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Abstract

Nitrogen-doped conical hollow and bamboo-like carbon nanotubes (CNTs) have been prepared by pyrolysis of melamine with NaN3–Fe–Ni

and Ni catalysts at high temperature and high pressure, respectively. The conical hollow CNTs with an average diameter of about 70 nm and a

length up to 5 Am account for ¨50% of the product, whose N/C atomic ratios are about 0.27. The conical bamboo-like CNTs with the diameter of

¨65 nm and length of 1–4 Am and wall thickness of 10–20 nm account for ¨95% of the product, whose N/C atomic ratios are up to 0.18. The

control experiments show that NaN3 plays a key role in keeping high nitrogen content and high conversion ratio in the CNTs. The possible growth

mechanisms have been discussed on the base of the experimental observation. The strategy provides an alternative route to nitrogen-doped CNTs

and other carbon nitride materials.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have attracted much attention due

to unique tubular structure and abundant physical and chemical

properties including metallic or semiconductor performance,

excellent mechanical strength, capability of hydrogen storage,

and good adsorption of microwaves [1–5]. Presently, they have

been fabricated into various nanodevices such as chemical

sensors [6], electronic field emitters [7], nanotweezers [8], and

so on. Because the properties of the CNTs are related to the

structure, people try to control the structure of the CNTs by

designing reaction routes and have obtained single-wall [9],

and double-wall carbon nanotubes [10]. Recent research results

have shown that the incorporated N in carbon nanostructures

can enhance their mechanical, energy storage, and electric

properties [11]. The stimulus for this study also originates from

the theoretical predictions of the hypothetical metallic CN
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nanotubes [12] and covalently bonded h-C3N4 [13], both

possessing an unmatched hardness. Therefore considerable

efforts have been made to investigate into the preparation and

growth mechanism of the carbon nitrides. Over the past years,

many methods have been developed to prepare the carbon

nitride nanostructures. They may be divided into five types: (1)

chemical vapor deposition (CVD) [14], i.e., C (or CN) gas-

precursors were catalytically pyrolyzed to the CNx nanostruc-

tures under N-rich atmosphere at high temperature. However,

in this case, whether the N-rich solid precursors or not, the

highest N doping level reported so far is only to <13 at.% [15]

due to the greater thermodynamic stability of carbon and

separate nitrogen molecule at high temperature [16]. (2) high-

temperature and high-pressure reaction, i.e., reagents contain-

ing nitrogen were sealed in stainless reactor to form carbon

niride nanostructures at high temperature and high pressure.

For example, cyanuric chloride (C3N3Cl3) as an s-triazine

building block, and lithium nitride (Li3N) as a nitrogen-

bridging agent, was sealed in stainless reactor to form g-C3N4

hollow sphere at 400 -C [17]. CCl4 (or C2Cl6) and NaN3 were

sealed in stainless reactor to produce CNx (x: 0.01–0.33)

nanotubes, nanocubes, and nanospheres at 200–450 -C [18].
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Fig. 1. SEM images of the samples prepared by pyrolysis of melamine with

NaN3–Fe–Ni powders (a), and Ni powders (b) at high-temperature and

pressure.
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(3) gas–solid reaction of amorphous carbon with NH3 at high

temperature. For instance, high-energy ball milling graphite

powders were annealed to produce h-C3N4 nanorods in a

flowing NH3 gas at 300–450 -C [19]. (4) solid reaction. For

example, cyanuric chloride (C3N3Cl3) was reacted with lithium

nitride (Li3N) at 220 -C under N2 atmosphere to produce

nanotubes and nanocages of C3N3.6–4.5O1.1–1.2H4.1–4.2 [20].

(5) solvothermal synthesis. For instance, Guo et al. have

reported the synthesis of C3N4 nanotubes by using autoclave

reaction of cyanuric chloride with NaN3 in benzene solution

[21]. Because of its toxic properties, it is inconvenient to

employ the cyanuric chloride as the initial reagent. Therefore it

is very necessary to design new route for further investigation

in this area.

Melamine (C3N6H6) is a low-cost industrial material, and

melts or decomposes at 360 -C [22], and can form function

polymers with formaldehyde or ethylene carbonate [23,24].

Because of melamine honey-comb atomic arrangement which

is very close to the expected one for the structure of C3N4

super-hard materials, it was once chosen as precursor to

produce C3N4 under 3 Gpa and at about 800 -C [25], however,

only graphite-C3N4 nanoparticles were obtained. In this

manuscript, we selected melamine as precursors and added

various catalysts to prepare CNx nanostructures at high

temperature and high pressure. Finally, we successfully

obtained nitrogen-doped conical hollow and bamboo-like

CNTs, and hollow or metal-filled carbon nanospheres. To our

knowledge, this is the first example for preparing nitrogen-

doped conical hollow and bamboo-like CNTs by this method.

2. Experimental sections

To prepare nitrogen-doped nanostructures, analytical grade

melamine (2.0 g), sodium azide (2.0 g), iron (0.2 g), and nickel

powders (0.1 g) were sufficiently ground for about 20 min, and

then the mixtures were transferred into stainless steel autoclave

(25 ml). The autoclave was sealed, heated to 650 -C, and

maintained at temperature for 10 h under condition of about 35

Mpa, and then allowed to cool to room temperature. The dark

products were collected and washed with absolute ethanol,

dilute HCl aqueous solution, and distilled water, respectively.

The final products were dried at 100 -C for 2–4 h, yielding

about 0.50 g of the product. In addition, keeping the other

experimental constant, the pyrolysis of melamine (2.0 g)

without and with other reagents such as nickel powders (0.1

g), Fe (0.2 g)–Ni (0.1 g) powders, metallic sodium (2.0 g), and

NaN3 powders (2.0 g) were carried out, respectively.

The morphology of the samples was observed on a field

emission scanning electron microscope (SEM, LEO-1530VP).

Transmission electron microscope (TEM) images and selected

area electron diffraction (SAED) patterns were recorded on a

JEOL-JEM 200CX transmission electron microscope, using an

accelerating voltage of 200 kV. The microstructures of the

carbon nanotubes were characterized by high-resolution

transmission electron microscope (HRTEM, JEOL-2010).

The chemical composition was analyzed by EDX (Thermo

NORAN) that was attached to the HRTEM equipments. Micro-
Raman spectrum was recorded at ambient temperature on a

T64000 Raman spectrometer at room temperature. C, H, and N

elements was quantified by an elemental analyzer (Foss

Heraeus CHN-O-Rapid, Ger.) Infrared spectrum of the samples

was recorded on BRUKERVECTOR 22 infrared spectrometer.

3. Results and discussion

3.1. Morphologies and microstructures of the products

The morphology of the product (sample 1) obtained by the

reaction of melamine with NaN3–Fe–Ni is shown in Figs. 1a

and 2, respectively. The SEM image (in Fig. 1a) reveals that the

product contains a large number of CNTs and a modicum of

carbon particles, and the CNTs account for about 50% of the

product. The typical CNTs have the diameter of 70–300 nm

and length up to 5 micrometers. TEM image (in Fig. 2a) further

confirms that they are conical hollow CNTs with the inner

diameter of about 10 nm and the outer diameter of about 70

nm. Fig. 2c obviously displays the conical hollow structure of

the CNT, and the inclination angle of the tube wall in respect to

the axial direction can be estimated about 5-. Fig. 2b reveals

HRTEM image of a single nanotube with the inner diameter of

1.5 nm and wall thickness of 15 nm, and the lattice fringe

shows herringbone motif. They clearly indicate that the layers

are inclined from outside to inside of the nanotube along the

growth direction. The inclination angle of the layers in respect

to the axial direction is about 20-. The buckling structure of the

graphite layers (Fig. 2b) has been commonly observed in the



Fig. 2. Morphologies and microstructures of the sample prepared by pyrolysis of melamine with NaN3–Fe–Ni powders. (a) TEM image of the sample; inset shows

the magnified part of the pane; (b) HRTEM image of a single hollow CNT; (c) high-resolution TEM image of a single conical CNTs; (d) TEM image of a single

conical bamboo-like CNT; (e) HRTEM image of a single bamboo-like CNT; (f) HRTEM image of a single bamboo-like CNT extremity.
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previously reported CNx nanotubes and is attributed to the

traces of nitrogen atom incorporated into graphite layers

[26,27]. The interlayer spacing is about 0.356 nm, larger than

that (0.34 nm) of general carbon nanotubes. The intershell

spacing d002 of the CNTs is found to range from 0.34 to 0.39

nm, increasing with decreasing tube diameter according to the

size effect’s rule [28], so it still corresponds to the (002) plane

lattice parameter of graphite carbon.

In addition, a conical bamboo-like CNT was found with an

encapsulated solid particle on end of the nanotube (Fig. 2d). It

shows that the nanotube grows by vapor–liquid–solid (VLS)

mechanism [29]. HRTEM image (Fig. 2e) further confirms

bamboo-like structure and there is a catalytic particle in the

compartment. Fig. 2f indicates a growth spindle end of a

nanotube. The interlayer spacing of the bamboo-like CNTs still

are 0.356 nm, which is thought as (002) diffraction of graphite
carbon. Chemical composition of the end catalyst is analyzed

by EDX spectrum (Fe: 75.9 at.%; Ni: 24.09 at.%), shown as

inset in Fig. 2f. The bamboo-like CNTs account for about 5%

of the product.

The morphologies of the product (sample 2) obtained by the

direct reaction between melamine and Ni powders, were shown

in Figs. 1b and 3, respectively. SEM image of the product (Fig.

1b) shows that the typical CNT has the diameter of about 70

nm and length up to several micrometers. TEM images (Fig. 3a

and b) indicate that all the CNTs have bamboo-like morphol-

ogy, and the typical CNTs have the inner diameter of 10–30

nm, and wall thickness of about 10–20 nm. SAED pattern

(inset in Fig. 3a) indicates (100) diffraction ring and (102) spot

of a single CNT. As shown in Fig. 3b, there is obvious catalyst

solid particle on the top of the CNT, whereas another end

displays hollow blub, and there are some hollow carbon



Fig. 3. Morphologies and microstructures of the sample prepared by pyrolysis of melamine with Ni powders at high temperature and high pressure. (a) TEM image of

the bamboo-like CNTs; inset is SAED pattern of a single CNT; (b) high-magnification TEM image of a single CNT; inset shows the magnified part of the pane; (c)

HRTEM image of a bamboo-like CNT, inset showing the magnified part of the pane; (d) HRTEM image of nitrogen-doped hollow carbon spheres; (e, f) HRTEM

image of nitrogen-doped carbon spheres all and incompletely filled with Ni, respectively.
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spheres in the product. Chemical composition of the catalyst is

confirmed as Ni by EDX spectrum (inset left and down in Fig.

3b), showing that the bamboo-type CNT grows via VLS

mechanism. Inset (right and up in Fig. 3b) indicates an irregular

and ridge-like wall of a CNT. HRTEM image (Fig. 3c) further

reveals herringbone motif and compartment of the CNT wall

(shown as white arrow in Fig. 3c), and compartment along axis

of the CNT. The inclination angle of the layers in respect to the

axial direction is about 15-, which shows that the nanotube is

made of short coaxial cylinder tubular graphite sheets with its

cone axis parallel to the tube axis [33]. The interlayer spacing

is about 0.343 nm, corresponding to that (0.34 nm) of general

carbon nanotubes, namely, the (002) plane lattice parameter of

graphite carbon. HRTEM images of hollow, Ni-completely

filled, and Ni-uncompletely filled carbon sphere are shown in

Fig. 3d, e and f, respectively. In this case, the bamboo-like

CNTs account for about 95% of the product, and no hollow
CNTs can be observed. However, keeping the other experi-

mental constant, only about 5–10% CNTs of the product was

obtained by pyrolysis of melamine with Fe–Ni (Fig. 6a) or

NaN3 (Fig. 6 (b, c)), respectively, whereas no nanotubes was

produced by thermal decomposition of the melamine without

and with metallic sodium. So the sample 1 and 2 were

characterized emphatically.

3.2. Raman spectroscopy

Electron microscopy provides local information on the

surface morphology of single nanotubes, but Raman spectros-

copy is a powerful tool to understand the average properties of

the overall materials. As shown in Fig. 4a, the Raman shifts of

the sample 1 at 1365 and 1580 cm�1 correspond to the

graphite’s D- and G-band, respectively. The D-band is

disorder-induced and associated with optical phonons close
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Fig. 4. Raman spectra of the samples produced by pyrolysis of melamine with

NaN3–Fe–Ni powders (a), and Ni powders (b) at high temperature and high

pressure.
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to the K point of the Brillouin zone in graphite and carbon

nanotubes, whereas the G-band is usually regarded as a

Raman-allowed G point vibration corresponding to the optical

phonon mode of E2g symmetry (in-plane stretching vibration

mode) in graphite and often called tangential mode for carbon

nanotubes [30]. The ID / IG ratio of the sample1 is ¨1.6, higher

than the ID / IG ratio (=0.85–1.3) of the recent report CNTs by

CVD thermal decomposition of acetylene, etc. [31], which

indicates greater lattice distortions in the curved graphene

sheets or disorder in sp2-hybridized carbon. Similarly, the

Raman spectrum (Fig. 4b) of the sample 2 also shows a typical

feature of a multiwall carbon nanotube, which the frequencies

of the D- and B-band are 1367 and 1579 cm�1, respectively,

and the ID / IG ratio is about 1.4, so the products also remain

greater lattice distortions in the curved graphene sheets.

3.3. Chemical composition and infrared spectroscopy

The composition of the samples was quantified by a CHN-

O-Rapid elemental analyzer. The C/N ratios of the sample 1
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Fig. 5. FTIR spectra of the samples obtained by pyrolysis of melamine with

NaN3–Fe–Ni powders (a), and Ni powders (b) at high temperature and high

pressure.
and 2 are, respectively, 1 :0.27 and 1 :0.18, whereas the C/N

ratios of the rest samples range 0.036 to 0.30. The results

show that the products obtained by the reaction of melamine

with NaN3 contain high nitrogen. FTIR spectra of the sample

1 and 2 are indicated in Fig. 5a and b, respectively. As shown

in Fig. 5a, the peaks at 807, 1400, and 1596 cm�1 belong to

s-triazine ring modes, while the peaks in the 1000–1400

cm�1 region (such as 1119, 1266 and 1400 cm�1) to the C–

N stretchings, whereas peak at 1596 cm�1 to the C=N

stretching mode. Also, broad band of stretching modes of the

NH and NH2 (and possibly OH) groups at 3420 cm�1, the

peak at 2924 cm�1 of the C–H stretch, and the peaks at

2079, 2177, and 2351 cm�1 of the CKN stretch are present

[17]. When the rest of the samples are examined by FTIR

spectroscopy, similar results can be obtained. Therefore we

think that the carbon nanostructures contain C–N (C=N,

CKN) bond or –NH2 group.
Fig. 6. TEM images of the CNTs obtained by thermal decomposition of

melamine with Fe–Ni catalyst (a), and NaN3 powders (b, c) at high

temperature and high pressure.
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Fig. 7. Schematic diagram of the growth process. (a) conical hollow, and (b)

conical bamboo-like CNTs via the root growth; (c) conical bamboo-like CNTs

via the top growth.
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3.4. Growth mechanism

As for conical hollow CNTs (Fig. 2a and c), no obvious

catalyst particle was observed on its top (inset in Fig. 2a), but

there are Fe–Ni catalyst particles (box in Figs. 1a and 6a) at

the bottom of the CNTs, so we think that the growth process

adheres to VLS mechanism via the root growth [32], different

from the CNT growth process by the reaction of CO2 with Li

[33], as described in Fig. 7a. The growth process of the

bamboo-like CNTs may be divided into two types: VLS

mechanism via the root (as white arrow in Fig. 6c) and top

(Figs. 2f and 3b) growth, which were described as Fig. 7b and

c, respectively. In top growth model, the formation of the

bamboo-type morphology can be attributed into the systematic

catalytic particle movement from the root of the nanotube to

the tip [34]. Louchev et al. once pointed out that nanoparticle

remaining at the NT base provided only an initial template

with nanoscale curvature for NT nucleation predefining the

morphology of resulting NTs, and cylindrical nanoparticles

were able to form NTs with a straight wall [35], whereas on

conical nanoparticles, conical NT nuclei tend to form leading

to growth of bamboo-like NTs [36]. K. Suenaga et al. also put

forward that the inclination of the graphite layers were

assigned to the shape of the conical catalyst particles at the

bottom that act as nuclei, i.e., truncated conical shaped layers

were sequentially emitted from the surface of the catalyst

cones and stacked to form the tubes [32]. Therefore we think

that the conical morphology of the CNTs in our experiment

may originate from the shape of the conical catalyst particle at

the bottom. Whether the CNT grows at the bottom or not

depends on whether catalyst particles tightly combine with

large particles or the substrate. CNx represents small

molecules such as NH3, HCN and CH4 from pyrolysis of

melamine [34].

4. Conclusions

On the base of the investigation into catalytic and

catalytic-free pyrolysis of melamine, we refined two good

growth conditions to nitrogen-doped CNTs, and found

catalysts control the morphology of the CNTs. We finally

obtained nitrogen-doped conical hollow and bamboo-like

CNTs by pyrolysis of melamine with NaN3–Fe–Ni and Ni

catalysts, respectively. The control experiments show that
NaN3 plays a key role in keeping high conversion ratio and

high nitrogen content in the hollow CNTs. Owing to high

conversion ratio and simplicity of the approach, it may be

used on large scale in industrial production. In addition, the

bamboo-like CNTs contain many defects on the wall to help

hydrogen storage [37].
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