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’ INTRODUCTION

Intense research efforts have been focused on the develop-
ment of non-noble-metal catalysts (NNMCs) to replace Pt for
catalyzing oxygen reduction reaction (ORR), and to reduce the
cost of proton exchange membrane fuel cells (PEMFCs).1

Catalysts with Fe (or Co) coordinated to heterocyclic nitrogen
(N) are among the most promising NNMCs.2�4 Although the
exact nature of the active sites in NNMCs responsible for high
ORR activity is not clearly understood, mass spectrometric evi-
dence has revealed that catalysts with Fe�N2+2 (with four
pyridinic N, which are distinctive from the Fe�N4 structure in
the Fe-macrocycles having pyrrolic N5) possess higher ORR
activity.5�7 Using this understanding, researchers have devel-
oped highly active Fe�N�C catalysts,4 rivaling state-of-the-art
Pt/C, by choosing the right combination of starting C, Fe, N
precursors and heat-treatment conditions. While these highly
active Fe�N�C catalysts may reach the target activity for
PEMFC commercialization, its chemical stability under the
highly oxidizing environment of ORR for thousands of hours
still remains a challenge.4

Carbon black (CB) is used typically to react with Fe and N
precursors in the synthesis of Fe�N�CCB catalysts to host
Fe�Nxmoieties. Fe-macrocycles such as Fe-phthalocyanine8�10

and Fe-porphyrin,11,12 having a Fe�N4 moiety (Fe(III) with 4
pyrrolic N), have been first used to introduce Fe�N moi-
eties into CB at elevated temperatures under inert gas
atmosphere.13�16 Subsequently, it is shown that the use of a
Fe-macrocycle precursor is not required for incorporation, and
NH3 gas can be used to react with Fe salts such as Fe(II) acetate
and Fe(III) chloride to form Fe�N moieties directly.4,17�19 As

micropores (less than 2 nm of pore sizes) in carbon are shown to
correlate with the Fe�N�C site densities,4,5 chemical treat-
ments through carbon oxidation in acid20,21 or carbon gasifica-
tions in NH3

18,22�24 have been used to increase the densities of
Fe�Nx sites and thus theORR activity. However, the carbon gas-
ification can induce severe loss of carbon mass and consequently
shorten the lifespan of these catalysts.25 The instability of Fe�
N�CCB prepared in NH3 gas is apparent in the accelerated
PEMFC testing, which shows ∼56% loss in the ORR activity at
0.5 V for 100 h in H2/O2 PEMFCs at 80 �C.4 One strategy to
improve the stability of these Fe�N�C catalysts is to increase
the graphitization by pyrolyzing in inert gas.25,26 However, such a
method often reduces ORR activity, which likely results from
micropore alternation and decreased active ORR site densities
during pyrolysis.25,26

Here, we report the synthesis of a graphene-based Fe�N�C
catalyst with highORR activity and stability in acid. Graphene is a
novel form of carbon, which has been explored recently in
nanostructured electrodes for electrochemical capacitors,27�29

ORR in alkaline fuel cells,30 and biosensing31 because of its
very high surface area27 and flexible surface functionalization
chemistry.32,33 In this study, we introduce Fe�N moieties into
graphene (Fe�N�rGO) through the pyrolysis of chemically
reduced-graphene oxide (rGO), Fe salt, and graphitic carbon
nitride (g-C3N4). The surface chemical composition of Fe�
N�rGO is examined by X-ray photoelectron spectroscopy
(XPS) and the atomic coordination of Fe is studied by extended
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X-ray absorption fine structure (EXAFS). The graphene-based
catalyst shows higher ORR activity than CB-based catalysts
synthesized by the same method, and it exhibits comparable
activity but enhanced stability forORR to the state-of-the-art CB-
based catalysts reported previously.2,4

’RESULTS AND DISCUSSION

The synthesis details of graphene-based catalyst samples are
summarized in Figure 1. In the first step, g-C3N4 and FeCl3 (6wt%)
were suspended in deionized (DI) water. Graphene oxide (GO)
was added to the suspension and then reduced by adding a
mixed NH3/N2H4 solution at 80�100 �C. The resulting powder
mixture (FeCl3/g-C3N4/rGO) was collected after drying via
vacuum filtration. The g-C3N4 precursor was polymerized

thermally from dicyandiamide and employed as the N source.34�37

The GO precursor was prepared by a modified Hummers
method,38,39 where oxygen-functional groups associated with
GO such as hydroxyl and epoxide,40 was reduced to rGO by
NH3/N2H4.

40,41 The FeCl3/g-C3N4/rGO mixture showed a
homogeneous dark green color that was derived from the
yellowish FeCl3 and g-C3N4 and the black rGO (Figure 1). In
the second step (Fe/N impregnation), the FeCl3/g-C3N4/rGO
powder mixture was heated at 800 �C for 2 h under Ar. Upon
annealing at 800 �C, themass of the FeCl3/g-C3N4/rGOmixture
decreased by ∼80 wt.% (Figure S1 of the Supporting In-
formation). The first mass loss of ∼15 wt % occurred in the
temperature range of 200�300 �C, which resulted from removal
of residual oxygen-containing groups on the rGO.41 The second
mass loss of ∼65 wt % in the temperature range from 620
to 700 �C came from the sublimation of g-C3N4.

36 This Fe/N
impregnation was supported by the attenuated total reflectance
(ATR) FT-IR and powder X-ray diffraction (XRD) (Figure 2).

Figure 2. Characterization of powder samples. (a) ATR FT-IR of rGO
(black), g-C3N4 (red), Fe/g-C3N4/rGO (green), and Fe�N�rGO
(blue) (from bottom to top). The peaks in the gray box area are
stretching vibration modes of C�N and CdN obtained from g-C3N4.
(b) Powder XRD patterns of g-C3N4 (red), and Fe�N�rGO (blue).

Table 1. Surface Chemical Composition and Atomic Coordi-
nation Analysis of Fe�N�rGO. (a) Atomic Concentration of
N, O, Fe, and Pyridinic N Relative to C Obtained by XPS.
(b) EXAFS Analysis of Fe�N�rGO Fitted at Fe�N and
Fe�Fe Scattering Positions

(a) XPS atomic N/C atomic O/C atomic Fe/C Npyridinic/C

0.052 0.037 0.004 0.021

(b) EXAFS fraction CN(x)a R (Å)

Fe�N 0.80 2.89 ((0.64) 1.89 ((0.05)

Fe�Feb 0.20 8 and 4 2.48 and 2.87c

aCoordination number. bTwo nearest coordinations for Fe�Fe were
factored into account for first shell calculation. cThe bond distances of
Fe�Fe bonds were fixed during the fit.

Figure 1. Schematic illustration of Fe�N�rGO synthesis and optical images of powder samples at various stages of synthesis.
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After pyrolysis, aromatic C�N and CdN stretching modes at
the range of 1100�1600 cm�1 presented in the ATR FT-IR
spectra for the g-C3N4 powder (red) and the FeCl3/g-C3N4/
rGOmixture (green),34,42 disappeared while a skeletal stretching
vibration peak of aromatic CdC rings near 1600 cm�1 became
visible (blue in Figure 2a). XRD of the pyrolyzed powder showed
that peaks at 13.1� (0.68 nm) and 27.4� (0.33 nm) of 2*theta,
characteristic to g-C3N4 (red)

34�37 was replaced by a new peak at
26.2� (0.34 nm) of 2*theta, corresponding to the (002) stacking
of graphitic carbon (blue in Figure 2b). The pyrolyzed product
was acid-leached in 2 M H2SO4 at 80 �C for 3 h in order to
remove extraneous Fe species such as iron oxide, and metallic
iron.14,43 The acid-treated, pyrolyzed sample was referred to as
“Fe�N�rGO”.

XPS and EXAFS of the Fe�N�rGO sample provided further
evidence for the incorporation of Fe ion and N into the rGO
upon annealing.Most of oxygen-containing functional groups derived
from theGO (∼45 of O/C atomic concentration (atom%))29 were

removed after the NH3/N2H4 reduction and subsequent anneal-
ing in Ar. As shown in part (a) of Table 1, the atomic ratios of N
(N 1s in Figure 3a), O (O 1s in Figure S2 of the Supporting
Information), and Fe (Fe 2p in Figure S2 of the Supporting
Information) relative to C of the Fe�N�rGO sample were
∼0.052, 0.037, and 0.004, respectively. It should be noted that
the signal of Fe (Fe 3p, 52�56 eV) was too weak to deter-
mine the Fe valence state. The XPS N 1s spectrum revealed the
presence of (1) pyridinic N and (1)0 Fe�Nx (398 eV), (2) nitrile
N (399 eV), (3) pyrrolic N and (3)0 pyridonic N (400 eV), (4)
quaternary N (401 eV), and (5) oxidized N (402�405 eV)
(Figure 3).44,45 Note that pyridinic N has the highest concentra-
tion (40 atom %) among all N components (Figure 3 and Table
S1 of the Supporting Information). Interestingly, this Fe�N�
rGO sample, which might have acquired N from rGO (some N
obtained from the hydrazine heat-treatment29) and/or g-C3N4

during pyrolysis, showed a higher fraction of pyridinic N than
N-containing graphenes prepared by chemical vapor deposition
growth with NH3 gas,

30,46 and post-treatments of GOwith either
NH3 gas annealing

47 or N2 plasma,31 all of which had shown
predominantly quaternary N.

Because pyridinic N can coordinate with Fe,4,5,7,48 our XPS
finding pointed to the formation of Fe�N moieties into the
graphene sheets, which was further supported by EXAFS anal-
ysis. The average coordination number (x) of Fe�Nx in the
Fe�N�rGO sample was found to be 2.9 ((0.6) (Figure 4 and
part (b) of Table 1), which was calculated using FEFFIT package
(see Experimental Section and Supporting Information). The
average bond length was 1.89 Å ((0.05), which was compressed
relative to the square planar of Fe�N4 (∼1.972 Å using iron(III)
tetramethoxyphenylporphyrin (FeTMPP) model compound49).
On the basis of the average coordination number, the Fe�N
configurations in the Fe�N�rGO sample may be a combination
of Fe�N2+2, and/or its incomplete form (Fe�N3), the former of
which had been the proposed active Fe�N moieties for catalyz-
ing the ORR.5�7 On the basis of the high percentage of the
pyridinic N species found in our XPS analysis, we caution that
these proposed N coordinations of the catalytic sites may
represent a catalytically different site from the Fe�N4 group in
macrocycles. In addition, EXAFS data revealed the presence of
Fe metallic particles in the Fe�N�rGO sample as evidenced by
the presence of the Fe�Fe scattering (Figure 4 and part (b) of
Table 1), which was confirmed by transmission electron micro-
scope (TEM) imaging in Figure S3 of the Supporting Informa-
tion. The presence of Fe nanoparticles (NPs) is commonly noted
during annealing50 or reduction of Fe salt precursor by N2H4.

51

The ORR activity of Fe�N�rGO was investigated by using a
thin-film rotating disk electrode (RDE) in O2-saturated 0.5 M

Figure 3. (a) XPS N 1s binding energy region of Fe�N�rGO sample. In the N 1s region, the numerical numbers indicate (1) pyridinic N and (1)0
Fe�Nx, (2) nitrile N, (3) pyrrolic N and (3)0 pyridonic N, (4) quaternary N, and (5) oxidized N. (b) Schematic of heterocyclic N structures.44

Figure 4. EXAFS raw data (black circles) and simulation (red line)
curves of Fe�N�rGO.

Figure 5. ORR activity of Fe�N�rGO in O2-saturated 0.5 M H2SO4

at 10 mV s�1 and with a catalyst loading of 0.4 mgFe�N�rGO cm�2
geo.

(a) Polarization curves of Fe�N�rGO from 100 to 2500 rpm of rota-
tion rates. (b) Koutecky�Levich plots of Fe�N�rGO at a potential range
of 0.1 to 0.4 V vs RHE from bottom to top. The dashed line represents the
corresponding data for a polycrystalline Pt disk at 0.3 V vs RHE.
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H2SO4 at a scan rate of 10 mV s�1. The Fe�N�rGO catalyst
(0.4 mg Fe�N�rGO cm�2

geo) had amass activity of 0.5 and 1.5mA
mg�1

Fe�N�rGO at 0.80 and 0.75 V vs RHE (Figure 5a), respec-
tively. Diffusion-limited current densities collected at different
rotation rates in the potential range from 0.1 to 0.4 V vs RHE
(gray area in Figure 5a) were used to determine to the number of
electrons transferred associated with ORR, which was calculated
to be ∼4 by the Koutecky�Levich equation (Figure 5b). This
result was in good agreement with that (∼3.7) as determined
from the H2O2 molar fraction relative to H2O obtained from
rotating ring disk electrode (RRDE) measurements.

Increasing the annealing temperature beyond 700 �Cdid not lead
to substantial increases in the ORR mass activity at 0.75 V vs RHE
(Figure S4a of the Supporting Information), but a significant increase
in the activity of catalysts heat-treated between 600 and 700 �C was
observed. We attribute this large ORR activity increase to the
integration of Fe�Nx moieties in rGO sheets, which is presumably
associated with the sublimation and pyrolysis of g-C3N4 at tempera-
tures above 600 �C (Figures S4a and S1 of the Supporting
Information). In addition, varying the concentration of Fe precursor
(FeCl3 36H2O) in the range of 1 to 6 wt % did not lead to ORR
activity enhancement (Figure S4b of the Supporting Information).

As a baseline comparison, the ORR activity of Fe�N�rGO
was compared with the Fe�N�C catalysts prepared using
commercial CB (Vulcan XC-72, Cabot) and oxidized CB
(oxCB).20 Fe�N�C catalysts made from CB and oxCB

(Fe�N�CB and Fe�N-oxCB) were synthesized from FeCl3/
g-C3N4/CB and FeCl3/g-C3N4/oxCB using the same method
shown in Figure 1, respectively. As shown in Figure 6, the
Fe�N�rGO had significantly higher ORR mass activity than
the either Fe�N�CB or Fe�N-oxCB catalysts (roughly by 1
order of magnitude), which suggests that N-doped carbon
species derived from g-C3N4 if formed during pyrolysis are not
primarily responsible for the high ORR activity observed for
Fe�N�rGO. It should be noted that Fe�N�CB and
Fe�N�oxCB catalysts prepared in this study showed much
lower ORR mass activity of previously reported Fe�N�CB
catalysts synthesized by different methods.26,45,50 The enhanced
ORR mass activity of Fe�N�rGO relative to Fe�N�CB and
Fe�N�oxCB might be attributed to the fact that carbon atoms
in the rGO matrix can potentially provide unique carbon
chemistry,52 which may facilitate the formation of Fe�Nx

4 and
N53 groups (proposed as active sites for ORR) using the
synthesis method employed in this study. As the Raman,5,54,55

XRD,56,57 and high-resolution TEM50,58 data of CB and rGO are
similar, it is not straightforward to reveal the atomic structure
differences between rGO and CB and how they changed during
the catalyst synthesis using conventional characterization tools.
Future studies including aberration-corrected scanning transmis-
sion electronmicroscopy at low voltages such as 60 keVwould be
very helpful to examine the structure and chemistry of these
catalysts on the atomic scale.

Figure 6. Comparison of ORR mass activity from RDE measurements. (a) Tafel plots of Fe�N�CB (orange), Fe�N�oxCB (green), and
Fe�N�rGO (black) in O2-saturated 0.5 M H2SO4 at 10 mV s�1 of scan rate and 900 rpm of rotation rate (0.4 mgFe�N�CB cm

�2
geo), which were

corrected for capacitive currents andmass transport. (b)ORRmass activity of Fe�N�CB (orange), Fe�N�oxCB (green), and Fe�N�rGO(black) at
0.75 V vs RHE extracted from (a). Error bars indicating standard deviations from averaged values at 0.75 V vs RHE of two Fe�N�CB, two
Fe�N�oxCB, and four Fe�N�rGO samples.

Figure 7. Durability of Fe�N�rGO. (a) Chronoamperometry of Fe�N�rGO inO2-bubbled 0.5MH2SO4 at 80 �C for 70 h. The potential was held at
0.5 V vs RHE. (b) Decreased ORR activity of Fe�N�rGO before and after 24 h of stability test measured at 0.75 V vs RHE, room temperature,
10 mV s�1 of scan rate, and 900 rpm of rotation rate (0.4 mgFe�N�rGO cm�2

geo). The mass activities of before and after stability tests are 1.5 and
0.7 mA mg�1

Fe�N�rGO, respectively.
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The ORR mass activity of Fe�N�rGO in this study (∼0.5
and ∼1.5 mA mg�1

Fe�N�rGO at 0.8 and 0.75 V vs RHE,
respectively) is within a factor of 3 of the highest ORR activity
reported for Fe�N�C catalysts26,45,50 synthesized from Fe salt-
based precursor in inert atmosphere (1.3 mA mg�1 for FeCo�
PANI�C at 0.8 V vs RHE50). As the ORR mass activity of the
NNMCs from RDE measurements can differ from those ob-
tained fromPEMFC tests,45 only theORRmass activity ofNNMCs
obtained from RDE measurements reported previously26,45,50 is
compared in this study. Notably, the Fe�N�rGO has lower
ORR mass activity than the Fe�N�CCB samples made in
reactive atmosphere such as NH3 gas (∼5.0 mA mg�1

Fe�N�C

at 0.8 V vs RHE),45,59 which can be attributed to higher yield of
pores and active sites in the carbon particles than that in inert
atmosphere.18 However, the high activity of Fe�N�CCB ob-
tained by NH3 gas annealing degrades quickly over time as
shown by previous studies.4,25 In comparison to previous Fe�
N�CCB catalysts obtained from NH3 annealing, the Fe�N�
rGO catalyst in this study showed moderately higher stability for
ORR, which is discussed in the following.

The stability of Fe�N�rGO for ORR was studied by
examining how the ORR current changed as a function of time
at 0.5 V vs RHE. The ORR current of Fe�N�rGO remained
constant over 70 h at 0.5 V vs RHE in O2-bubbled 0.5 M H2SO4

at 80 �C (Figure 7a) despite a initial drop of 30% in the first 3 h.
Considering the electrochemical active surface area of Fe�N�
rGO is nearly unchanged as evidenced by comparable electro-
chemical capacitance and redox peak intensities before and after
the stability test (Figure S5 of the Supporting Information), it is
proposed that the ORR activity reduction can be attributed to
loss of active sites for ORR. The stability of Fe�N�rGO was
compared with that of previously reported Fe�N�CCB

catalysts4,25 with comparable or higher ORR activity but not
with low-activity Fe�N�CB and Fe�N�oxCB catalysts synthe-
sized in this study. Fe�N�rGO was found to have higher
stability than Fe�N�CCB synthesized in NH3 (∼50% loss of
current density at 0.5 V for 70 h in H2/O2 PEMFCs at 80 �C4). It
is hypothesized that the enhanced stability of Fe�N�rGO for
ORR can be attributed to (1) higher degree of graphitization25 of
Fe�N�rGO relative to Fe�N�CCB catalysts prepared in NH3,
and/or (2) reduced H2O2 production during ORR. Specifically,
hydroxyl radicals could severely attack active sites,25 which is
supported by the observation that H2O2 treatment has led to (1)
a decrease in the ORR activity of Fe�N�CCB catalyst more than
acid treatment,15 (2) a decrease of Fe andN densities,26 and (3) a
change of heterocyclic N structures.26

RRDE measurements of Fe�N�rGO were used to quantify
the amount of H2O2 generation during ORR. H2O2 can be
generated via 2e-transfer ORR (O2 + 2H+ + 2e� f H2O2),
where it can be further reduced to H2O via either electroreduc-
tion (H2O2 + 2H+ + 2e� f 2H2O) or disproportionation
(H2O2 f H2O + 1/2O2). The higher loading of catalysts used
for RRDE measurements, the less likely H2O2 produced being
detected by RRDE measurements, as shown previously.60,61 This
trend was also found in this study, where the amount of H2O2

detected was decreased with increasing Fe�N�rGO loading on
glassy carbon (GC) from 0.8 to 0.04 mgFe�N�rGO cm�2

geo

(Figures S6, S7 of the Supporting Information). It is worth
noting that the GC substrate plays a negligible role in the H2O2

production (Figure S6 of the Supporting Information). Therefore,
we focus on the result obtained from the low loading, which most
accurately reflects the intrinsic amount of H2O2 produced during

ORR. Interestingly, the ORR on the Fe�N�rGO sample was
shown to have∼3.4 electrons transferred duringORR andproduce
lessH2O2 (∼30%H2O2 in 0.04mg Fe�N�rGO cm

�2
geo at 900 rpm)

than previously reported Fe�N�CCB
60 (∼80% H2O2 with a

comparable loading of 0.04 mg Fe�N�C cm�2
geo at 900 rpm

shown in Figure S7 of the Supporting Information). It should
be mentioned that the Fe�N�rGO sample does not produce
the least amount of H2O2 production in comparison to the
latest Fe�N�CCB catalysts reported (ours is ∼20% at 0.08
mgFe�N�rGO cm�2

geo vs ∼10% at 0.1 mg cm�2
geo reported

previously,61 where the durability of the catalysts is not known).
Although other parameters cannot be excluded, reduced H2O2

production is a likely contributor for the enhanced ORR stability
of Fe�N�rGO relative to some highly active Fe�N�CCB

catalysts.
Although the stability of NNMC catalysts is often compared at

0.5 V vs RHE in the literature,4,50 current densities near this
voltage are limited largely by the diffusion of O2 but not the ORR
kinetics. To reveal the degradation of the intrinsic ORR activity
near the kinetic region, we also measured the ORR activity of
Fe�N�rGO at 0.75 V vs RHE, room temperature, and 900 rpm
of rotation rate after 24 h of the stability test. The ORR activity
was found to decrease to∼45% of the original value (Figure 7b),
and the reduction is more severe than that shown in panel (a) of
Figure 7, which highlights the need of future studies to measure
and compare the stability of NNMCs for ORR in the voltage
region having ORR kinetic limiting.

’CONCLUSIONS

We have successfully made a graphene-based catalyst and have
studied its catalytic functionality to promote the ORR kinetics in
acid. EXAFS analysis shows that the graphene-based catalyst has
an Fe�N3,average moiety, while XPS measurements reveals that
the catalyst surface consists of ∼5 atom % N (largely pyridinic-
like) and ∼0.4 atom % Fe relative to C (the signal too weak to
reveal the valence state of Fe). This graphene-based catalyst
exhibits ORRmass activity approaching those of the state-of-the-
art NNMCs reported to date, which highlights the opportunities
of utilizing unique surface chemistry of rGO to create active
Fe�Nx sites and develop highly active NNMCs.

’EXPERIMENTAL SECTION

Synthesis of Fe�N�rGO. A GO solution was made using a
modifiedHummersmethod.38�40 Further details can be found in
the Supporting Information. A g-C3N4 powder sample was
synthesized by thermal polymerization of dicyandiamide (Sigma-
Aldrich).36 Using a gas tube furnace, 3 g of dicyandiamide
powder was heat-treated at 550 �C for 4�5 h with 2.3 �C min�1

of ramping rate and ∼20 cc min�1 of Ar gas flow. The yellow
g-C3N4 powder was ground using mortar and pestle. For the
preparation of typical Fe�N�rGO, 0.25 g of g-C3N4 and 0.025 g
of FeCl3 3 6H2O (Sigma-Aldrich) were put in DI water. After
heating up to 80 �C with vigorous stirring, 100 mL of GO
solution (1.25 mg mL�1) was added, which was collected from
sonication (100 W for 1 h) and centrifugation (3000 rpm for
1 h). Then the reducing reagents (350 μL of NH3, 28 w/w in
water, Alfa Aesar and 50 μL of N2H4 (hydrazine) solutions, 35 wt
% in water, Sigma-Aldrich) were sequentially inserted at 100 �C.
The mixture was vigorously stirred at 130 �C in order to prevent
an inhomogeneous mixing until the aqueous solution was
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completely evaporated and then collected and ground using the
mortar and pestle. This powder mixture (FeCl3/g-C3N4/rGO)
in a ceramic crucible was transferred to the gas tube furnace. The
temperature of tube furnace was elevated to 800 at 100 �Cmin�1

of ramping rate and ∼20 cc min�1 of Ar gas flow and held at
800 �C for 2 h, which was then cooled to room temperature. The
sample was acid-leached in 2 M H2SO4 at 80 �C for 3 h before
characterization, which was referred to as “Fe�N�rGO”.
To make Fe�N�CB and Fe�N�oxCB, 0.025 g of FeCl3 3 6

H2O, 0.25 g of g-C3N4, and 0.125 g of Vulcan XC-72 were mixed.
The oxCB was prepared by (1) washing of Vulcan XC-72 in 37%
of HCl (Aldrich) overnight, (2) refluxing in HNO3 at 70 �C for 2
h, and then (3) thoroughly washing in DI water and drying in
oven.20 All pyrolysis processes were identical with the steps
described for Fe�N�rGO.
Characterization. Identification of the chemical functional

groups of the powder samples was conducted using ATR FT-IR
(Nexus). Surface morphologies of Fe�N�rGO were investi-
gated using SEM (JEOL JSM-6060) and TEM (JEOL 2010).
The TGA Q50 (TA Instruments) under N2 gas flow (90 mL
min�1) was conducted with a heating window of 50 to 800 at
10 �C min�1 of ramping rate. The XPS data was obtained by
Kratos AXIS ultra imaging XPS using monochromatic Al anode.
All spectra were calibrated by setting the C 1s photoemission
peak for sp2-hybridized carbons to 284.5 eV and were fitted after
a Shirley type background subtraction. The XRD patterns were
collected using Rigaku H3R Cu-source 185 mm goniometer
(Cu KR = 1.5218 Å) with a 0.5� of divergence slit, 0.5� of scat-
ter slit, 0.3 mm of receiving slit, and 0.8 mm of monochromator
receiving slit. A scan rate of 1 deg min�1 was used, and a 2*theta
range from 5 to 60 degrees was scanned.
EXAFS Analysis. X-ray absorption spectroscopy (XAS) was

conducted at beamline X11A of the National Synchrotron Light
Source at the Brookhaven National Laboratory (BNL). The
Fe K-edge fluorescence mode was collected using Lytle detector
using Si(111) double-crystal monochromator detuned to∼60%
of the maximum intensity. EXAFS spectrum was extracted from
the absorbance by subtracting from the pre-edge region using a
linear fit and normalizing the postedge region using a cubic spline
fit. Fourier transform to R-space was applied to 2�10 Å�1 region
using a Hanning window of 1 Å�1. All of the theoretical variables
for EXAFS paths (Fe�N and Fe�Fe) were calculated using
FEFF 6 software,62 and were refined by fitting the previously
reported crystal structures to the FeTMPP (square planar of
Fe�N4)

63 reference compound for Fe�N and Fe foil for Fe�Fe
using IFEFFIT package. The first shell of the scattering was fitted
by assuming the presence of only Fe�N and Fe�Fe paths, where
the scattering characteristics (the passive electron reduction
values, mean square displacement, etc.) were assumed to be
the same as the reference molecules of FeTMPP-Cl and Fe foil,
respectively. Further details can be found in the Supporting
Information.
RDE Measurements of ORR Activity and Stability. Sixteen

milligrams of Fe�N�rGO powder was dispersed in mixture of
1500 μL of DI water, 420 μL of ethanol, and 80 μL of Nafion
(5 wt % solution in a mixture of lower aliphatic alcohols and
water, Aldrich). The ink solution, kept in a sealed vial, was
sonicated (100W for 1 h) and stirred at least 5 days. Ten
microliters aliquot of catalyst ink was dropped on a GC (0.196 cm2

of geometric area (geo), Pine Research Instrument) and was dried
at room temperature overnight. On the basis of the ink composition,
a total catalyst loading mass on the GC electrode was ∼80

μgFe�N�rGO, which corresponded to a loading amount of 0.4 mg
Fe�N�rGO cm�2

geo on the basis of the geometric area of GC. The
drop-cast catalyst on the GCwas mounted to a rotator of bipotentio-
stat (Pine Research Instruments) and used as the working electrode
with a Pt wire as the counter and a saturated calomel electrode (SCE,
Analytical Sensor, Inc.) as the reference. Polarization curves were
collected using the RDE technique by scanning from�0.25 to +0.75
V vs SCE inO2-saturated 0.5MofH2SO4 at 10mV s�1 scan rate and
100�2500 rpm of rotation rates. The backward and forward scans
were averaged to remove the capacitive current contribution (Figure
S8 of the Supporting Information), were subsequentlymass transport
corrected (considering a diffusion-limited current density for 0.4
mgcatalyst cm

�2
geo, of 3.1 mA cm�2

geo at 900 rpm, corresponding to a
limited current of ≈3.7 electrons transferred), and were applied to
obtain the ORR kinetic current,64 which was normalized to mass
loading to yield ORRmass activity inmAmg�1

catalyst. The analysis of
the number of electrons transferred during ORR from the diffusion-
limited currents can be found in the Supporting Information.
Chronoamperometries of a Fe�N�rGO electrode (0.4 mg
Fe�N�rGO cm�2

geo) were examined in O2-bubbled 0.5 M H2SO4

at 80 �Cfor 70h,where the potentialwas held at 0.5VvsRHE.All the
electrochemical results reported in this work referred to the reversible
hydrogen electrode (RHE) as calibrated at the reversible potential of
the hydrogen oxidation reaction on polycrystalline Pt disk (Pt-RDE)
inH2-saturated 0.5MH2SO4 at a scan rate of 10mVs�1 and900 rpm
per each experimental set, which was +0.250 ( 0.002 V vs SCE to
convert the value vs RHE in general.
RRDEMeasurements of H2O2 Production during ORR.The

RRDE collection efficiency was calibrated using forward scans of
disk (Id) and Pt ring currents (Ir) at 20 mV s�1 of the scan rate in
0.1 M NaOH with a 10 mM K3Fe(CN)6 (99+%, Sigma-Aldrich)
electrolyte.65 The disk potential was swept from�0.55 to 0.45 V
vs SCE, while the Pt ring potential was held at 0.45 V vs SCE. The
collection efficiency (N) was determined from eq 1.65

N ¼ Ir
jIdj ð1Þ

The estimated ring collection efficiency was 0.21 ( 0.004 in
our system. The fraction of H2O2 generated from the ORR was
measured by scanning the catalyst-loaded disk from �0.25 to
+0.75 V vs SCE at 10mV s�1 of the scan rate while holding the Pt
ring at +1.10 V vs SCE in O2-saturated 0.5 M H2SO4.

65 The
measured Ir was corrected by subtracting the background
currents. The percentage of H2O2 was estimated from eq 2.65

H2O2ð%Þ ¼ 2� Ir
ðN � jIdjÞ þ Ir

� 100 ð2Þ

The number of electrons transferred (n) was estimated from
eq 3 using the H2O2 molar fraction.65

n ¼ 4� 2� H2O2 ð%Þ
100

� �
ð3Þ

The Fe�N�rGO catalyst loading was varied from 0.04�0.8
mgFe�N�rGO cm�2

geo.

’ASSOCIATED CONTENT

bS Supporting Information. Details of experimental section,
TGA graph, XPS analysis, SEM, TEM images, a comparison of
ORR activities with respect to an annealing temperature and
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