovalent binding is
an optimal interaction without destroying the intrinsic
properties of FePc and graphene. What is more, the presence
of graphene can enhance the electrocatalytic response of the
FePc centers, which is beneficial for improving the ORR
performance of the FePc through a four-electron reaction.
Highly dispersible graphene sheets were obtained by heating

the GO solution in DMF. This method has the advantages of
low cost because only adopting two easily available materials
(GO and DMF), green synthesis without the using of any
foreign hazardous reducing agent or stabilizer, and easy
preparation make it a suitable method for the large-scale
preparation of soluble graphene for practical applications.
Figure 1a shows a typical TEM image of a single graphene
sheet. It appears transparent and is folded over on one edge
with some wrinkles on the sheet. The as-prepared graphene has
long-term stability in DMF owing to the residual oxygen-
containing groups and the stabilization effect of DMF. After
storing for 6 months, the graphene sheets prepared here by the
DMF reduction can still maintain homogeneous dispersion,
whereas the graphene sheets prepared by the N2H4 reduction
drastically aggregate (Supporting Information Figure S1a).
Free-standing film or graphene paper can be peeled off the filter
membrane. This graphene film is bendable and exhibits a shiny
metallic luster (Supporting Information Figure S1b). The
conductivity of the graphene paper prepared here is tested to be
5800 S/m at room temperature, which is comparable to that of
chemically converted graphene paper previously reported.34

The good dispersibility and high conductivity together with the
mass-production property make the as-synthesized graphene
sheets terrific supporting material for the FePc. FePc aggregates
with a size of 40−50 nm can be uniformly supported on
graphene sheets, as can be seen from Figure 1b. The FePc tends
to form large aggregates in DMF without the supporting of

graphene (Supporting Information Figure S1c). From the
HRTEM image of g-FePc shown in Supporting Information
Figure S1d, it can be seen that the FePc was firmly deposited
on the graphene sheets and partly embedded in the sheets. The
loading of FePc on graphene prevents the further aggregation
of FePc, providing more active sites for the electrocatalysis.
The structural changes that occur during the chemical

reduction process from GO to graphene are reflected in their
Raman spectra, as seen from Figure 1c. Raman spectroscopy is
a sensitive tool to probe the structure of graphene samples.35,36

The Raman spectrum of GO displays a broad D band peak (the
vibrations of carbon atoms with sp3 electronic configuration of
disordered graphene) at ∼1353 cm−1 and a G band peak (in-
plane vibration of sp2-bonded carbon atoms) at ∼1604 cm−1.
After partial reduction, the two bands become narrower, and
the G band shifts to 1601 cm−1. The ID/IG ratio of the graphene
(1.08) is found to be higher than that of the initial GO (0.90),
suggesting a decrease in the average size of the sp2 domains
upon reduction of the exfoliated GO.37 This may explain why
the reduction process can increase the number of small
domains of aromaticity responsible for the D peak but not
affect their overall size, which is related to the G peak. In
addition, compared with graphene, the G band of g-FePc is
slightly shifted to 1591 cm−1 from 1601 cm−1, This red shift can
be ascribed to the extended delocalization of the π electrons,
which is a consequence of the π−π interactions between FePc
and graphene.33,38,39 Moreover, the ratios of the ID/IG of
graphene (1.08) and g-FePc (1.03) have no apparent
difference, which indicates that the interaction between
graphene and FePc does not destroy the conjugations of
graphene. From the Raman spectra shown in Figure 1c, the
Raman intensity of pure FePc is relatively low, and some
characteristic peaks are slightly reflected in that of the g-FePc
composite. TGA measurements were also carried out to obtain
the thermal stability of the partly reduced GO, FePc, and g-
FePc. The amount of FePc assembled on graphene has been
evaluated by TGA under N2 atmosphere (Figure 1d). The
weight percentage of FePc in g-FePc is calculated to be ∼50%
from the mass percentage after 800 °C of the TGA curves.

Scheme 1. Schematic Illustration of the Interaction between
Graphene and FePc and the ORR Process on g-FePc

Figure 1. (a) TEM image for the as-synthesized graphene. (b) TEM
image of g-FePc composite. (c) Raman spectra of GO, graphene, and
g-FePc, and pure FePc. (d) TGA curves of graphene, FePc, and g-FePc
with a heating rate of 10 °C/min under nitrogen.
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Figure 2a shows the UV−vis absorption spectra of GO and
graphene in DMF solution. The red-shifted π−π* absorption
band of graphene at 260 nm compared with that of GO at 230
nm is consistent with the partial recovery of the 2D π-
conjugated network, showing the reduction of GO occurred as
expected.40 The inset of Figure 2a shows the photographs of
GO and the as-prepared graphene dispersion in DMF with a
concentration of ∼0.8 mg/mL. Both the GO and graphene can
form homogeneous dispersion with the stabilization effect of
DMF. The absorption spectra of FePc in DMF before and after
the addition of graphene are shown in Figure 2b. The UV−vis
spectrum of FePc contains a characteristic Q-band in the near-
infrared region centered at 639 nm, a B-band at 329 nm, and a
weaker transition at ∼565 nm. The characteristic Q-band is
attributed to π−π* transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) of the FePc ring (i.e., from a1u to
eg* orbitals). The B-band is caused by transitions between a2u
and b1u to eg* orbitals, and the additional weak vibrational
satellite band at ∼565 nm is observed as a result of the
inevitable aggregation between the FePc units.41,42 Regarding
the absorption characteristics of FePc, a significant broadening
and decrease in intensity dominates the spectrum in the
presence of graphene. A closer look reveals that the Q-band
shifts from 639 to 659 nm, and a new fingerprint that exhibits a
maximum at ∼708 nm appears. The apparent bathochromic
shift reflects the strong electronic coupling between the FePc
and graphene. It is commonly accepted that the unsubstituted
metal phthalocyanine is barely soluble in common solvents.
Therefore, much research has focused on synthesizing soluble
phthalocyanine by adding hydrophilic functional groups to the
molecule; however, the reaction process is really harsh, and the
products are usually uncontrollable. In addition, most of the
substituted phthalocyanines are not as stable as their
unsubstituted counterparts, and their electronic properties are

also different from those of the unsubstituted phthalocyanines.
The FePc can form dilute solution in DMF after ultra-
sonication, as shown in the inset of Figure 2b.
After being stored for 1 month, the FePc molecules totally

aggregate and sink to the bottom of the bottle, while the
graphene sheets and the g-FePc can still maintain a
homogeneous dispersion (Supporting Information Figure S2).
It has been reported that GO could be used as a functional
dispersing agent for graphite powders and carbon nanotubes,
which are known to be difficult to process in water through
π−π interaction.43,44 Inspired by the surfactant behaviors of
GO for the dispersion of graphite and carbon nanotubes, we
conclude that the partially reduced graphene sheets (seen from
the FTIR in Figure 2d and XPS results in Supporting
Information Figure S3) here could also act as a dispersing
agent and improve the dispersion of the π-conjugated FePc
molecules. The loading of FePc on graphene enlarges the
distance between the graphene sheets and, in return, stabilizes
the dispersion of graphene.
Fluorescence spectra of the FePc solution in DMF with the

gradual addition of graphene were recorded to examine the
electronic interactions between graphene and FePc (Figure 2c).
The observed luminescence quenching of the FePc by the
gradual addition of graphene reveals that there is a strong
interaction between the excited state of FePc and the graphene
in the composite. The fluorescence quenching of the excited
FePc by graphene is probably associated with photoinduced
electron transfer.45

The functional groups present in the starting materials and
the hybrid were characterized by FTIR. As shown in Figure 2d,
after reduction of GO in DMF, the adsorption bands of C−OH
(deformation of hydroxyl) at 1352 cm−1, C−O (epoxy or
alkoxy) at 1050 cm−1, and C−OH (vibration of hydroxyl)
around 3380 cm−1 disappear. The intensities of absorption
bands of CO (in carboxylic species) at 1720 cm−1, and C−

Figure 2. (a) UV−vis absorption spectra of GO and graphene in DMF. Inset: photographs showing the dispersibility of GO and graphene with a
concentration of ∼0.8 mg/mL. (b) UV−vis absorption spectra of FePc and g-FePc. The inset contains the images of graphene (A), g-FePc (B) with
a concentration of 0.4 mg/mL, and ultrasonic treated FePc (C) in DMF with a concentration of 0.1 mg/mL. (c) Fluorescence spectroscopic changes
observed for FePc solution with the increasing wt % of graphene: (I) 0% graphene, (II) 5% graphene, (III) 10% graphene, (IV) 25% graphene, (V)
50% graphene. (d) FTIR spectra of graphene, g-FePc, and FePc.
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O−C (epoxy species) at 1225 cm−1 greatly decrease but still
remain.46 The C 1s XPS spectra of GO and graphene confirm
the residual of some oxygen-containing species (Supporting
Information Figure S3a, b). These results prove that GO was
partially reduced to graphene. The FTIR spectrum of the
purified g-FePc (by repeatedly washing with DMF to eliminate

the possible existence of mixture) resembles that of graphene,

with the presence of most of the fingerprints of FePc,

suggesting the formation of a graphene and FePc composite.

The N 1s XPS spectra of purified g-FePc also present the peak

information of both graphene and FePc (Supporting

Figure 3. Cyclic voltammetry curves of ORR on the g-FePc (a) and Pt/C (b) electrodes in N2- and O2-saturated 0.1 M KOH at a scan rate of 10
mV/s.

Figure 4. (a) Reduction of oxygen on Pt/C, FePc, graphene, and g-FePc electrodes in O2-saturated 0.1 M KOH. Scan rate: 10 mV/s. (b) Linear
sweep voltammogram of g-FePc with different mass ratios of graphene in O2-saturated 0.1 M KOH with a scan rate of 10 mV/s.

Figure 5. Rotating disk electrode linear sweep voltammograms tests obtained for g-FePc (a) and Pt/C (c) at various speeds. Koutecky−Levich plots
for g-FePc (b) and Pt/C (d) obtained from RDE measurements in parts a and c, respectively. The transferred electron number per oxygen molecule
in the ORR is calculated and listed after each potential.
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Information Figure S3d−f), which also indicates the formation
of the g-FePc composite.
Supporting Information Figure S4a shows the survey XPS

data of the g-FePc. The peaks of C, N, O, Fe can be obviously
found, revealing that the FePc molecules have been successfully
anchored on the graphene surface. The EDX spectrum of g-
FePc also suggests the presence of C, N, O, and Fe elements
with the peak of Si from the silicon wafer. The oxygen peak is
from the partially reduced graphene oxide. The element
analysis by EDX (mean value of five measurements) in the
inset of Supporting Information Figure S4b shows that the
mass percentage of Fe in the composite is ∼5.5%, from which
the FePc mass percentage in the composite can been figured
out, and the result is in accordance with the TGA tests,
suggesting that most of the used FePc have been successfully
loaded on the graphene sheets. The Fe 2p3/2 peak is centered at
709.4 eV, and the Fe 2p1/2 peak is located at 722.8 eV in FePc
(Supporting Information Figure S4c), which is in agreement
with the previously reported values.42,47 Compared with the
FePc molecule, the Fe 2p3/2 and Fe 2p1/2 values of the g-FePc
shifted to 711.5 and 725 eV, respectively (Supporting
Information Figure S4d), suggesting the interaction between
graphene and FePc leads to a decrease in the electron density
on the Fe atom. The XPS results agree well with the Raman
measurements.
To gain insight into the ORR activity of the g-FePc, the

cyclic voltammogram (CV) measurements of the g-FePc
modified electrode were measured in 0.1 M KOH solution
(Figure 3). Commercial 20 wt % platinum on Vulcan carbon
black (Pt/C from E-TEK) was also studied as a control
experiment. In Figure 3a, the g-FePc exhibits a pronounced
cathodic ORR peak at 0.90 V in O2-saturated KOH, which is
even more positive than that of commercial Pt/C (0.85 V in
Figure 3b), and the current density is also larger than that
obtained from the Pt/C electrode with the same catalyst
loading (the same mass amount of FePc and Pt). The ORR
peak potential of g-FePc is 80 and 140 mV more positive than
those of FePc and graphene, respectively, and the current
density for g-FePc is more than twice as large as those of the
FePc and graphene catalysts (Figure 4a). The markedly
improved ORR activity of g-FePc composite compared with
the single component might be attributed to the synergistic
effect (strong interaction) between FePc and graphene. We also
find that with the loading percentage of FePc in the composite
increasing, the ORR activity of the g-FePc elevates. When the
mass ratio of FePc reaches 50%, the improvement of the ORR

activity becomes inconspicuous (Figure 4b), so 50 wt % FePc
loading is chosen for the following experiments.
To further investigate the reaction kinetics of the catalysts

during ORR, linear sweep voltammetry measurements on a
rotating disk electrode were carried out for each of the
electrode materials in O2-saturated 0.1 M KOH. A set of
polarization curves for the ORR on g-FePc recorded from 400
to 3600 rpm are displayed in Figure 5a. These polarization
curves show typical increasing current with higher rotation
speeds, which can be explained by shortened diffusion distance
at high speeds. The Koutecky−Levich plots (j−1 vs ω−1/2; see
below) can be obtained from the polarization curve at different
potentials (Figure 5b). The linearity of the Koutecky−Levich
plots and near parallelism of the fitting lines suggest first-order
reaction kinetics toward the concentration of dissolved oxygen
and a similar electron transfer number for ORR at different
potentials.
The transferred electron number per oxygen molecule

involved in the oxygen reduction at each of the electrodes is
determined by the Koutecky−Levich equation given below:48

ω
= +

j j B
1 1 1

k
0.5

(1)

= −B nF D v C0.2 ( )0
2/3 1/6

0 (2)

where j is the measured current density, jk is the kinetic current
density, ω is the electrode rotating rate, n represents the
number of electrons transferred per oxygen molecule, F is the
Faraday constant (F = 96 485 C mol−1), D0 is the diffusion
coefficient of O2 in 0.1 M KOH (1.9 × 10−5 cm2/s), v is the
kinetic viscosity (0.01 cm2/s), and C0 is the bulk concentration
of O2 (1.2 × 10−6 mol/cm3).49 The constant 0.2 is used when
the rotation speed is expressed in rpm. According to eqs 1 and
2, the number of transferred electrons can be obtained from the
slope of the Koutecky−Levich plots. The electron transfer
numbers from the slopes of Koutecky−Levich plots are
calculated to be 3.96, 3.97, and 4.00 at 0.35, 0.25, and 0.15
V, respectively, suggesting that the g-FePc catalyst exhibits a
dominant four-electron oxygen reduction process, similar to
ORR catalyzed by a commercial Pt/C catalyst (Figure 5d).
An additional method to estimate n and to further verify the

ORR pathways is the RRDE technique, in which H2O2
produced at the disk electrode can be detected by the ring
electrode. Figure 6a shows the disk and ring current for the g-
FePc hybrid catalysts, and the results from Pt/C catalyst are
also given for comparison. In the RDE measurements, the onset

Figure 6. (a) RDE measurements of oxygen reduction (negative current) and RRDE measurements of hydrogen peroxide oxidation (positive
current) on g-FePc and Pt/C electrodes in O2-saturated 0.1 M KOH. The ring electrode is polarized at 0.5 V (vs Ag|AgCl). Rotation rate: 1600 rpm.
Scan rate: 10 mV/s. (b) Comparison of the RDE polarization curves of FePc/C, g-FePc, FePc, and graphene in O2-saturated 0.1 M KOH at 1600
rpm.
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potential of ORR on g-FePc is comparable to that on Pt/C.
Meanwhile, the half-wave potential (E1/2) on g-FePc is more
positive than that from the commercial Pt/C catalyst (∼50 mV
positive shift compared with the Pt/C catalyst). In addition, the
diffusion-limiting current of g-FePc hybrids is almost
comparable to that of Pt/C catalyst with the same catalyst
loading (the same mass amount of Pt and FePc). To verify the
ORR catalytic pathways of these catalysts, RRDE measure-
ments were carried out to monitor the formation of peroxide
species (HO2

−) during the ORR process. The percentage of
HO2

− and the electron transfer number are determined by the
following equations:50

= ×
+

− i N
i i N

HO % 200
/

/2
R

D R (3)

= ×
+

n
i

i i N
4

/
D

D R (4)

where iD is the disk current, iR is the ring current, and N is the
current collection efficiency of the Pt ring. N was determined to
be 0.36 from the reduction of K3Fe[CN]6, which is consistent
with the manufacturer’s value (0.37). As is calculated from
Figure 6a, the HO2

− percentage produced by the g-FePc is
below 3% (obtained from eq 3), even lower than that of the Pt/
C. The RRDE tests agree well with our results calculated from
the Koutecky−Levich equation that the ORR electron transfer
number for g-FePc is close to 4 (based on eq 4).
The RDE measurements for the FePc and graphene

electrocatalyst were also carried out in our experiments. As
seen from Supporting Information Figure S5, FePc itself has
good ORR activity with the electron transfer number of ∼3.7.
Graphene also has an ORR response, but its activity is less than
desirable. The numbers of electrons transferred per O2
molecule for graphene is calculated to be 2.56, 2.99, and 3.21
at 0.35, 0.25, and 0.15 V, respectively (Supporting Information
Figure S6). This suggests that the oxygen reduction on
graphene electrocatalyst may proceed by a coexisting pathway
involving both the two-electron and four-electron transfers. We
have also compared the ORR performance of the g-FePc with
the conventional carbon-supported FePc electrocatalyst with
the same catalyst loading. Although the FePc/C has better
ORR activity than FePc, they are still not as good as the g-FePc
(Figure 6b and Supporting Information Figure S7). Moreover,
the FePc/C is hardly dispersible in most solvents, which limits
its practical application, and the current density loss on the
FePc/C catalyst was more than 50% after a chronoampero-
metric test for 10000 s (Supporting Information Figure S8).
These control experiments demonstrate that the graphene
support can markedly improve the ORR performance of the
FePc catalyst. Although previous reports of the carbon
nanotube-supported FePc also exhibited some interesting
performance, the stability of these composites was still not
clear.22,26 In addition, our graphene support outperforms the
carbon nanotube support in the aspect of facile and low-cost
production in a large scale. FePc supported on N-doped
graphene has also been recently reported as a catalyst;51

however, the more complicated preparation processes in this
report render it unsuitable for large-scale preparation, and the
interaction between graphene and FePc was not investigated
systematically in the study. We also compare our catalyst with
some recently reported non-noble metal catalysts that have
admirable performance for the cathodic ORR (seen in

Supporting Information Table S1). In general, the performance
of our g-FePc catalyst is comparable to, or even better than,
those of the top reports in the aspect of onset potential and
half-wave potential.
In addition to catalyst activity, stability and tolerance to

crossover and poison effects are also critical issues in fuel cell
applications. To investigate the stability of the g-FePc for ORR,
we held the electrodes at 0.85 V for 10000 s in a 0.1 M KOH
solution saturated with oxygen under stirring. The correspond-
ing chronoamperometric response of g-FePc and Pt/C are
shown in Figure 7a. As can be seen, a high relative current of

84.0% for g-FePc is preserved after the operation, whereas the
relative current of Pt/C catalyst decreases to 71.6%. This
indicates that the stability of g-FePc is better than that of the
commercial Pt/C electrode. The stability tests based on the
potential cycling were also conducted. As seen in Supporting
Information Figure S9a, after 500 potential cycles of g-FePc in
0.1 M O2-saturated KOH, the obtained ORR polarization curve
displayed only a 3.87% decrease in the current density at 0.2 V,
and the half-wave potential (E1/2) exhibited a negative shift of
∼25 mV. In contrast, the carbon-supported FePc (FePc/C)
exhibited an ∼50% loss of the initial current density after only
100 potential cycles (Supporting Information Figure S9b). The
results strongly indicate that the stability of FePc has been
greatly improved by using graphene sheets as supports;
however, despite the elevated stability of g-FePc, there is still
a long way to go to further improve its stability for practical
applications in fuel cells.
The g-FePc catalyst was further subjected to testing the

possible methanol crossover and carbon monoxide (CO)
poison effects. A sharp decrease in current upon the addition of
3 M methanol was observed for the Pt/C electrode (Figure
7b). In contrast, the amperometric response from the g-FePc
electrode remained almost unchanged after the addition of
methanol, indicating a better methanol tolerance than the
commercial Pt/C electrocatalyst. As for the CO poison effect
shown in Figure 7c, the g-FePc electrode is insensitive to CO,
whereas the Pt/C electrode is gradually poisoned with the
gradual addition of CO to the O2-saturated KOH. These results
indicate that the g-FePc catalyst has terrific selectivity for ORR
and high CO tolerance.
In general, several combined features of graphene support

may contribute to the ORR performance enhancement. First,

Figure 7. (a) Current−time chronoamperometric response of g-FePc
and Pt/C in O2-saturated 0.1 M KOH under stirring. Current−time
chronoamperometric response of g-FePc and Pt/C in O2-saturated 0.1
M KOH with a rapid addition of 3 M methanol (b), and gradual
introduction of CO (c) at around 300 s with a rotation rate of 1600
rpm.
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compared with other supports, graphene sheets provide a
unique 2D support with a large open and accessible surface
area; therefore, the diffusion of the reactant and product away
from the catalytic centers is much easier, as found in a similar
composite structure of graphene-supported hemin.52 Second,
the excellent electron transfer ability of graphene is favorable
for charge transfer during the ORR. Moreover, partially reduced
graphene sheets have stabilization and solubilization effects on
FePc through strong π−π interaction, which provides more
active sites and improves the stability of the FePc.

4. CONCLUSIONS
In summary, highly soluble graphene was synthesized in large
scale by a facile and cost-effective method, and a graphene-FePc
composite was then further constructed through forceful π−π
interaction. The as-prepared g-FePc catalyst possesses prom-
inent ORR catalytic activity, which is comparable with
commercial Pt/C in both onset potential and current density
toward ORR. Furthermore, its half-wave potential in the RDE
measurements is ∼50 mV more positive than that of the
commercial Pt/C catalyst. As a noble metal-free electrocatalyst,
the g-FePc shows significantly reduced methanol crossover
effects, an anti-CO poisoning effect, and better stability than the
commercial Pt/C in alkaline medium. The inherent low
stability of the commonly investigated FePc supported by
carbon is improved by the graphene support without using the
traditional pyrolization method. The improved ORR perform-
ance of FePc by graphene could be attributed to the increased
dispersibility of FePc on graphene sheets with more active sites
exposed and the facilitated electron transfer in the ORR by the
graphene support.
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