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ABSTRACT: We report a facile method for the synthesis of
nitrogen-doped carbon nanotubes (NCNTs) from melamine-
formaldehyde (MR) resin using FeCl3 or supported FeCl3 as
catalysts. The growth of NCNTs follows a decomposition−
reconstruction mechanism, in which the polymer precursor
would totally gasify during pyrolysis process and then
transformed into carbon nanotubes. The morphology of the
NCNTs could be adjusted via applying different catalyst
supports and three kinds of carbon nanotubes with outer-
diameter of 20−200 nm and morphologies of either bamboo-
like or hollow interiors were obtained. Nitrogen atoms in the
materials were mainly in the form of pyridinic and quaternary
form while the formation of iron species strongly depended on
the interaction between iron precursor and organic carbon/nitrogen sources. All MR resin derived NCNTs are efficient toward
oxygen reduction reaction (ORR). NCNTs prepared using FeCl3 as catalyst showed the highest ORR activity with half-wave
potentials of −0.17 V, which is comparable with commercial Pt/C. This is probably because of a close contact between MR resin
and iron precursor could enhance the iron-ligand coordination strength and thus steadily improve the performance of the
catalyst.
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■ INTRODUCTION

After the report from Iijima on the observation of multiwalled
carbon nanotubes in 1991,1 the research on both fundamental
aspects and commercial applications of this material has been
lasting for decades.2 Carbon nanotubes could be defined as
“rolled” graphene sheets with cylinder structures. Besides high
crystalline and intrinsic conductivity of carbon materials, CNTs
possess large surface areas and superior mass-transfer and
mechanical properties.3 The doping of heteroatoms, such as
nitrogen, phosphor, sulfide, boron, and etc., further enriched
the chemistry of this material especially in catalysis, because the
heteroatoms with different electron configurations would
attract or repel electrons in neighboring carbon atoms,
generating active sites for several kinds of reactions.4−6

Recently extensive interest have been initiated by nitrogen-
doped CNTs. Reports on better performance in oxygen
reduction reactions and lithium ion anchoring abilities over
pure carbon materials have been confirmed by different

researchers, showing its potential in both energy conversion
and storage field.7

The preparation of carbon nanotubes is the very first task in
front of the researchers, for MWCNTs were originally obtained
via arc evaporation by using a graphite rod as the electrode in
little amount. The development of chemical vapor deposition
(CVD) provided a much feasible way to synthesize carbon
nanotubes with desired quality in large amount.2 Carbon
sources in small organic molecule forms like hydrocarbons8 and
alcohols like methane,9 ethanol,10 and etc. were used to grow
CNTs on metal nanoparticle loaded substrates such as silica or
silicon carbide.11 Nitrogen atoms could be introduced during
the process by mixing the carbon resource with or merely using
raw materials like gasified cyanamide,12 melamine,13 pyridine,14
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acetonitrile,15 and etc.16−18 The thermodynamic parameters
should be carefully controlled otherwise the difference in the
activity of heteratoms would lead to the formation of defective
products. In addition, because of this difference, unlike post-
treated NCNTs (CNTs treated with ammonia, for example),19

the nitrogen-doped CNTs prepared in this way usually has a
bamboo like morphology. The restricts on equipment and
control of the reaction condition motivated researchers to
design more feasible synthesis routines to obtain NCNTs.
Using nitrogen containing polymers as the precursor would be
a solution to the problem. Solid precursors could be
transformed into NCNTs via a decomposition−reconstruction
mechanismthey were first gasified into small fragments via
pyrolysis and then assembled in to one-dimensional tubular
structure on the metal catalysts. In other words, the essential
mechanism is the same with CVD method, but cheap raw
materials and simple equipment could be enough for the
procedure and careful control of the condition is not necessary.
So far, both CNTs and NCNTs prepared from carbon
containing polymers such styrene−divinylbenzene copolymer
resin20 and polymers with prebonded nitrogen atoms like g-
C3N421 and Fe-containing ZIFs22−24 have already been
reported.
Herein, we report the synthesis of nitrogen-doped carbon

nanotubes from melamine formaldehyde resin (MF resin). By
adjusting the catalyst support, the morphology of the product
could be slender bamboo-like, thick bamboo-like, and hollow
tubes. It was found that the dispersion of iron precursors would
largely influence the size of iron particles formed during the
pyrolysis process and thus alter the final morphology of the
product. All three kinds of carbon nanotubes showed good
activities toward oxygen reduction reaction and the differences
among the materials shed a light on the influence of preparation
procedure toward the activities.

■ EXPERIMENTAL SECTION
Materials and Characterizations. Melamine, formaldehyde

solution, magnesium oxide, iron(III) chloride hexahydrate, and sodium
hydroxide were purchased from Sinopharm Chemical Reagent Co.;
melamine formaldehyde foam was provided by SINOYQX (Sichuan,
China), and absolute ethanol was purchased from Kemiou Chemical
Reagent Co. All chemicals were used as received without further
purification.
The high-resolution scanning electron microscopy (HRSEM) was

performed on Hitachi S-5500 scanning electron microscope operating
at an acceleration voltage of 30 kV. The transmission electron
microscopy (TEM) was undertaken using a Hitachi HT-7700 at an
acceleration voltage of 100 kV. The samples were placed onto an
ultrathin carbon film supported on a copper grid. The powder X-ray
diffraction data were collected on a Rigaku D/Max2500PC
diffractometer with Cu Kα radiation (λ = 1.5418 Å) over the 2θ
range of 5−80° with a scan speed of 5 deg/min at room temperature.
The nitrogen sorption experiments were performed at 77 K on a
Micromeritics ASAP 2020 system. Prior to the measurement, the
samples were degassed at 140 °C for 6 h. The Raman spectra were
taken with Renishaw InVia confocal Raman microscope
Synthesis of Fe@MgO Catalysts. Five grams of Iron(III)

chloride hexahydrate was dissolved in 100 mL of ethanol and then
10 g of MgO powder was added under vigorous stirring. The reaction
was exothermic and brownish powder product was obtained after
cooling, filtering, and drying.
Synthesis of Melamine Formaldehyde Resin. Melamine

formaldehyde resin was prepared via the reaction of melamine and
formaldehyde first under alkaline conditions and then condenses in
acid. The detailed procedure is as follows: 4 g of melamine was mixed
with 10 mL of deionized water and 8 mL of formaldehyde solution

(∼37% wt.). The pH of the aqueous suspension was adjusted to 10 via
adding 1 M NaOH solution. The reaction was carried out under
vigorous stirring at 75 °C for 30 min and a clear solution was obtained.
The soluble precursor was cooled to ambient temperature, and then 1
mL of acetic acid was added. The solution was stirred overnight and
the white precipitate of melamine formaldehyde resin was separated
via either centrifugation or filtration. The product was dried under 100
°C.

Synthesis of Slender Bamboo-like NCNTs (S-B-NCNTs). In a
typical synthesis 0.75 g of Fe@MgO catalyst was mixed with 3 g of
melamine formaldehyde powder, the mixture was grounded and
transferred into a crucible. The precursor was stabilized in air under
200 °C for 3 h, and then pyrolyzed in nitrogen at 950 °C for 1 h. The
heating rate was set to 10 °C/min and the gas flow was 20 mL/min.
Black powder of S-B-NCNTs was obtained after cooling to room
temperature. The exposed metal and metal oxide was removed via
stirring the product in 1 M HCl at 80 °C for 8 h. A secondary heat
treatment was conducted under the same condition with the first
pyrolysis procedure before characterization.

Synthesis of Thick Bamboo-like NCNTs (T-B-NCNTs). The
clear solution made from the reaction of melamine and formaldehyde
was prepared in a similar way as described in the Synthesis of
Melamine Formaldehyde Resin. After cooling down the clear solution
from 75 °C to room temperature, 0.5 g of iron(III) chloride
hexahydrate (dissolved in 10 mL deionized water) was added. The
solution soon turned into reddish brown and yellowish brown
precipitate was obtained after stirring overnight (Supporting
Information Figure S1). The product was collected via either
centrifugation or filtration and then dried under 100 °C. The air
stabilization, pyrolysis, acid treatment, and secondary heat treatment
procedures were the same with S-B-NCNTs.

Synthesis of Thick Hollow NCNTs (T-H-NCNTs). The clear
solution made from the reaction of melamine and formaldehyde was
prepared in a similar way as described in the Synthesis of Melamine
Formaldehyde Resin. After cooling down the clear solution from 75
°C to room temperature, the melamine formaldehyde foam with size
of 1 cm × 1 cm × 1 cm cubes was added. The mixture was stirred for
at least 1 h; 0.5 g of iron(III) chloride hexahydrate (dissolved in 10 mL
deionized water) was added afterward and the solution soon turned
into reddish brown. Finally yellowish brown cubes and precipitate was
obtained after stirring overnight. The cubes were picked out and then
dried at 100 °C. The air stabilization, pyrolysis, acid treatment, and
secondary heat treatment procedures were the same with S-B-NCNTs.

Electrochemical Measurements. Electrochemical measurements
were performed using a CHI Electrochemical Station (Model 730D)
in a three-electrode electrochemical cell at room temperature.
Platinum foil and a saturated calomel electrode (SCE) were using as
the counter and reference electrode, respectively. The catalyst layer on
the glassy carbon electrode was prepared as follows. A mixture with 5
mg of NCNTs catalyst, 1 mL of absolute ethanol, and 50 μL of Nafion
(5 wt %, Du Pont Corp.) was prepared using sonication. Thirty
microliters of ink was dropped onto the glassy carbon disk, which was
then left to dry in air at room temperature, to yield a catalyst loading of
∼750 μg cm−2. For comparison, the loading of commercial Pt/C (20
wt %, Johnson Matthey) catalyst was 25 μg Pt cm−2.

In the rotating disk electrode (RDE) tests, the linear sweep
voltammograms (LSVs) were recorded in O2 saturated 0.1 M KOH
solution and the electrode potential was scanned between −0.8 and
0.2 V with a scan rate of 10 mV/s at a fixed rotating speed of 1600
rpm. In the accelerated durability test the cyclic voltammograms
scanning was measured in naturally aerated 0.1 M KOH electrolyte
under the potential between −0.5 and 0.1 V (vs SCE); then
polarization curves was taken in O2-saturated 0.1 M KOH electrolytes
with the scan rate of 10 mV/s and rotation rate of 1600 r/min. The
electron transfer number of T-B-NCNTs was calculated according to
the Koutecky−Levich equation
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where j is the measured current density, jl is the diffusion-limiting
current densities, jk is the kinetic current density, F is the Faradaic
constant (96 485 C mol−1), D0 is the O2 diffusion coefficient 0.1 M
KOH (1.9 × 10−9 m2 s−1), C0 is the O2 saturation concentration in 0.1
M KOH (1.21 mol m−3), ν is the kinematic viscosity in 0.1 M KOH (1
× 10−6 m2 s−1), ω is the angular velocity of the disk (ω = 2πN, N is the
linear rotation rate), and k is the electron transfer rate constant. The
number of electrons transferred (n) and the kinetic-limiting current
(jk) can be obtained from the slope and intercept of the Koutecky−
Levich plots (1/j versus ω−1/2).

■ RESULTS AND DISCUSSION
Nitrogen-doped carbon nanotubes were synthesized using
melamine formaldehyde resin with approximately equal nitro-
gen to carbon ratio as a precursor, which has been usually used
to prepare nitrogen-doped carbon materials under high
temperature.25−27 The synthesis procedure is outlined in
Scheme 1. The samples synthesized in the presence of MgO
supported FeCl3, FeCl3, and melamine foam/FeCl3 were
denoted as S-B-NCNTs, T-B-NCNTs, and T-H-NCNTs,
respectively. The cross-linked polymer would form an ordered
graphitic structure around 500−600 °C but decompose into
small gaseous molecules such as nitrogen and cyano fragments
when temperature was risen to higher than 700 °C,28 which
could serve as carbon and nitrogen sources to form nitrogen-
doped carbon materials. To testify the proposed possibility of
growth for nitrogen-doped CNTs the mixture of MgO
supported iron chloride and air stabilized melamine-form-
aldehyde resin was heat treated at 750, 850, and 950 °C. The
TEM pictures show that carbon nanotubes with a thick wall
could be formed at 750 °C (Supporting Information Figure
S2). The produced CNTs had a hollow morphology, but the
length of each tube was only several hundreds of nanometers.
In addition to CNTs, other amorphous carbon materials could
also be observed. Further raising the temperature to 850 °C,
bamboo-like CNTs with wide diameter distributions could be
observed (Supporting Information Figure S3). The amorphous

carbon materials coexist with CNTs. When pyrolysis temper-
ature reached to 950 °C, the products were mainly carbon
nanotubes with bamboo-like morphology constructed with
small hollow cells, which could commonly be observed in
CNTs prepared with high nitrogen content (Figure 1a, b and

Supporting Information Figure S4a, b). The lengths and outer-
diameters of this bamboo-like CNTs were ∼2 um and ∼20 nm,
respectively. Iron nanoparticles with similar particle size to the
tube diameter scattered inside the slender-bamboo like-NCNTs
(S-B-NCNTs). Considering the ordinary growth mechanism of
CNTs, we believe the iron particle catalyzed the growth process
and their size determined the final morphology of the
NCNTs.29

Scheme 1. Schematic Illustration of the Preparation of Nitrogen-Doped Carbon Nanotubes from Melamine-Formaldehyde
Resin in the Presence of FeCl3, Mixture of MgO and FeCl3, or MgO-Supported FeCl3

Figure 1. TEM pictures of (a, b) S-B-NCNTs prepared from mixture
of MgO supported FeCl3 and MF resin at 950 °C, (c, d) T-B-NCNTs
prepared from FeCl3/MF resin at 950 °C, and (e, f) T-H-NCNTs
prepared from FeCl3/MF resin/commercial melamine foam at 950 °C
under different magnitudes.
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In the next step, we adjusted the synthesis procedure by
removing MgO, for the dispersion of iron would be different
without a support which should probably change the
morphology of the CNTs finally obtained. When solvated
FeCl3 was added into the solution of melamine resin oligomers,
Fe3+ ions were directly attached to the oligomers of melamine
resin and the clear solution turned rapidly into brownish red.
Finally the mixture of iron precursor and polymer participated
as a yellowish brown solid. Heat treatment at 950 °C under the
same preparation conditions to S-B-NCNTs resulted in carbon
nanotubes T-B-NCNTs, thick-bamboo like-NCNTs, with a
diameter of ∼200 nm (Figure 1c, d). As we expected larger iron
particles were identified inside the CNTs. The above results
suggest that the differences in the aggregation status of the iron
catalyst play an important role in the growth mechanism. When
no support was used, iron salt loaded on the polymer was much
easier to aggregate during the heat treatment process, thus
larger metal particles were formed. To further confirm the
assumption, we embedded iron-containing melamine resin
precursor into commercial melamine foam with a pore size of
around 100 μm.22 Since the oligomers were soluble before
adding FeCl3, it could easily penetrate into the foam and finally
consolidated as bulk blocks. Thick-Hollow-NCNTs (T-H-
NCNTs) derived by treating this precursor under similar
conditions to S-B-NCNTs at 950 °C were with wrinkled wall,
large iron particles (∼100 nm) inside the tube and small ones
(∼20 nm) around the wall. Magnified picture of the local
structure indicates that the wall was constituted with several
layers of wrinkled lamellate graphitic carbon. We suppose that
on the formation of these CNTs large iron particles gradually
collapsed or transformed during the pyrolysis. Larger iron
particles served as catalysts for the formation of the main
structure and small ones participated into the formation of the
wrinkled graphitic structures around, for only on this sample
small iron particles were observed on the wall of CNTs. The
uniformity of three kinds of materials was also confirmed via

scanning electron microscopic pictures (Supporting Informa-
tion Figure S4).
Nitrogen adsorption/desorption measurement was per-

formed and the results are shown in Figure 2a. All samples
were heated in excess diluted sulfuric acid to remove metal/
metal oxides outside the materials before the test. The S-B-
NCNTs showed a BET surface area of 564 m2/g, which is
much larger than ordinary commercial products with a BET
surface area of about 150−250 m2/g. The BET surface area for
T-B-NCNTs and T-H-NCNTs was 310 and 253 m2/g
respectively, which are comparable to the materials prepared
with similar procedure. X-ray diffraction was performed on the
three samples and from the diffraction patterns (Figure 2b) two
set of peaks could easily be identified as features of graphitic
carbon (JCPDS-PDF-75-2078) and iron carbide (JCPDS-PDF-
71-1174). Small difference in the location of the peaks at about
26.6° indicates the difference of d-spacing between adjacent
carbon layers. According to the Bragg’s Equation, the d-space of
S-B-NCNTs, T-B-NCNTs, and T-H-NCNTs was 3.43, 3.35,
and 3.39 Å. The intensity of D and G band on the Raman
spectra of carbon materials was used to determine the defect
density and graphitic degree of the material (Figure 2c). The
IG/ID value goes with the order T-H-NCNTs (1.21) > T-B-
NCNTs (1.05) > S-B-CNTs (0.96). Usually there are two
factors that could increase the intensity of D band, one is the
incorporation of heteroatoms (nitrogen here) and the other is
curvature of the CNTs, thus it is not surprise the sample with
the smallest diameter owns the highest amount of defects.
Nitrogen and iron content in all materials were determined by
element analysis and ICP (Table 1). XPS was also performed
and on the survey results (Figure 2d) we could easily identify
the feature peaks of C 1s, O 1s, N 1s and Fe 2p. The fine
structure of the XPS spectra of N 1s was investigated. It is of
particular interest because the nitrogen atoms embedded in the
matrix of carbon play an important role in catalysis processes
such as oxygen reduction reaction, oxygen evolving reaction,

Figure 2. (a) Nitrogen adsorption−desorption isotherm curves, (b) XRD patterns (−, graphitic carbon; −, iron carbide), (c) Raman spectra, and (d)
XPS surveys of NCNTs prepared via different procedures.
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hydrogen evolving reaction and etc.6 N 1s peaks of three
materials showed similar shapes, they could all be divided into
the signals of pyridinic(∼397 eV), pyrrolic(∼398 eV),
quaternary(∼400 eV), and oxidized(∼403 eV) nitrogen
atoms.6 Nearly half of the nitrogen atoms in all three kinds
of materials were mainly in the form of quaternary N, which is
embedded into the NCNTs and substituting carbon atoms
within the rolled-graphitic plane. The other half nitrogen atoms
are mainly pyridinic and pyrrolic N, which could be
coordinated with transition metal ions to produce metal−N4
centers and serve as active site for oxygen reduction reaction.
Only slight differences of the relative content of nitrogen
species were observed (Figure 3a−c and Supporting

Information Table S1). The result was not surprising because
three kinds of materials were formed under the same
temperature applying the same nitrogen/carbon sources so
nitrogen atoms should be incorporated in the same manner.
But the situation was quite different when it came to the XPS of
Fe 2p (Figure 3d−f and Supporting Information Table S2).
According to the peak fitting results, iron atoms in the as
prepared NCNTs were mainly in the form of Fe2+ (∼709 eV),
Fe3+ (∼711 eV), and metallic Fe0 (∼706 eV).30 The reduced
form of iron (Fe0) in T-B-NCNTs was much less than that in
other NCNTs. This phenomenon was interesting for there
were no significant differences in the iron precursors used in
the synthesis procedures either. The most remarkable
distinction should be the extent of interaction between Fe3+

and MF resin oligomers. During the preparation of T-H-
NCNTs Fe3+ was directly bonded to the polymer, while for the
other two materials all/part of the MR resin were precondensed
and interacted with iron precursors via simply mixing. Thus, we
suppose that the formation of different iron species in the
products is probably due to the different catalyst dispersion
degree and the interaction between Fe3+ and MF resin
oligomers might help the iron species to hold a higher valence
during the pyrolysis, forming structures, such as iron carbide or
Fe2+/Fe3+-N4 centers.31

Oxygen reduction reaction is one of the key steps in chemical
to electrical energy conversion. The slow kinetic of the reaction

Table 1. Nitrogen and Iron Content of the Catalysts after
Treating (Acid Resining and Second Pyrolysis)a

sample
N

(m/m %)
N after 2nd pyrolysis

(m/m %)
Fe after 2nd pyrolysis

(wt %)

S-B-
NCNTs

3.91 3.29 11.4

T-B-
NCNTs

3.88 3.33 9.2

T-H-
NCNTs

3.36 3.13 8.7

aThe 2nd pyrolysis procedure would remove some nitrogen contents
from the materials.

Figure 3. Fine structure of N 1s and Fe 2p XPS spectra of (a, d) S-B-NCNTs, (b, e) T-B-NCNTs, and (c, f) T-H-NCNTs.
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hindered the application of proton exchange membrane fuel
cells for large quantities of platinum must be used as catalyst.
Nitrogen-doped carbon materials with excellent resist to
methanol and good duration have been proven to be effective
catalysts for ORR.32 The activities toward ORR for above
NCNTs were first tested via cyclic voltammetry. When
nitrogen (as the protecting gas) was replaced by oxygen, the
corresponding CV curve exhibited visible cathodic peaks and
their peak positions depended on the kinds of NCNTs
(Supporting Information Figure S5). The cathodic peaks of
S-B-NCNTs, T-B-NCNTs, and T-H-NCNTs were at −0.197,
−0.181, and −0.188 V vs SCE, respectively. These values are
slightly negatively shifted compared with commercial Pt/C with
cathodic peak at −0.165 V. Figure 3a displays the ORR activity
of NCNTs and Pt/C in O2-saturated 0.1 M KOH solution. The
T-B-NCNTs showed a better overall performance toward S-B-
NCNTs and T-H-NCNTs with a much higher onset potential
(about 50 mV). It is even superior to commercial Pt/C. Also,
T-B-NCNTs had the highest half-wave potentials of −0.17 V,
which was 40 mV more positive than those of S-B-NCNTs and
T-B-NCNTs, and is comparable with commercial Pt/C.
However, the plateau for the diffusion controlling kinetics on
the polarization curve of T-B-NCNTs is lower than commercial
Pt/C, possibly because of the low exposure degree of active
sites for T-B-NCNTs. The performance of T-H-NCNTs is
inferior to T-B-NCNTs for there would inevitably be some
residuals of the melamine foam after the pyrolysis,22 which
would cause some issues on the dispersion of the
nanostructures during the activity test. It is interesting that
catalysts with similar properties showed such different activities
because they were not only prepared from the same precursor
but also holding nearly identical nitrogen species and metal

contents, which are the commonly known as the most
important factors that influence the ORR activities.32 This is
probably related with iron-ligand coordination strength in the
precursor.33 As mentioned before, One of the most significant
differences in the preparation procedure of S-B-NCNTs and T-
B-NCNTs was that for S-B-NCNTs the iron precursor was
loaded on the MgO support while for T-B-NCNTs the iron
precursor was directly bonded to melamine-formaldehyde resin.
During the synthesis of precursor for T-B-NCNTs, it was found
that the MF resin precipitate shortly after adding FeCl3
solution, forming a yellowish brown solid. The precipitation
could be filtrated, leaving a solution with nearly no color. Fe3+

ions could not be washed away with water but be deassociated
from the precursor via adding acetic acid, indicating that the
metal ions did has a coordination interaction with the polymer.
The FT-IR spectra of pure MF resin and Fe3+ coordinated MF
resin changed a little at the relative attenuation of tow peaks at
1163.7 cm−1 (which is believed relevant to the secondary C−N
vibration) and 1195.5 cm−1, indicating the interaction of Fe3+

with the MF resin frameworks (Supporting Information Figure
S6). But for the precursor of S-B-NCNTs, FeCl3 is supported
with MgO. Thus, there is no coordination of Fe3+ with MF
resin. This suggests that the direct interaction of catalyst
precursor, Fe3+, with MF favors the formation of CNTs with
higher ORR activity. The performances of different NCNTs
could also be digested with comparison of the results of Fe 2p
XPS in Figure 3, a larger fraction of iron species with higher
valence in the form of iron carbide and/or Fe2+/Fe3+-N4
centers favors activity toward ORR.31 The electrochemical
durability of T-B-NCNTs was studied by an accelerated
durability test. It is clear that after an accelerated lifetime test,
the polarization curves is almost the same as the initial, which

Figure 4. (a) Polarization curves of three kinds of NCNTs and Pt/C under ORR condition using a rotating disc electrode; (b) the duration test of
T-B-NCNTs under ORR condition; (c) the polarization curve of T-B-NCNTs under ORR condition at different rotating speeds; (d) Koutecky−
Levich plots of T-B-NCNTs at different potentials derived from RDE measurements.
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indicated that the T-B-NCNTs catalyst has an excellent
electrochemical durability for ORR. The electron transfer
number was calculated according to the Koutecky−Levich
equation and the electron transferred during the reaction for T-
B-NCNTs were 4.14, 4.17, 4.21, 4.19, and 4.25, at −0.2, −0.3,
−0.4, −0.5, and −0.6 V, respectively. The average value is 4.19,
demonstrating that the oxygen reduction on followed the four
electrons transfer pathway.34 The results above suggest that
melamine-resin derived NCNTs could efficiently catalyze the
ORR in the alkaline condition.

■ CONCLUSION
In summary, three kinds of nitrogen-doped carbon nanotubes
were facilely synthesized via pyrolyzing melamine-formalde-
hyde resin with iron/iron carbide formed in situ as catalyst. The
morphology of the NCNTs could be altered via adjusting the
dispersion of the iron salt. Three kinds of materials contain
similar nitrogen contents but different iron species. It was
found that strong interaction between FeCl3 and melamine-
formaldehyde resin oligomers benefits the formation of iron
carbide and/or Fe2+/Fe3+-N4 centers. All NCNTs showed
good activities toward ORR, and the NCNTs derived from the
precursor in which iron ions directly bonded to the polymer
showed the best performance, indicating the importance of
coordination interaction of nitrogen and iron before pyrolyzing
procedure. The growth of the materials mainly follows a
decomposition-reconstruction mechanism and we believe that
the results could be adapted to other similar CVD processes
involving solid precursors.
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