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A B S T R A C T

Exploring high performance non-precious metal catalysts to substitute Pt for oxygen reduction reaction (ORR)
has stimulated wide research interest recently, but it remains a great challenge. Herein, we report a single iron
site confined in graphene catalyst via 4N atoms, forming flat FeN4 structure in the matrix of graphene. The
optimized catalyst shows a high ORR activity, almost coming up to the activity of commercial 40% Pt/C catalyst,
but a significantly higher stability and tolerance to SOx, NOx and methanol with respect to 40% Pt/C. This well-
defined structure provides an ideal model to study the catalytic origin of iron-based catalysts. DFT calculations
indicate that the high ORR activity origins from highly dispersed and high-density coordinatively unsaturated
Fe centers, and the excellent stability origins from the unique confinement of the graphene matrix via 4N atoms.
This reaction can proceed easily to H2O via a four electron transfer path way on the single iron site, which is
further confirmed by the experiment. This experimental and theoretical study provides a further insight into the
nature of the Fe/N/C catalyst and also introduces a reference for designing high efficient catalysts in
electrocatalysis.

1. Introduction

Oxygen reduction reaction (ORR) is a key process in the cathode of
H2/methanol-O2 fuel cells [1–4] and metal-air batteries [5–7]. So far
Pt-based materials are known as the best catalysts and are widely
practiced for ORR [8–10]. However, the commercialization of the
above devices is still hindered due to the high cost of the Pt-based
catalysts. Therefore, significant efforts are being devoted to replacing Pt
catalyst with earthly abundant materials, i.e. non-precious metals and
carbon-based materials containing separately or collectively transition
metal/hetero-atom/carbon elements [3,11–20]. Among them, metal-
N4 macrocycles have been considered as one of the best substitutions
for Pt [21]. Since the discovery of high ORR activity of metal-N4

chelates by Jasinsky in 1964 [22], there has been an increasing interest
and research effort in the design, characterization and functionalization
of these materials [21,23,24]. However, the activity and stability of the
isolated Metal-N4 chelate electrocatalysts are still limited due to its
high electric resistance and the chemical attack by the reaction medium
and the intermediate H2O2 released during oxygen reduction [21].
Immobilization of metal-N4 macrocycles onto carbon substrates, such
as activated carbon [25] and carbon black [26] upon liquid-phase

method, followed by a thermal treatment usually at 400–1000 °C [24]
can improve the catalyst stability as well as its activity. However, the
metal-N4 macrocycles are prone to sublimate during the thermal
treatment, which leads to the loss of the active sites in the final sample
and therefore reduces the activity. In addition, the limited electron
conductivity and weak resistance to chemical corrosion of carbon black
and activated carbon also impede the final performance. Graphene, as
one of the allotropes of carbon, has attracted great attention in
electrocatalysis recently due to its large specific surface area, high
conductivity and mechanical strength [15,17,27–31]. However, it is
difficult to use perfect sp2 hybridized graphene as the support for
metal-N4 macrocycles because of the weak interaction between them.

Recently, we reported a one-step method for highly dispersed single
FeN4 center with coordinatively unsaturated (CUS) Fe sites confined in
graphene nanosheets (FeN4/GN) via direct ball milling of iron phtha-
locyanine (FePc) and graphene nanosheets (GN) [32]. The obtained
FeN4/GN sample showed high performance in the direct catalytic
oxidation of benzene to phenol at room temperature. DFT calculations
indicated that the confined FeN4 center can efficiently activate O
species. Therefore, we anticipate that the FeN4/GN catalyst can be
utilized for efficient oxygen reduction reaction considering the high
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electron conductivity of graphene and the high density of the active
FeN4 center. Here, we prepared a series of FeN4/GN catalysts with
different Fe content via direct ball milling. The optimized catalyst
shows a high ORR activity, and a significantly higher stability and
tolerance to SOx, NOx and methanol with respect to 40% Pt/C.

2. Experimental section

2.1. Raw materials

Graphite flake (99.8%, metals basis) was purchased from Alfa
Aesar. Iron phthalocyanine (96%) was purchased from Acros organics.

2.2. Synthesis of graphene nanosheets (GN)

GN was prepared following the same procedure in our previous
report [32]. In a typical experiment, 2.0g graphite flake and 60g steel
balls (1–1.3 cm in diameter) were put into a hardened steel vial inside
a glove box and purged with high purity Ar (99.999%) for 20 min
before the vials were sealed. The ball milling was carried out at
450 rpm for 20 h.

2.3. Synthesis of FeN4/GN

FeN4/GN synthesis is the same as our previous report [32]. Briefly,
2.0 g FePc and GN composites with a desired ratio, and 60 g steel balls
(1–1.3 cm in diameter) were ball milled following the same procedure
as synthesis of GN. A series of samples with different Fe content were
prepared, including FeN4/GN-1.5 (1.5 indicates 1.5% Fe measured by
inductively coupled plasma (ICP), the same below), FeN4/GN-2.7 and
FeN4/GN-4.0, from the precursor FePc and GN with a ratio of 15%,
30%, and 45%, respectively.

2.4. Characterization

High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) were performed on a JEOL ARM200F
equipped with double aberration correctors and a cold field emission
gun operated at 80 kV. STEM images were recorded using a HAADF
detector with a convergence angle of 30 mrad and a collection angle
between 90 and 370 mrad. Under these conditions, the spatial
resolution is ca. 0.08 nm.

2.5. The rotating disk electrode (RDE) measurements

The RDE measurements were employed to assess the activity,
duration and anti-poison performance of the catalysts in ORR, which
were evaluated on a 2273 potentiostat/galvanostat equipped with a
three-electrode electrochemical cell and gas flow control systems.
Mercury/mercuric oxide electrode (Hg/HgO) (1 M NaOH-filled) was
used as the reference electrode, and a Pt wire as the counter electrode.
The Hg/HgO reference electrode was calibrated in H2-saturated 1 M
NaOH solution, reversible hydrogen electrode(RHE) was converted by
equation E(RHE)=E(Hg/HgO)+0.914. A glassy carbon rotating ring
disk electrode with a diameter of 5 mm (0.196 cm2) covered by a thin
film of the catalyst was used as the working electrode. Typically, 5 mg
catalyst was ultrasonically suspended in 2 mL ethanol and 50 μL of
Nafion solution (5 wt%, Du Pont) to form a homogeneous ink. Then
25 μL of the ink was spread onto the surface of the glassy carbon with a
micropipette followed by drying under room temperature. Experiments
were conducted in 1 M NaOH solution, which were saturated with
oxygen at 25 °C. A rotation rate of 2500 rpm and a scan rate of 10 mV/
s were employed.

2.6. The rotating ring disk electrode (RRDE) measurements

The RRDE measurements were employed to assess the H2O2 yield
and the electron transfer number during ORR, which were performed
on a computer-controlled Pine bipotentiostat (Pine Company), with a
modulated speed rotator with a working electrode fitted with a glassy
carbon disk (diameter of 5.7 mm) and a polycrystalline platinum ring.
Mercury/mercuric oxide electrode (Hg/HgO) (1 M NaOH-filled) was
used as the reference electrode, and a Pt wire as the counter electrode.
The working electrodes were prepared using the same method and the
same dosage of the catalyst with the RDE measurements. To perform
the RRDE tests, cyclic voltammetry (CV) scans were performed on the
disk from −0.8 to 0.2 to −0.8 V (vs. Hg/HgO) in O2 - saturated 1 M
NaOH solution at a scan rate of 10 mV/s and a rotation speed of
1600 rpm at 25 °C, while the potential of the platinum ring was held at
0.8 V (vs. Hg/HgO). The hydrogen peroxide yields in the ORR were
calculated from the RRDE experiments as XH2O2% =(2Iring/N)/
(Idisk+Iring/N). The collection efficiency of the ring electrode (N=0.38)
was calibrated by the K3Fe(CN)6 redox reaction. The electron transfer
number was estimated according to n=2XH2O2%+4XH2O%=4 Idisk/
(Idisk+Iring/N).

2.7. Density functional theory calculations

All calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) with the projector augmented wave
method and a cutoff energy of 400 eV [33–39]. The generalized
gradient approximation method with Perdew-Burke-Ernzerhof (PBE)
functional for the exchange-correlation term [40,41] were used. The
vacuum thickness in the c direction of the FeN4/GN model was set to
10 Å. The Monkhorst-Pack k-point sampling scheme was adopted [42].
Spin-polarization was considered for all calculations. The free energies
of the reaction intermediates were obtained by G = Etotal + ZPE－TS,
where Etotal is the total energy of species, ZPE is the zero point energy
and S is the entropy. The effect of water was considered in calculating
the free energy of the reaction intermediates by adding a correction on
the formation energy of reaction intermediates using the method in our
previous studies [28,30]. The effect of a bias was included in calculating
the free energy change of elementary reactions involving transfer of
electrons by adding ΔG(U)=neU, where n is number of electrons
transferred and U is the electrode potential [43]. The transition states
of each elementary reaction was searched using the constrained
minimization approach in the presence of a few water layers with
pre-optimized structures [28,30,44–46]. The effect of bias on the
activation energy is not considered in our simulations. In a previous
study of the ORR mechanism on N-doped graphene, the bias effect on
the reaction mechanism is marginal and does not affect the relative
difficulty of elementary steps, and hence it is neglected in this work
[28,30].

3. Results and discussion

The typical morphology of FeN4/GN is presented by HAADF-STEM
as shown in Fig. 1a. One can see well dispersed white dots in the
graphene nanosheets as tagged by arrows, corresponding to the Fe
atoms which are confined by N atoms as conformed by our previous
work by combining high-angle annular dark-field scanning transmis-
sion electron microscopy with low temperature scanning tunneling
microscopy [32].

Cyclic voltammetry (CV) measurements in 1.0 M NaOH were
performed to assess the ORR activity of the catalyst. The FeN4/GN
sample exhibits a pronounced peak at 0.84 V versus reversible hydro-
gen electrode (RHE) in O2-saturated electrolyte in contrast to N2-
saturated electrolyte (Fig. 1b), indicating there a significant ORR
around this potential. We first optimized the catalyst component and
found only a moderate Fe content in graphene nanosheets, i.e. the
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FeN4/GN-2.7 (2.7 wt% Fe) shows the highest ORR activity among all
these FeN4/GN composites (Fig. 1c). We speculate that a lower Fe
content, e.g. FeN4/GN-1.5 (1.5 wt% Fe), cannot provide enough active
sites for ORR, while too much Fe content, e.g. FeN4/GN-4.0 (4.0 wt%
Fe) may lower the dispersion of FeN4 centers and reduce the overall
electronic conductivity of the sample and hence reduce the electro-
catalytic activity. As references, graphite, GN, FePc, and commercial
40 wt% Pt on Vulcan carbon black (from Johnson Matthey Corp.) (40%

Pt/C) were also measured. Although FePc was previously reported with
a rather high ORR activity, our experiments show it is far less active
than the commercial 40%Pt/C, as shown in Fig. 1c. Remarkably the
FeN4/GN-2.7 catalyst shows higher ORR activity approaching that of
commercial 40% Pt/C catalyst as both the onset potential and the
limiting current are almost similar. The ORR activity of FeN4/GN
samples are much higher than previously reported N-doped grapheme
[47,48] and is comparable to the most active Fe/N/C catalysts [49,50].

Fig. 1. Morphology and electro catalytic performance of FeN4/GN samples. (a) HAADF-STEM image of FeN4/GN-2.7. The area with red cycles shows some typical single Fe atoms in
the nanosheets. The insert in the upper shows the scheme of the atomic structure of a FeN4 center in graphene. (b) CVs of FeN4/GN-2.7 in N2-saturated (dotted) and O2-saturated (solid)
1.0 M NaOH at the scan rate of 100 mV/s−1. (c) Oxygen reduction voltammograms of graphite, GN, FePc, FeN4/GN-1.5, FeN4/GN-2.7, FeN4/GN-2.7, FeN4/GN-4.0% and 40% Pt/C in
O2 saturated 1.0 M NaOH at the scan rate of 10 mV/s−1. (d) The ORR activity of FeN4/GN-2.7% and 40% Pt/C after 7000 cycles. Different potential cycling was carried out between 0.11
and 1.11 V (vs. RHE) at 100 mV/s before the test of RDE polarization curves. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article).

Fig. 2. Durability test of FeN4/GN-2.7% and 40% Pt/C for ORR in the presence of methanol, NOx and SO2. (a) 40% Pt/C and (b) FeN4/GN-2.7 in ORR in the presence of methanol
(100 mM), NOx (100 mM NaNO2) and SO2 (10 mM Na2SO3) in O2 saturated 1.0 M NaOH at a scan rate of 10 mV/s.
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More importantly, this FeN4/GN-2.7 catalyst exhibits a greater
stability under ORR conditions than 40% Pt/C. As shown in Fig. 1d and
S1, both the onset potential and the limiting current of 40%Pt/C
catalyst decline significantly after cycling for 7000 cycles between 0.11
and 1.11 V (vs. RHE) at 100 mV/s in O2-saturated electrolyte. In
contrast, the onset potential only decreases slightly with respect to its
initial one for FeN4/GN-2.7 and the decrement in the limiting current

is obviously smaller than that over Pt/C (Fig. 1d and S1). After 7000
CVs cycling, FeN4/GN-2.7 exhibits a significantly higher activity than
40% Pt/C catalyst at both the onset potential and limit current
(Fig. 1d), suggesting a better stability of FeN4/GN-2.7 in ORR.

It is known that Pt is readily poisoned by even trace SOx and NOx in
air, which can significantly reduce the activity and the durability of H2-
O2 fuel cells [20,51,52]. In addition, in direct methanol fuel cells, Pt/C

Fig. 3. Theoretical analysis of the catalytic reaction process by DFT calculations and experiments. (a) The dissociative adsorption energy (Ea(dis)) of oxygen on different sites of the FeN4/
GN structure, in reference to the gas phase O2. (b) Projected density of states of Fe, N, and C atoms of the corresponding FeN4/GN structure in the inset of (a). (c) Free energy diagram of
the evolution of the FeN4/GN structure under reaction condition (green line, O2+H2O +2e-→O(ads)+2OH

-) and different oxygen reduction reaction pathways (black, blue, and red lines)
on the iron site. (d) The H2O2 yield and the corresponding electron transfer number of FeN4/GN-2.7, FePc, 40% Pt/C and GN according to the RRDE measurements. All tests have been
carried out in O2-saturated 1.0 M NaOH at a rotation rate of 1600 rpm and a scan rate of 10 mV/s. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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is also sensitive to trace methanol crossing from the anode through the
membrane [4]. As expected, 40% Pt/C shows a drastic decrease in the
ORR activity in the presence of trace SOx (10 mM Na2SO3), NOx

(100 mM NaNO2) and methanol (100 mM) (Fig. 2a). In contrast,
FeN4/GN-2.7 remains almost intact under the same conditions
(Fig. 2b), exhibiting an excellent tolerance to SOx, NOx and methanol
compared with Pt/C catalyst, which might be owing to the preferential
adsorption of O2 over SOx, NOx, and methanol on the Fe site of FeN4/
GN.

To gain further understanding of the ORR reaction process at an
atomic and molecular level, we carried out density functional theory
(DFT) calculations of the active sites and the reaction mechanism
(Fig. 3). We firstly compared the activity of different sites, i.e. Fe, N and
C atoms for oxygen adsorption. As indicated in Fig. 3a, the dissociative
adsorption of O2 on the Fe site is much stronger than that on the C
sites, owing to the notably higher distribution of density of states of Fe
near the Fermi level than that of C atoms (Fig. 3b). O atom does not
bind with the N site and moves to the Fe site after structural relaxation.
These results suggest that the Fe site most likely serves as the active site
for the ORR reaction. Thus we further investigated the reaction
progress on the Fe site. In the first stage of the reaction process, the
Fe site is readily to form a Fe˭O structure with a free energy gain of
2.52 eV due to the strong adsorption of O, as shown in the first step
(green line) in Fig. 3c. Further hydrogenation of this Fe˭O producing
Fe-OH is energetically unfavorable with an energy loss of 0.41 eV
(black line in Fig. 3c), indicating that the formed Fe˭O structure is quite
stable and the adsorbed O is not likely to desorb under the reaction
conditions. However, our results show that the other side of the Fe
opposite to the pre-adsorbed O of the Fe˭O structure can serve as the
active center for the ORR. The ORR reaction process is accompanied by
a dynamic cycling of hydrogenation and dehydrogenation of the
intermediate X-Fe˭O structure, i.e. X-Fe˭O⇋X-Fe-OH (X refers to
reaction intermediates of ORR, which are O2(ads), OOH(ads), O(ads), and
OH(ads)) which promotes the reaction by lowering the activation barrier
of O‒OH(ads) cleavage by 0.48 eV (blue line in Fig. 3c) compared to that
without the dynamic process (red line in Fig. 3c). The largest barrier is
given by the step of O‒OH(ads) cleavage producing Oads and OH‒ which
is 0.59 eV but still moderate for the reaction to proceed with a
reasonable rate under room temperature. Therefore, our theoretical
results demonstrate that the O2 molecule can readily be reduced to
H2O molecule via a 4 electron transfer pathway on the Fe site of the
FeN4 structure. The reaction following the 4 electron transfer pathway
is ideal while the 2 electron transfer pathway will lead to formation of
H2O2, which will etch the catalyst in a long run and consequently
severely reduce the ORR activity and durability.

We also investigated the electron transfer number during ORR in
experiment in order to confirm the result of the DFT calculations. As
shown in Fig. 3d, the H2O2 yield estimated from the rotating ring disk
electrode (RRDE) measurements is less than 0.5% for FeN4/GN-2.7,
which is obviously lower than 5% for 40% Pt/C at all potentials. The
corresponding electron transfer number for FeN4/GN-2.7 (Fig. 3d) is
about 3.99, close to 4 in the whole process. The above results indicate
that graphene nanosheets confining FeN4 centers significantly enhance
the ORR activity in an alkaline medium, which can be as a promising
substitution of commercial 40% Pt/C catalyst.

4. Conclusions

In conclusion, we demonstrated that the graphene confined co-
ordinatively unsaturated iron atom via 4 N atoms can be used as an
efficient ORR catalyst. The optimized FeN4/GN-2.7 exhibits high ORR
activity which is comparable with the commercial 40% Pt/C catalyst.
Especially, the stability and anti-poison ability are even better than the
Pt/C catalyst. The DFT calculations found that the high stability can be
attributed to strong covalent bonds between C-N-Fe atoms, in which N
atoms as “anchors” can bond with C atoms and Fe atoms strongly. And

the high activity is tightly correlated with the high density of active sites
and also the low reaction energy barrier for ORR on these sites, leading
to the easy transformation of O2 to H2O via a 4 electron transfer
pathway, which is further confirmed by the experiment. This study is
anticipated to promote the applications of this novel material as a high
efficient catalyst in electrocatalysis and heterogeneous catalysis invol-
ving oxygen activation.

Acknowledgements

We gratefully acknowledge the financial support from the Ministry
of Science and Technology of China (No. 2016YFA0204100 and
2016YFA0200200), the National Natural Science Foundation of
China (No. 21573220 and 21303191), the Key Research Program of
Frontier Sciences of the Chinese Academy of Sciences (No. QYZDB-
SSW-JSC020), and the Strategic Priority Research Program of the
Chinese Academy of Sciences (No. XDA09030100).

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nanoen.2016.12.056.

References

[1] R. Borup, J. Meyers, B. Pivovar, Y.S. Kim, R. Mukundan, N. Garland, D. Myers,
M. Wilson, F. Garzon, D. Wood, P. Zelenay, K. More, K. Stroh, T. Zawodzinski,
J. Boncella, J.E. Mcgrath, M. Inaba, K. Miyatake, M. Hori, K. Ota, Z. Ogumi,
S. Miyata, A. Nishikata, Z. Siroma, Y. Uchimoto, K. Yasuda, K.-I. Kimijima,
N. Iwashita, Chem. Rev. 107 (2007) 3904–3951.

[2] B.C.H. Steele, A. Heinzel, Nature 414 (2001) 345–352.
[3] F. Jaouen, E. Proietti, M. Lefevre, R. Chenitz, J.-P. Dodelet, G. Wu, H.T. Chung,

C.M. Johnston, P. Zelenay, Energy Environ. Sci. 4 (2011) 114–130.
[4] A.A. Gewirth, M.S. Thorum, Inorg. Chem. 49 (2010) 3557–3566.
[5] M. Winter, R.J. Brodd, Chem. Rev. 104 (2004) 4245–4269.
[6] Z.Q. Peng, S.A. Freunberger, Y.H. Chen, P.G. Bruce, Science 337 (2012) 563–566.
[7] J. Suntivich, H.A. Gasteiger, N. Yabuuchi, H. Nakanishi, J.B. Goodenough, Y. Shao-

Horn, Nat. Chem. 3 (2011) 546–550.
[8] J.X. Wang, H. Inada, L.J. Wu, Y.M. Zhu, Y.M. Choi, P. Liu, W.P. Zhou, R.R. Adzic,

J. Am. Chem. Soc. 131 (2009) 17298–17302.
[9] V.R. Stamenkovic, B. Fowler, B.S. Mun, G. Wang, P.N. Ross, C.A. Lucas,

N.M. Markovic, Science 315 (2007) 493–497.
[10] C. Wang, H. Daimon, Y. Lee, J. Kim, S. Sun, J. Am. Chem. Soc. 129 (2007)

6974–6975.
[11] Z.W. Chen, D. Higgins, A.P. Yu, L. Zhang, J.J. Zhang, Energy Environ. Sci. 4 (2011)

3167–3192.
[12] K.P. Gong, F. Du, Z.H. Xia, M. Durstock, L.M. Dai, Science 323 (2009) 760–764.
[13] M. Lefevre, E. Proietti, F. Jaouen, J.P. Dodelet, Science 324 (2009) 71–74.
[14] G. Wu, K.L. More, C.M. Johnston, P. Zelenay, Science 332 (2011) 443–447.
[15] Y.G. Li, W. Zhou, H.L. Wang, L.M. Xie, Y.Y. Liang, F. Wei, J.-C. Idrobo,

S.J. Pennycook, H.J. Dai, Nat. Nanotechnol. 7 (2012) 394–400.
[16] L.J. Yang, S.J. Jiang, Y. Zhao, L. Zhu, S. Chen, X.Z. Wang, Q. Wu, J. Ma, Y.W. Ma,

Z. Hu, Angew. Chem. Int. Ed. 50 (2011) 7132–7135.
[17] Z. Yang, Z. Yao, G.F. Li, G.Y. Fang, H.G. Nie, Z. Liu, X.M. Zhou, X.A. Chen,

S.M. Huang, ACS Nano 6 (2012) 205–211.
[18] Z.W. Liu, F. Peng, H.J. Wang, H. Yu, W.X. Zheng, J. Yang, Angew. Chem. Int. Ed.

50 (2011) 3257–3261.
[19] E. Proietti, F. Jaouen, M. Lefevre, N. Larouche, J. Tian, J. Herranz, J.-P. Dodelet,

Nat. Commun. 2 (2011) 416.
[20] D.H. Deng, L. Yu, X.Q. Chen, G.X. Wang, L. Jin, X.L. Pan, J. Deng, G.Q. Sun,

X.H. Bao, Angew. Chem. Int. Ed. 52 (2013) 371–375.
[21] J.H. Zagal, F. Bedioui, J.P. Dodelet (Eds.), N4-Macrocyclic Metal Complexes,

Springer Science+Business Media, Inc., New York, 2006.
[22] R. Jasinski, Nature 201 (1964) 1212–1213.
[23] S. Gupta, D. Tryk, I. Bae, W. Aldred, E. Yeager, J. Appl. Electrochem. 19 (1989)

19–27.
[24] M. Lefevre, J.P. Dodelet, P. Bertrand, J. Phys. Chem. B 106 (2002) 8705–8713.
[25] V.S. Bagotzky, M.R. Tarasevich, K.A. Radyushkina, O.A. Levina, S.I. Andrusyova, J.

Power Sources 2 (1978) 233–240.
[26] A.L. Bouwkamp-Wijnoltz, W. Visscher, Ja.R. Van Veen, E. Boellaard, A.M. Van Der

Kraan, S.C. Tang, J. Phys. Chem. B 106 (2002) 12993–13001.
[27] L.T. Qu, Y. Liu, J.-B. Baek, L.M. Dai, ACS Nano 4 (2010) 1321–1326.
[28] D.H. Deng, L. Yu, X.L. Pan, S. Wang, X.Q. Chen, P. Hu, L.X. Sun, X.H. Bao, Chem.

Commun. 47 (2011) 10016–10018.
[29] E. Yoo, T. Okata, T. Akita, M. Kohyama, J. Nakamura, I. Honma, Nano Lett. 9

(2009) 2255–2259.
[30] L. Yu, X.L. Pan, X.M. Cao, P. Hu, X.H. Bao, J. Catal. 282 (2011) 183–190.
[31] D.H. Deng, K.S. Novoselov, Q. Fu, N.F. Zheng, Z.Q. Tian, X.H. Bao, Nat. Nano 11

X. Chen et al. Nano Energy 32 (2017) 353–358

357

http://dx.doi.org/10.1016/j.nanoen.2016.12.056
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref2
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref3
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref3
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref4
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref5
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref6
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref7
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref7
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref8
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref8
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref9
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref9
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref10
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref10
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref11
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref11
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref12
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref13
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref14
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref15
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref15
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref16
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref16
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref17
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref17
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref18
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref18
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref19
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref19
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref20
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref20
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref21
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref21
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref22
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref23
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref23
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref24
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref25
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref25
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref26
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref26
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref27
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref28
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref28
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref29
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref29
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref30
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref31


(2016) 218–230.
[32] D.H. Deng, X.Q. Chen, L. Yu, X. Wu, Q.F. Liu, Y. Liu, H.X. Yang, H.F. Tian, Y.F. Hu,

P.P. Du, R. Si, J.H. Wang, X.J. Cui, H.B. Li, J.P. Xiao, T. Xu, J. Deng, F. Yang,
P.N. Duchesne, P. Zhang, J.G. Zhou, L.T. Sun, J.Q. Li, X.L. Pan, X.H. Bao, Sci. Adv.
1 (2015) e1500462.

[33] G. Kresse, J. Hafner, Phys. Rev. B 48 (1993) 13115–13118.
[34] G. Kresse, J. Furthmüller, Phys. Rev. B 54 (1996) 11169–11186.
[35] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558–561.
[36] G. Kresse, J. Hafner, Phys. Rev. B 49 (1994) 14251–14269.
[37] G. Kresse, J. Furthmüller, Comput. Mater. Sci. 6 (1996) 15–50.
[38] P.E. Blöchl, Phys. Rev. B 50 (1994) 17953–17979.
[39] G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758–1775.
[40] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865–3868.
[41] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 78 (1997) 1396 (1396).
[42] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188–5192.
[43] J.K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J.R. Kitchin, T. Bligaard,

H. Jonsson, J. Phys. Chem. B 108 (2004) 17886–17892.
[44] A. Alavi, P.J. Hu, T. Deutsch, P.L. Silvestrelli, J. Hutter, Phys. Rev. Lett. 80 (1998)

3650–3653.
[45] A. Michaelides, P. Hu, J. Am. Chem. Soc. 122 (2000) 9866–9867.
[46] Z.P. Liu, P. Hu, J. Am. Chem. Soc. 125 (2003) 1958–1967.
[47] D. Deng, X. Pan, L. Yu, Y. Cui, Y. Jiang, J. Qi, W.-X. Li, Q. Fu, X. Ma, Q. Xue,

G. Sun, X. Bao, Chem. Mater. 23 (2011) 1188–1193.
[48] D. Deng, L. Yu, X. Pan, S. Wang, X. Chen, P. Hu, L. Sun, X. Bao, Chem. Commun.

47 (2011) 10016–10018.
[49] Y.J. Sa, D.-J. Seo, J. Woo, J.T. Lim, J.Y. Cheon, S.Y. Yang, J.M. Lee, D. Kang,

T.J. Shin, H.S. Shin, H.Y. Jeong, C.S. Kim, M.G. Kim, T.-Y. Kim, S.H. Joo, J. Am.
Chem. Soc. 138 (2016) 15046–15056.

[50] L. Osmieri, A.H.A. Monteverde Videla, S. Specchia, J. Solid State Electrochem. 20
(2016) 3507–3523.

[51] Y. Zhai, G. Bender, S. Dorn, R. Rocheleau, J. Electrochem. Soc. 157 (2010)
B20–B26.

[52] J.X. Zhai, M. Hou, H.B. Zhang, Z.M. Zhou, J. Fu, Z.G. Shao, B.L. Yi, J. Power
Sources 196 (2011) 3172–3177.

Xiaoqi Chen received his B.S. in Chemistry from
University of Science and Technology of China in 2009
and Ph.D. in Physical Chemistry from DICP, CAS in 2016.
His research interests include synthesis and application of
carbon based materials for heterogeneous catalysis and
electrocatalysis.

Liang Yu received his Ph.D. in Physical Chemistry from
Dalian Institute of Chemical Physics, Chinese Academy of
Sciences in 2012. Subsequently he worked as a research
associate for a year in State Key Laboratory of Catalysis,
DICP. In February 2014, he joined Collaborative
Innovation Center of Chemistry for Energy Material in
Xiamen University as an iChEM fellow and spent the year
in Brookhaven National Laboratory as a visiting scholar. In
February 2015, He joined SUNCAT group in Stanford
University as a post-doctoral researcher. His research
interests include studying reaction thermodynamics and
kinetics of heterogeneous catalytic processes using DFT
tools, and developing approaches for scaling transition

state energies.

Suheng Wang received his B.S. in chemistry from
Xiamen University in 2015. He is a Ph.D. candidate under
the Prof. Xinhe Bao, Dehui Deng and Zhaoxiong Xie at
iChEM, College of Chemistry and Chemical Engineering,
Xiamen University. His research is focused on electroche-
mical energy conversion.

Dehui Deng received his B.S. in Light Industry
Engineering and B. S. in National Economy Management
from Sichuan University in 2007 and Ph.D. in Physical
Chemistry from DICP, CAS in 2012. He subsequently
joined State Key Laboratory of Catalysis, DICP as an
Associate Professor. Since Jan. 2015, he served as an
iChEM Research fellow at Xiamen University. He also
served as a visiting scholar in Stanford University in
2015. His research interests include development of two-
dimensional layered nanocatalysts and fundamental re-
search in heterogeneous catalysis and electrocatalysis.

Xinhe Bao received his Ph.D. in Physical Chemistry from
Fudan University in 1987. He held an Alexander von
Humboldt Research Fellow position in Fritz-Haber
Institute between 1989 and 1995, hosted by Prof.
Gerhard Ertl. Following that, he joined DICP as a full
Professor. He became a member of the CAS in 2009. His
research interest is nano and interfacial catalysis, focusing
on the fundamental understanding of heterogeneous cata-
lysis, including development of new catalysts and novel
catalytic processes related to energy conversion and sto-
rage.

X. Chen et al. Nano Energy 32 (2017) 353–358

358

http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref31
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref33
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref34
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref35
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref36
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref37
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref38
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref39
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref40
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref41
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref42
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref43
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref43
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref44
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref44
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref45
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref46
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref47
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref47
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref48
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref48
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref49
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref49
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref49
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref50
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref50
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref51
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref51
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref52
http://refhub.elsevier.com/S2211-2855(16)30620-6/sbref52

	Highly active and stable single iron site confined in graphene nanosheets for oxygen reduction reaction
	Introduction
	Experimental section
	Raw materials
	Synthesis of graphene nanosheets (GN)
	Synthesis of FeN4/GN
	Characterization
	The rotating disk electrode (RDE) measurements
	The rotating ring disk electrode (RRDE) measurements
	Density functional theory calculations

	Results and discussion
	Conclusions
	Acknowledgements
	Supplementary material
	References




