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Synergistic incorporation of hybrid heterobimetal–
nitrogen atoms into carbon structures for superior
oxygen electroreduction performance†
Young-Woo Lee,a Geon-Hyoung An,b Seul Lee,c John Hong,a Byung-Sung Kim,a
Juwon Lee,a Da-Hee Kwak,c Hyo-Jin Ahn,b Wansoo Huh,c Seung Nam Cha,a
Kyung-Won Park,*c Jung Inn Sohn*a and Jong Min Kima
Although Pt-based catalytic technology has led to significant advances in the development of electrocatalysts in fuel cells, Pt replacement with efficient and stable non-precious metal catalysts has a great
technological significance for successful large-scale implementation of fuel cells. Here, we present the development of hybrid functional 1-dimensional carbon structures incorporated homogeneously with high
contents of non-precious metal multi-dopants, consisting of iron, cobalt and nitrogen, as a promising alternative to Pt-based catalysts for the cathodic oxygen reduction reaction (ORR) through a modified
electrospinning technique. These hybrid heterobimetal–nitrogen-incorporated carbon structures exhibit superior ORR electrocatalytic properties i.e., more positive reduction potential, high electroreduction current
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density, high electron transfer value (∼3.87) close to the perfect ORR and improved electrochemical stability with a very small decrease of ∼8 mV in half-wave potential. The observed enhancement in electrochemical performance can be ascribed to the increased amount of catalytically active sites with relatively
high contents of heterometallic iron and cobalt atoms surrounded by nitrogen species and their homogeneous distribution on the catalyst surface.

Introduction
Since the successful demonstration of the earliest concept of
a fuel cell in the nineteenth century, the polymer electrolyte
membrane fuel cell (PEMFC) has been represented as one of
the most promising alternative energy conversion technologies available today for the production of high power density
at relatively low operating temperature and low environmental
impact of producing energy from nonpolluting and renewable
energy sources for electric vehicles and portable electronic
devices.1–3 However, in spite of significant progress being
made to improve the availability of PEMFC technologies for
extension to large-scale applications over the past decade, the
actual implementation of sustainable development continues
to face various challenges, such as the manufacturing cost
a
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and the long-term durability and performance. Particularly,
the development of highly efficient, stable and low-cost catalysts, preferably free of precious noble metals, has been arguably considered as the most important and innovative challenge for the successful large-scale commercial production of
PEMFCs.4,5
To date, it has been demonstrated that platinum (Pt) exhibits the most efficient electrocatalytic activity at both
electrodes of PEMFCs even though its prohibitive cost and
scarcity have hindered the widespread utilization of
PEMFCs.6–10 Furthermore, the oxygen reduction reaction
(ORR) at the cathode, requiring comparatively much more Pt,
plays a key role in determining the performance of a fuel cell
because of the sluggish ORR kinetics compared to the fast
hydrogen oxidation kinetics at the anode.11–14 In this regard,
Pt replacement through the development of non-precious
metal catalysts with high ORR activity and good stability becomes of practical importance in meeting the demand for ultimately affordable, scalable and eco-friendly technologies.
For this reason, enormous research efforts have been devoted
to the development of new ORR catalysts as alternatives to Pt
or Pt-based catalysts, including various transition metal complexes15,16 and carbon-based materials doped with nonmetallic elements.17 Among the diverse non-precious metal
electrocatalysts studied to date, carbon-supported structures,
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such as carbon nanotubes,18 graphene/reduced graphene oxides,19,20 carbon nanofibers21 and mesoporous carbon,22 have
attracted great attention because of their low cost, environmental friendliness and infinite natural resources. Moreover,
it has been recently demonstrated that carbon-based catalysts
doped with nitrogen and transition metal–nitrogen for the
ORR have shown high electrochemical activity and
stability.23–27 Very recently, various macrocyclic transitionmetal (M–Nx) carbon-based compounds with promising ORR
electrocatalytic activity have been extensively studied to
achieve high ORR performance, although there have been
continued debates on the nature of ORR mechanisms associated with active catalytic sites in such M–Nx structures.17,28
However, despite the highly selective electrocatalytic activity
of the M–Nx carbon-based nanostructures as non-precious
metal catalysts, a conventional synthetic approach usually requires complex or multi-step processing techniques as well
as high temperature annealing processes to prepare carbonbased catalysts doped or co-doped with nitrogen and/or transition metals.25,29–32 Apart from complicated multi-processes
for doping, these synthetic methods also suffer from several
problems, such as the compositional non-homogeneity of
doping elements, low contents of dopants on the catalyst surface, and the partial presence of aggregated metallic or
metal-based compound phases.33–35
In this work, we introduce a facile method to design and
synthesize efficiently functionalized carbon structures incorporated homogeneously with heterobimetallic dopants
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serving as active sites on the catalyst surface for superior
electrochemical activity in ORRs. Furthermore, we propose a
hybrid heterobimetal–nitrogen-doped carbon structure (denoted as HDCS) as an efficient ORR electrocatalyst in
PEMFCs, synthesized using a simple electrospinning method
with polyacrylonitrile (PAN) as a carbon source and metalpthalocyanine (M-Pc, M = Fe and Co) comprising nitrogen
and transition metal elements as hybrid dopant sources.
These obtained HDCSs present high contents of transition
metal and nitrogen atoms homogeneously distributed on the
catalyst surface, and hence exhibit superior ORR activity and
excellent electrochemical stability comparable to those of
commercial Pt electrocatalysts.

Results and discussion
Fig. 1(a) shows the schematic illustration of the sequential
steps for the synthesis of HDCSs. In the first step, the aselectrospun 1-dimensional (1-D) fibers were prepared using
PAN as a carbon source and M-Pc consisting of both Fe-Pc
and Co-Pc as the heterometal and nitrogen doping sources.
The as-electrospun fibers were dried in an oven at 60 °C for
24 h and then pyrolyzed in a tube furnace at 900 °C for 3 h
under a nitrogen atmosphere to finally obtain the HDCSs. Additionally, various HDCSs with different doping concentrations were also synthesized by controlling the weight fractions of M-Pc precursors in an electrospun solution in the
range of low (1 wt%: HDCS-L), middle (5 wt%: HDCS-M) and

Fig. 1 (a) Schematic illustration of the synthesis process of the HDCSs. (b) SEM image of the as-prepared HDCS-H. (c) EDX element mapping images for C, N, Fe and Co of HDCS-H indicated in the inset of Fig. 1(b). The scale bar of Fig. 1(b and c) is 2 μm.
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high (10 wt%: HDCS-H) fractions. The morphology of the
HDCSs was investigated by field-emission scanning electron
microscopy (FE-SEM) and field-emission transmission
electron microscopy (FE-TEM). As shown in the FE-SEM and
FE-TEM images (see the insert) in Fig. S1Ĳa–c),† the HDCSs
with a 1-D structure were well formed and their diameters
were approximately 0.8–1.2 μm. Here, note that all the asprepared HDCSs have similar diameters regardless of the
doping precursor fractions as shown in Fig. S1Ĳa–c).† We also
clearly observed that the HDCSs have amorphous carbon
structures as seen in the XRD patterns (Fig. S1(d)†). However,
no crystal peaks, such as those for any metallic and metalbased compound phases, were observed in all HDCSs.
In order to further assess the elemental compositions and
distributions of the hybrid dopants in the HDCSs, energydispersive X-ray (EDX) examinations were carried out.
Fig. 1(c) shows the elemental mapping of carbon, nitrogen,
iron and cobalt elements, which were uniformly distributed
on the 1-D carbon fibers. In particular, it is evident that the
metal elements such as Fe and Co were incorporated with
carbon and nitrogen species in the structures. These are consistent with the XRD results in Fig. S1(d)† showing no
unwanted metallic or metal-based compounds, that is, good
incorporation of dopants into the carbon structures.
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The chemical structure and quantity of doping elements
acting as electrochemically active sites on the catalyst surface
would be another key factor greatly affecting the ORR performance. Therefore, to determine the chemical state and content of transition metals and nitrogen in the HDCSs, we
performed XPS measurements. As shown in Fig. 2(a), the Co
2p XPS spectra of the as-prepared HDCSs consist of Co 2p3/2
at ∼781.6 eV and Co 2p1/2 at ∼796.8 eV. The peaks of Co
2p3/2 located around 779.6, 781.0 and 784.7 eV are assigned
to the oxidized Co phase, Co–N bond and satellite,
respectively.36–39 Moreover, as expected, as the doping precursor fractions increase, the amount of cobalt element increases in the HDCSs, that is, 0.24 for HDCS-L, 0.34 for
HDCS-M and 0.47 at% for HDCS-H. Similar to the Co 2p XPS
spectra, we found that the Fe 2p3/2 spectra of the as-prepared
HDCSs consist of oxidized states of Fe with binding energies
of 710.9, 712.8 and 716.0 eV, corresponding to Fe–N, Fe3+
and satellite, respectively,40,41 as shown in Fig. 2(b). It was
also observed that the Fe contents of the as-prepared HDCSs
increase with increasing fraction of the M-Pc precursors as
hybrid doping sources and are 0.22, 0.25 and 0.31 at% for
HDCS-L, HDCS-M and HDCS-H, respectively. We summarized
the ratio of the doped Fe, Co and N elements as shown in
Table 1. In addition, noticeably, the presence of structural

Fig. 2 (a) Co 2p and (b) Fe 2p XPS spectra of the as-prepared HDCSs. (c) Composition of N species of the as-prepared HDCSs. (d) Schematic illustration of representative N and metal doping sites in the carbon structures.
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Table 1 Ratio of the doped N, Fe and Co elements in the as-prepared
HDCSs obtained from the XPS analysis

HDCS-L
HDCS-M
HDCS-H

N

Fe

Co

2.43 at%
4.64 at%
4.42 at%

0.22 at%
0.25 at%
0.31 at%

0.24 at%
0.34 at%
0.47 at%

nitrogen in the HDCSs was confirmed by the high-resolution
N 1s spectra, showing the incorporation of pyridinic-N (398
eV), pyrrolic-N (400.5 eV) and graphitic-N (401.5 eV) atoms
into the carbon structure,42,43 as shown in Fig. S2.† Interestingly, as shown in Fig. 2(c), it was found that the total nitrogen contents related to both pyridinic-N and pyrrolic-N sites
increase, but the amount of graphitic-N sites decrease as the
hybrid doping precursor fractions increase. Here, it is important to note that the pyridinic-N and pyrrolic-N sites are energetically more favorable to bind with metal atoms compared
to graphitic-N sites,44 as shown in Fig. 2(d). We also note that
the relatively higher heterometal dopant contents are observed in the HDCS-H sample. Thus, these indicate that a significant increase in both metal and nitrogen contents is associated with the synergistic incorporation and distribution of
dopants into the carbon structures as a result of the presence
of M-Pc involving ternary heteroatom dopants (Co, Fe, N).
Consequently, it is expected that the modified HDCS through
the incorporation of hybrid metal and nitrogen dopants, acting as active sites, can improve the electrochemical activity in
ORRs.
To identify the electrochemical activities of the HDCS
electrocatalysts in ORRs, cyclic voltammogram (CV) examinations were carried out in Ar- and O2-saturated 1.0 M KOH solutions between −0.9 and +0.3 V (vs. Hg/HgO). As shown in
Fig. 3(a), all the as-prepared HDCS electrocatalysts exhibited
a large cathodic peak around −0.1 V in the O2-saturated
electrolyte, whereas no obvious response peak was observed
in the Ar-saturated electrolyte. This result suggests that the
HDCS can be used as a potential electrocatalyst for the ORR.
Furthermore, it was also observed that the oxygen reduction

potentials of the HDCS-H (0.035 V) samples were shifted toward the positive potential direction compared with those of
the HDCS-M (0.026 V) and HDCS-L (0.001 V) samples and
their maximum current density in the O2-saturated electrolyte
was much greater than those of the HDCS-M and HDCS-L
samples. These findings indicate that the ORR activity of the
HDCS-H electrocatalyst is superior to those of the HDCS-M
and HDCS-L electrocatalysts as a result of the hybrid heterotransition metal–nitrogen–carbon catalytic systems with large
contents of active sites, as shown in Fig. 3(b).
To examine further the ORR activity of the obtained HDCS
electrocatalysts, we performed linear sweep voltammetry
(LSV) measurements in an O2-saturated 1.0 M KOH electrolyte at various rotation speeds ranging from 100 to 2500 rpm.
For comparison, commercial Pt/C electrocatalysts (E-TEK Co.)
were used. As shown in Fig. 4(a) and S3,† the current density
(3.44 mA cm−2) of the HDCS-H electrocatalyst is considerably
higher than that of the HDCS-M (2.37 mA cm−2) and HDCS-L
(0.98 mA cm−2) electrocatalysts at a high potential of 0.04 V
and a rotation speed of 1600 rpm, which is comparable to
that of a commercial Pt/C electrocatalyst. Additionally, the
HDCS-H electrocatalyst (0.07 V) exhibited a more positive
half-wave potential in comparison with the HDCS-M (0.04 V)
and HDCS-L (0.02 V) electrocatalysts. Also, in order to address whether the HDCS catalysts enable the achievement of
a complete reduction reaction of oxygen followed by four
electron transfer processes, we calculated the electron transfer numbers of the electrocatalysts based on the slope of the
Koutecky–Levich equation as follows:

B = 0.2nF (D0)2/3v −1/6C0
where j is the current density, jk is the kinetic current density, ω is the electrode rotation speed, n is the transferred

Fig. 3 (a) CVs of the as-prepared HDCS electrocatalysts in Ar- (black) and O2- (red) saturated 1.0 M KOH electrolytes. (b) Schematic illustration of
the reaction process of ORR in an alkaline electrolyte.
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Fig. 4 (a) LSVs of the HDCS and commercial Pt electrocatalysts in O2-saturated 1.0 M KOH [the inset indicates the numbers of exchanged
electrons of all as-prepared electrocatalysts]. (b) Tafel plots of the HDCS and commercial Pt electrocatalysts. Comparison of LSVs before and after
the stability tests of (c) HDCS-H and (d) commercial Pt electrocatalysts.

electron number per oxygen molecule, F is the Faraday constant, D0 is the diffusion coefficient of O2, ν is the kinematic
viscosity of the electrolyte and C0 is the bulk O2 concentration. Very significantly, the transferred electron number of
HDCS-H of the ORR obtained from the Koutecky–Levich plots
(Fig. S4†) was ∼3.87, indicating definitely four electron transfer processes. Moreover, electron transfer numbers of 3.81
and 3.60 were obtained for HDCS-M and HDCS-L, respectively, suggesting nearly four electron transfer processes. In
addition, it was also found that the HDCS-H electrocatalyst
exhibits a relatively low Tafel slope of 103 mV dec−1, indicating the enhanced catalytic activity with low overpotentials as
well as the fast electron transfer kinetics, as shown in
Fig. 4(b). In order to further address the effect of dopants in
the HDCSs on the ORR activity, we performed LSV measurements with undoped, N-doped, Co–N-doped and Fe–N-doped
carbon structures (denoted as only CS, N-DCS, Co-DCS and
Fe-DCS, respectively) as shown in Fig. S5.† As expected, the
HDCS exhibited superior electrochemical activities in ORR,
i.e., more positive half-wave potential, high current density at
0.04 V and fast on-set potential, compared to only CS, N-DCS,
Co-DCS and Fe-DCS, because of their synergistic effect associated with the presence of the well-incorporated Fe and Co
sites in the carbon structures as active sites (see more

This journal is © The Royal Society of Chemistry 2016

detailed discussion in the ESI† (Fig. S5)). In particular, it
has been reported that the coexistence of incorporated Fe
and Co adatoms bound with N can reduce the binding energy of oxygen molecules on a non-precious metal electrocatalyst and hence can engineer electronic structures, for example, down-shifting of the d-band center, compared to
individual Fe–N or Co–N bonding, resulting in the enhancement of ORR activities.25 Furthermore, Wang's group recently demonstrated that hybrid N-modified transition
metal sites can act as quite superior active sites for ORR because of their unique electrical and chemical properties,
i.e., the more positive charge of Fe induced by charge transfer from Fe to N, the strong OOH adsorption energy, and
the strong chemical bonding between Fe and pyridine.45,46
Overall, these results suggest that the excellent electrochemical ORR activity of the HDCS-H electrocatalyst, such
as the increased positive shift of ORR potentials, the electroreduction reaction close to four electron transfer numbers,
and low overpotential, is attributed to the relatively high
contents of electrocatalytically active sites and their chemical structure associated with hybrid heterobimetal–N doping
species, resulting from pyridinic-N and pyrrolic-N sites,
which are energetically attractive to bind with transition
metal atoms.47–49
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To evaluate the electrochemical stability of the optimized
HDCS-H electrocatalyst, linear potential sweeps were carried
out over 2000 cycles between −0.4 and +0.1 V (vs. Hg/HgO)
using a scan rate of 50 mV s−1 in an O2-saturated 1.0 M
KOH electrolyte. Fig. 4(c and d) show the ORR activities of
the HDCS-H electrocatalyst measured between −0.6 and 0.1
V (vs. Hg/HgO) with a scan rate of 5 mV s−1 in O2-saturated
1.0 M KOH before and after the stability test. Remarkably,
the HDCS-H electrocatalyst exhibited superior stability with
a slight decrease of ∼8 mV in half-wave potential,
outperforming most precious metal catalysts reported previously, whereas the commercial Pt/C electrocatalyst exhibited
a relatively significant decrease in half-wave potential (∼40
mV). Thus, it is believed that our findings open up the possibility of new approaches to design and fabricate a variety
of other non-precious metal electrocatalysts with excellent
ORR activity and stability for practical applications in fuel
cells.

Conclusions
In summary, we have prepared hybrid-doped 1-D functional
carbon structures consisting of hetero-transition metallic iron
and cobalt coordinated by pyridinic and pyrrolic nitrogen
atoms, as electrocatalysts for ORRs, using a modified electrospinning technique. We have demonstrated that the HDCS-H
electrocatalyst has a relatively high content of hybrid heterobimetal–nitrogen dopants synergistically incorporated into
the carbon structures as active sites for ORRs. Therefore,
these electrocatalysts show remarkably superior ORR electrocatalytic abilities i.e., higher current density, more positive reduction potential, electron transfer number close to 4 and excellent electrochemical stability, comparable to previously
reported other non-precious metal electrocatalysts and commercial Pt/C electrocatalysts. Thus, it is expected that the asprepared HDCS-H electrocatalyst can be utilized as a promising non-precious metal cathode electrocatalyst in fuel cell
applications.

Experimental
Fabrication of hybrid metal–nitrogen-doped functional
carbon stuctures (HDCSs)
The precursor solution was prepared by dissolving 10 wt%
precursors with mixed polyacrylonitrile (PAN, (C3H3N)n, Mw =
150 000 g mol−1, Aldrich) and metal-phthalocyanine (M-Pc) in
N,N-dimethylformamide (DMF, HCONĲCH3)2, Aldrich) solvent.
In order to control the doping amount of metal and nitrogen,
the ratios between PAN, iron phthalocyanine (Fe-Pc) and cobalt phthalocyanine (Co-Pc) in the precursor solution for the
electrospinning process were controlled from 9.9 : 0.05 : 0.05,
9.5 : 0.25 : 0.25 and 9.0 : 0.5 : 0.5, respectively. The precursor
solution was loaded into a plastic syringe connected to a
blunt-tip needle, which was connected to a syringe pump.
The distance between the tip and Al collector was 15 cm. The
electrospinning process was then carried out using a high
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voltage (15 kV) linked to the needle tip of a syringe offering
the well-prepared solution at a flow rate of 10 μL min−1. The
electrospun fibers were dried in an oven at 60 °C for 24 h
and then carbonized in a tube furnace at 900 °C for 3 h under a nitrogen atmosphere with a heating rate of 10 °C min−1
in order to obtain the HDCS electrodes.

Structural and chemical analysis
The as-prepared samples were characterized by FE-SEM and
EDX spectroscopy using a JSM-6700F (JEOL Ltd.) microscope
operating at 5 kV and TEM using a Philips Tecnai F20 system
operating at 200 kV. The crystal structure was studied by XRD
(D2 PHASER, Bruker AXS) with a Cu Kα (λ = 0.15418 nm)
source with a nickel filter. The source was operated at 30 kV
and 10 mA. The 2θ angular scan from 10° to 80° was explored
at a scan rate of 0.5° min−1. Also, XPS (Thermo VG, U.K.)
analysis was carried out with an Al Kα X-ray source of
1486.6 eV at a chamber pressure below 1 × 10 −8 Torr and
a beam power of 200 W. All high-resolution spectra were
collected using a pass energy of 46.95 eV. The step size
and time per step were set at 0.025 eV and 100 ms, respectively. The C 1s electron binding energy was referenced
at 284.6 eV and a nonlinear least-squares curve-fitting program was employed with a Gaussian–Lorentzian production
function.

Electrochemical characterization in ORRs
The electrochemical properties of the as-prepared electrocatalysts in ORRs were measured in a three-electrode cell at
25 °C using a potentiostat (Eco Chemie, AUTOLAB). The asprepared HDCS electrocatalyst inks were prepared by mixing
the electrocatalyst, deionized water, isopropyl alcohol and 5
wt% Nafion solution. The glassy carbon working electrode
was coated with 0.5 μL of the electrocatalyst inks and dried
in an oven at 50 °C. The total loading of the electrocatalyst in
all HDCS electrocatalysts was 400 μg cm−2. To compare the
electrochemical properties, we used commercial Pt electrocatalysts, and the loading amount of the Pt electrocatalyst
was 40 μg cm−2. In addition, a Pt wire and Ag/AgCl (in saturated 3 M KCl) were used as counter and reference
electrodes, respectively. The cyclic voltammograms (CVs) of
the electrocatalysts were obtained in Ar- or O2-saturated 1.0
M KOH with a scan rate of 50 mV s−1 at 25 °C. The oxygen reduction current–potential curves were obtained using linear
sweep voltammetry (LSV) at various rotation speeds from 100
to 2500 rpm in an O2-saturated 1.0 M KOH solution by
sweeping the potential from −0.6 to 0.1 V at a scan rate of 5
mV s−1. The stability test in ORRs was carried out by applying
linear potential sweeps for 2000 cycles. The oxygen reduction
current–potential curves after the stability test of the electrocatalysts were obtained by sweeping the potential from −0.6
to 0.1 V. All potentials were calibrated with respect to the normal hydrogen electrode (NHE).50
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