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Carbonaceous materials containing non-precious metal and/or doped nitrogen have attracted tremendous
attention in the field of electrochemical energy storage and conversion. Herein, we report the synthesis and
electrochemical properties of a new family of nitrogen-doped metal/carbon (M/N/C, M 5 Fe, Co, Ni)
nanocomposites. The M/N/C nanocomposites, in which metal nanoparticles are embedded in the highly
porous nitrogen-doped carbon matrix, have been synthesized by simply pyrolyzing M(salen) (salen 5
N,N9-bis(salicylidene)-ethylenediamine) complex precursors. The prepared Co/N/C and Fe/N/C exhibit
remarkable electrocatalytic activity (with onset potential of 0.96 V for Fe/N/C and half-wave potential of
0.80 V for Co/N/C) and high stability for the oxygen reduction reaction (ORR). The superior performance
of the nanocomposites is attributed to their bimodal-pore structure, high surface area, as well as uniform
distribution of high-density nitrogen and metal active sites.

E
lectrocatalysis of the oxygen reduction reaction (ORR) plays the key role in electrochemical energy storage
and conversion technologies such as fuel cells and metal-air batteries1,2. To date, noble metals and alloys
have been known as the state-of-the-art ORR electrocatalysts3–7. Nevertheless, the high cost and scarcity of

noble metals prohibit their large-scale practical application and necessitate the development of alternative earth-
abundant materials with high electrocatalytic performance and wide availability8–13. Porous carbonaceous mate-
rials have attracted extensive interest because of their prominent advantages including large surface area, high
thermal and chemical stability, and high electrical conductivity14,15. However, carbon itself exhibits low intrinsic
ORR activity16,17. Recent studies have shown that the incorporation of nitrogen heteroatom and nonprecious
transition metals into nanostructured carbon materials (e.g., carbon nanotubes and graphene) can greatly
improve the electrocatalytic performance18,19. Generally, nitrogen-doped carbon materials can be synthesized
by two approaches20,21: (i) directly doping during the synthesis of carbon materials; (ii) post-treatment of the as-
prepared carbon materials with nitrogen precursor. Particularly, nitrogen-doped and metal-contained carbon
composites (M/N/C, M 5 Fe, Co) synthesized via pyrolysis of precursors containing metal salts, nitrogen and
macrocyclic compounds have been demonstrated to be active for catalyzing ORR22–31. However, the synthesis of
these composites often involves pyrolysis at high temperature and carbonization in NH3 atmosphere, which
induce severe loss of carbon mass, reduce density of active sites, and shorten the lifespan of these catalysts30–33.
Furthermore, the ORR properties of the synthesized M/N/C composites depend greatly on the nature of the
metal-containing macrocyclic precursors, which affect the particle size, texture, metal and/or nitrogen content,
and carbonaceous structures21,29,34,35. To prepare cheap and efficient M/N/C catalysts, it is desirable to exploit a
low-cost precursor that can be easily converted to high-surface-area porous carbon matrix integrating high-
loading of metal and nitrogen.

In this study, we reported a facile synthesis of M/N/C porous nanocomposite catalysts from a family of simple
organic precursors, M(salen) (M 5 Co, Fe, Ni; salen 5 N,N9-bis(salicylidene)-ethylenediamine) complexes.
These inexpensive complexes can be easily synthesized and contain abundant nitrogen sites for coordination
with transition metals. Recently, we showed that carbonizing Sn(salen) resulted in ultrasmall Sn nanoparticles
embedded in N-doped porous carbon network, which exhibited excellent electrochemical performance for
Li-ion batteries36. Herein, we demonstrate that M(salen) (M 5 Co, Fe, Ni) can be carbonized at relatively low
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temperatures to form in situ nitrogen-doped and metal-included
carbon composites without post treatment in NH3 atmosphere.
Moreover, direct pyrolysis of the simple complex precursors gener-
ates simultaneously well-defined micropores and mesopores, which
could enhance the exposure of the ORR active sites and mass trans-
port. Remarkably, the as-prepared M/N/C nanocomposites are fea-
tured with homogeneous distribution of small metal nanoparticles,
high specific surface areas, and relatively high content of doped
nitrogen. As ORR catalysts in alkaline electrolytes, the nanocompo-
sites exhibit comparable activity and superior durability to the
benchmark Pt/C.

Results and discussion
Material preparation and characterizations. Figure 1 illustrates the
synthesis processes of M/N/C (M 5 Co, Fe, Ni) nanocomposite

catalysts. First, M(salen) precursors were synthesized by directly
reacting H2(salen) with the corresponding metal nitrates. Second,
the obtained precursor was subjected to heat treatments under an
Ar atmosphere. The pyrolysis temperature was selected by refer-
encing to the thermogravimetric curves of the precursor M(salen)
complexes (additional information, Figure S1). Subsequently, the
heat-treated solid powders were leached in acid to remove unstable
and inactive species. The acid-washed samples were annealed in Ar
for further graphitization. For comparison, we prepared metal-free
catalyst (H/N/C) with similar procedures by pyrolyzing H2(salen).

Figure 2 shows the representative transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM) imaging
of Co/N/C, Fe/N/C and Ni/N/C synthesized at pyrolysis temperature
of 700uC. As shown in TEM images (Figures 2a, d, and g), Co, Fe
or Ni nanoparticles (black dots) with uniform particle size are

Figure 1 | Schematic illustration of the preparation of M/N/C (M 5 Co, Fe, Ni) porous nanocomposite catalysts.

Figure 2 | SEM and TEM images of (a–c) Co/N/C, (d–f) Fe/N/C, and (g–i) Ni/N/C catalysts: (a,b,d,e,g,h) TEM images; (c,f,i) SEM images and the
corresponding EDS mapping.
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homogenously embedded in the nitrogen doped carbon framework
(gray matrix). From high-magnification TEM images (Figures 2b, e,
and h), the typical sizes of metal nanoparticles in Co/N/C, Fe/N/C
and Ni/N/C are 6–7, 20–40 and 20–30 nm, respectively. Among the
three nanocomposites, Fe/N/C has relatively larger average particle
size and contains onion-like graphitic carbon nanostructure
(Figure 2e). The high graphitization degree of carbon can be attrib-
uted to the prominent catalytic ability of Fe towards carboniza-
tion22,37. Typically, the obtained samples present irregular
particulate shape with size of a few micrometers; while carbon, metal
(Co, Fe or Ni), and nitrogen are homogeneously distributed within
the carbon matrix (Figures 2c, f, and i). It should be noted that the
nanoparticles grow and agglomerate as the pyrolysis temperature
increases higher than 700uC (Figure S2).

Thermogravimetric analysis (Figure S3) was performed to analyze
the content of metal in the M/N/C (M 5 Co, Fe, Ni) catalysts. The
metal content in the nanocomposites was determined to be 25.8,
10.2, and 19.1 wt.% for Co/N/C, Fe/N/C, and Ni/N/C, respectively.
Figure 3a shows the X-ray diffraction (XRD) pattern of H2(salen) and
M/N/C (M 5 Co, Fe, Ni) samples pyrolyzed at 700uC before acid
leaching. The wide and weak diffraction peaks at 2h of 26.3u are
ascribed to the (002) plane of carbon. Relatively higher peak intensity
of Co/N/C and Fe/N/C indicates a higher graphitization degree.
Crystalline metallic phases of Co, Fe and Ni can be found in the
nanocomposites. However, an additional Fe3C phase is detected in
the Fe/N/C sample. The formation of Fe3C can be predicted from the
phase diagram, while other metal carbides such as Fe2C, Co3C and

Ni3C are metastable at 700uC and thus are not observed in the pyr-
olyzed product38–40. After acid leaching and annealing, the diffraction
peaks indexed to carbon become much stronger (Figure 3b), suggest-
ing enhanced graphitization of the nitrogen doped nanocomposites.
Notably, most of Fe is etched by acid leaching of Fe/N/C, leaving the
presence of iron carbide. In contrast to M/N/C catalysts, H/N/C
shows the presence of disordered carbon in the XRD pattern. This
comparison suggests that transition metal can catalyze the graphiti-
zation37. Furthermore, a series of Co/N/C samples were prepared at
varied pyrolysis temperatures (Figure S2, S4). A higher temperature
favors the formation of crystalline carbon but leads to the increase of
particle size.

Nitrogen can be viewed as a n-type dopant that donates electrons
to carbon, which can facilitate the electronic conductivity and ORR
activity41. X-ray photoelectron spectroscopy (XPS) provides evidence
for the incorporation of nitrogen into the carbon matrix during
annealing. As shown in Figure 3c, XPS N 1s spectra of all M/N/C
catalysts can be fitted with two deconvoluted peaks that are assign-
able to the pyridinic (398.8 eV) and graphitic (401.1 eV) nitrogen.
Generally, pyridinic and graphitic N atoms are considered as possible
active sites to participate in the ORR electrocatalysis29,42. From XPS
analysis, the nitrogen content in the nanocomposites was determined
to be 6.53, 4.02, and 3.16 wt.% for Co/N/C, Fe/N/C, and Ni/N/C,
respectively, which agreed with the values from elemental analysis.
Besides N, signal of oxygen can be also found in the XPS spectra
(Figure S5). The oxygen content of the synthesized catalysts is 4.32,
4.30, and 3.45 wt.% for Co/N/C, Fe/N/C, and Ni/N/C, respectively.

Figure 3 | XRD patterns of Co/N/C, Fe/N/C, Ni/N/C and H/N/C catalysts (a) before and (b) after acid leaching and post annealing. (c) N 1s XPS spectra

showing the presence of pyridinic and graphitic N.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4386 | DOI: 10.1038/srep04386 3



Possibly, the presence of oxygen in the composites can be attributed
to the following factors: residual oxygen-containing species from the
precursors, oxidation of metal nanoparticles, and adsorbed oxygen
on the surface or in the pores. It is reported that N and O species co-
present as dopants in the carbon structure could contribute to the
electrocatalytic activity towards the ORR due to synergistic effect15.

Nitrogen adsorption/desorption isotherms were performed to
characterize the texture of the synthesized M/N/C nanocomposites.
All isotherms (Figures 4a, c, and e) display the combination of typical
IUPAC type-I and type-IV adsorption/desorption behaviors.
The steep increase of N2 uptake at low pressure and hysteresis loop
at high pressure are characteristics of meso- and micro-porous
structures. The determined Brunauer-Emmett-Teller (BET) specific

surface areas of Co/N/C, Fe/N/C and Ni/N/C nanocomposites are
523, 483, and 350 m2 g21, respectively. The corresponding pore size
distribution (PSD) of micropores (inset of Figures 4a, c, and e) is
centered at 0.46, 0.50, and 0.49 nm, according to the Horvath-
Kawazoe (HK) model. Analysis based on the Density Functional
Theory (DFT) model (Figures 4b, d, and f) gives more PSD informa-
tion at both micropore and mesopore scale. The mesopore size dis-
tribution is centered at 3.80, 3.96, and 3.95 nm for Co/N/C, Fe/N/C
and Ni/N/C, respectively. Although having similar average micro-
pore size, the three nanocomposites show different PSD profiles.
While bimodal size distribution is observed in all samples, the pro-
portion of mesopores to micropores differs much from each other.
The results indicate that the texture (i.e., surface area and porous

Figure 4 | (a,c,e) Nitrogen adsorption/desorption isotherms and (b,d,f) pore size distribution (PSD) of Co/N/C (a,b), Fe/N/C (c,d), and Ni/N/C (e,f).
Insets of (a,c,e) show the PSD determined from the Horvath-Kawazoe (HK) method while results in (b,d,f) are based on the Density Functional

Theory (DFT) method.
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structure) of M/N/C depends greatly on the nature of the M(salen)
precursors. The presence of Co and Fe results in higher surface areas
and benefits the formation of mesopores.

Electrocatalytic properties. The metal-in-N-doped-carbon nano-
structure, high surface area, and bimodal porous character of the
synthesized M/N/C composites motivated us to investigate their
electrocatalytic properties towards the ORR (experimental details
are described in methods). At first, we tested Co/N/C samples
synthesized at varied pyrolysis temperatures (650–800uC) and
found that the best performance was realized at 700uC (Figure S6).
This is possibly due to a balance of active site density, particle size,
surface area, and electron conductivity in the nanocomposite29,43.
Then, the ORR activities of M/N/C nanocomposites synthesized at
700uC were detailedly evaluated using rotating-disk electrode (RDE)
measurements (Figure S7).

Figure 5a displays the typical ORR polarization curves at rotating
rate of 900 rpm (round per minute). Compared to the metal-free H/
N/C sample, the three M/N/C (M 5 Co, Fe, Ni) catalysts exhibit
higher activity, in terms of higher onset and half-wave potentials.
Among the nanocomposites, Co/N/C and Fe/N/C are more active.
Remarkably, Fe/N/C gives a more positive onset potential than that
of the benchmark commercial Pt/C. The half-wave potential of Co/
N/C is 0.80 V, which is only 25 mV lower than that of Pt/C and is
among the best results reported for nonprecious catalysts30,44.
Notably, Co/N/C shows a higher limiting current density (based
on the geometric area of the electrode) relative to Fe/N/C. This
different current may be attributed to the difference in factors such
as particle size, surface area, and metal/nitrogen/oxygen content. For

comparison, we also calculated the mass activities (MA) with respect
to the mass of metal (Figure S8). Again, Co/N/C and Fe/N/C possess
higher MA values compared with Ni/N/C. In particular, Fe/N/C
slightly outperforms Pt/C in mass activity. The determined MA of
Pt/C is comparable to literature result45, which validates our present
investigation and confirms the prominent activity of Co/N/C and Fe/
N/C.

The ORR kinetics was also studied by Koutecky-Levich (K-L)46,47

determination (Figure 5b and Figure S7). The K-L curves are con-
structed according to the following K-L equation:
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where i, ik, and id corresponds respectively to the measured, kinetic,
and diffusion-limiting current, n is the overall transferred electron
number, F is the Faraday constant, A is the geometric electrode area
(cm2), k is the rate constant for oxygen reduction, C0 is the saturated
concentration of oxygen in 0.1 M KOH, DO2 is the diffusion coef-
ficient of oxygen, u is the kinetic viscosity of solution, and v is the
rotation rate (rads21)46. The K-L plots exhibit good linearity at poten-
tials ranging from 0.3 to 0.6 V. At 0.5 V, the transferred number (n)
of electrons on Co/N/C, Fe/N/C and Ni/N/C catalysts was calculated
to be 4.10, 3.96 and 3.60, respectively. Thus, the ORR on these nano-
composites followed the apparent four-electron transfer pathway. In
Tafel plots (Figure 5c), Co/N/C, Fe/N/C and Pt/C catalysts display
very similar slope and close kinetic current densities, especially in the
low overpotential region. This again verifies the superior ORR cata-
lytic properties of Co/N/C and Fe/N/C. The high activity of the

Figure 5 | (a) ORR polarization curves of Co/N/C, Fe/N/C, Ni/N/C, H/N/C, and commercial Pt/C. (b) Koutecky-Levich plots of different catalysts at

0.5 V. (c) Tafel plots. (d) Typical cyclic voltammograms of Co/N/C, inset showing the TEM image after 10000 cycles.
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nanocomposites is ascribed to high density of active sites and favor-
able mass-transport properties, as a result of the bimodal porous
structures and evenly distributed metal nanoparticles, nitrogen and
oxygen species in the carbon matrix29,34. It is well known that micro-
pores are beneficial to diffusion of O2 gas while mesopores are helpful
to smooth transportation of electrolyte and prevent unwanted
agglomeration of active sites48, which contribute to enhanced
electrocatalysis.

Besides high activity, the M/N/C nanocomposites exhibit respect-
able durability. Figure 5d and Figure S9 show the cyclic voltammo-
grams (CVs) of the nanocomposites and the comparative Pt/C
electrode up to 10000 continuous cycles. The decay of current on
Co/N/C is negligible upon the extended cycling, indicating excellent
durability in alkaline solution. The catalytic stability of Co/N/C is
much better than that of commercial Pt/C. It is noted that the dis-
persion and particle size of metal nanoparticles in Co/N/C were well
retained after long-term stability test, as demonstrated by the TEM
images (see comparison in Figure 2b and 5d inset). The excellent
electrocatalytic stability can be attributed to the novel porous nano-
structures that anchor the homogenously distributed small nanopar-
ticles. This structure is advantageous over the case of carbon
supported Pt nanoparticles, which tend to aggregate or detach from
the substrate during prolonged electrochemistry process49.

In summary, we have developed a facile method to prepare a new
family of M/N/C (M 5 Co, Fe, Ni) porous nanocomposite by pyr-
olyzing M(salen) complexes. Furthermore, the synthesized compo-
sites exhibit high ORR activity (i.e., low overpotential and large
current density) and remarkable electrochemical stability in alkaline
electrolyte. The prominent performance is associated with beneficial
factors including small metal particle size, high surface area and
nanoporous structure, as well as uniformly-distributed and high-
density of active sites in the carbon matrix. Our results indicate that
transition metal salen compounds are promising cheap precursors
for the design and synthesis of nitrogen-doped and metal-incorpo-
rated carbon nanocomposite catalysts, which should find potential
applications in diverse electrochemical energy storage and conver-
sion devices.

Methods
General materials. N,N9-bis(salicylidene)-ethylenediamin (salen), ferrous nitrate,
nickel nitrate, cobalt nitrate, isopropanol (99.5%), ethanol (99.9%) and Nafion (5%)
were all purchased from Sigma-Aldrich. Vulcan XC-72 carbon and carbon supported
Pt nanoparticles (Pt/C, 20 wt.% Pt) were supplied by Johnson Matthey Company.

Synthesis of M(salen). In a typical synthesis of Ni(salen), 3.5 g (13 mmol) of salen
was dissolved in 30 mL of absolute alcohol in a three-necked, round-bottom flask.
Subsequently, 20 mL 0.6 M nickel nitrate ethanol solution was dripped and refluxed
for 1 h at 65uC. After cooling, solid precipitates were filtered, washed and vacuum-
dried at 80uC. Following similar procedures, Co(salen) and Fe(salen) were
synthesized by using Co and Fe nitrates.

Catalyst preparation. The M/N/C (M 5 Co, Fe, Ni) catalysts were synthesized as
follows: Firstly, M(salen) was pyrolyzed at temperatures ranged from 650–800uC in a
cylindrical electric furnace under a flow of Ar gas for 1 h. Then, the resultant sample
was leached in 0.5 M H2SO4 at 80uC for 8 h to remove unstable species and was
washed with de-ionized water. Finally, the catalyst was heat-treated again in an Ar
atmosphere for 1 h at the same temperature. Metal-free catalyst was prepared by
pyrolyzing H2(salen) via similar procedures.

Material characterization. XRD was recorded on a Rigaku Mini Flex 600 powder
diffractometer (Cu Ka radiation, l 5 1.5406 Å). SEM images were taken on a JEOL
JSM-7500F microscope operated at 5 kV. TEM imaging was obtained on Philips
Tecnai F20 system operated at 200 kV. Thermogravimetric analysis (TGA) was
carried out on a NETZSCH STA 449F3 using a heating rate of 5uC min21 in air or Ar
stream. X-ray photoelectron spectroscopy (XPS) data were collected using a Versa
Probe PHI 5000 system. Elemental analysis was measured by a vario ELCUBE.
Nitrogen adsorption-desorption measurements were performed on Quantachrome
Autosorb iQ2.

Electrochemical tests. Electrocatalytic measurements were carried out using a
computer-controlled workstation bipotentiostats (AFCBP1, Pine Instrument)
assembled with a modulated speed rotator (PHYCHEMI) in a standard three-
electrode system at room temperature. Saturated calomel electrode (SCE) and Pt wire

served as the reference and counter electrode, respectively. The working electrode was
a glassy carbon electrode coated with a thin layer of catalyst. The catalyst ink was
prepared by ultrasonically mixing 10.0 mg of as-prepared catalyst with 80 mL of
Nafion solution and 450 mL of water/ethanol (151 v/v) mixed solvent for 30 min to
form a homogeneous suspension. A 6.0 mL of the prepared ink was transferred to the
surface of a rotation disk electrode (RDE) using microsyringe. The catalyst-afforded
electrode was allowed to drying at room temperature. Catalyst loading was
approximately 0.458 mg cm22 on the RDE. For comparison, catalytic performance of
the benchmark Pt/C (20 wt.% Pt) was also investigated under the same condition.

Cyclic voltammetry and linear sweep voltammetry measurements were carried out
in 0.1 M aqueous KOH solution. High-purity oxygen gas was bubbled for 30 min
before each test. The required atmosphere was held above the electrolyte throughout
the measurements. Unless otherwise stated, all potentials in the text were reported
with reference to the reversible hydrogen electrode (RHE) potential scale. In 0.1 M
KOH solution, the potential of SCE was calibrated as 10.990 V with respect to RHE.
Voltammograms were collected from 0.1 to 20.8 V (vs. SCE) under a scanning rate of
5 mV s21 at 400, 625, 900, 1225, 1600, and 2025 rpm.
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