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In this communication, we first report the direct synthesis of
high-quality carbon nitride nanotubes (CNNTs) with inner
diameters of 50-100 nm and wall thicknesses of 20-50 nm with
the C3N,4 stoichiometry on a high-yield of 40% via a simple
benzene-thermal process involving the reaction of C3N;Cl; with
NaNj; in a Teflon-lined autoclave at 220 °C without using any
catalyst or template.

The discovery of carbon nanotubes! as new form of matter in the
nanoscale range has opened a new challenging field in solid state
physics, chemistry, and materials science due to their potential
applications. Since then, much attention has been paid to the
preparation of nanotubes of various solids.2-3

In 1989, Liu and Cohen theoretically predicted that the covalent
carbon-nitrogen solid, 3-C3N4, which has a similar structure to f3-
Si3Ny4, would have a bulk modulus comparable to or greater than
that of the hardest known materials, diamond.4 During the past few
years, five different structures have been predicted: one is two-
dimensional (graphitic-C3N,4) and four are three-dimensional (o-
C3Ng4, B-C3Ng4, cubic-C3Ng4, and pseudocubic-C3Ng4). Recently,
much attentions in theory are focused on the graphitic forms of
carbon nitride, g-C3Ny, for their potential applications as precursor
for carbon nitride nanotubes and superhard forms.5-8 So far there
are no reports to claim the synthesis of carbon nitride nanotubes
with the C3N, stoichiometry in experiment. The synthesis of carbon
nitride with a high nitrogen content is difficult due to the greater
thermodynamic stability of carbon and separate nitrogen mole-
cules® Thisis likely the reason for the failure of various physical
and chemical deposition methods to produce materials with bulk
C3N, composition.10 Recently, Gillan's group has successfully
synthesized nitrogen-rich carbon nitride networks and carbon
nitride films from an energetic molecular azide precursor.1112 Here
we report the synthesis of high nitrogen-content carbon nitride
nanotubes (CNNTSs) with the C3N,4 stoichiometry via a benzene-
thermal process under mild conditions for the first time. The high
quality carbon nitride nanotubes with the yield of 40% were
obtained by this route. This result will give us a guideline for the
design and synthesis of carbon nitride nanotube structures.
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In atypical procedure, 1.84 g C3N3Cls (1,3,5-trichlorotriazine)
and 1.96 g NaN3 (sodium azide) powders were put into a 50 mL
Teflon-lined autoclave which wasfilled with 35 mL benzene. All of
the above manipulations were performed in a glove-box with
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flowing nitrogen gas. The autoclave was sealed and maintained at
220 °C for 15 h and then allowed to cool to room temperature
naturally. The brown precipitate was collected and washed three
times with benzene, then washed three times with distilled water.
After that, the obtained sample was dried in vacuum at 50 °C for 6
h.

From the Electron Microscopy images (TEM ¥ shown in Figs. 1a
and 1d, SEM§ shown in Fig. 1b, and HRTEM{ shown in Fig. 1c),
one can seethat theinner diameters of nanotubesis 50-100 nm and
wall thicknesses is 20-50 nm and lengths ranges from hundreds of
nanometers to about two micrometers with most nanotubes having
closed ends and a few having one open ends.

In the electron microdiffaction these nanotubes exhibit very
weak diffuse ring patterns, indicating a highly disordered wall
microstructures, which agrees with the HRTEM observation (Fig.
1¢) of disordered multilayered wall. The XRD|| (see ESIT) shows a
single broad peak centered at 25 degrees corresponding to
interlayer d spacing of 0.35 nm, very closeto the interlayer spacing
(0.34 nm) of carbon nanotubest2 built from rolled graphene sheets.
The observed larger d spacing (0.35 nm) in carbon nitride
nanotubes than that predicted for g-CsN,4 (0.33 nm)1°® seems
reasonable in view of the increased interlayer spacing (0.34 nm) in
themulti-wall carbon nanotubeswith respect to interplanar distance
(0.33 nm) in graphite. The difference of the interlayer spacing
between carbon nitride nanotubes and g-C3Ng4, 0.02 nm, is larger
than that between carbon nanotubes and graphite, 0.01 nm, which
may be attributed to the poor crystallization of carbon nitride
nanotubes in comparison with carbon nanotubes.

XPS** measurements indicated that the C1s and N1s binding
energies in the synthesized sample are 288.0, 398.75, and 400.25
eV, respectively (Fig. 2), which can be attributed to the sp2 C, sp?
N, and sp? N; (labeled in Fig. 3). The observed Cls and N1s
binding energies are comparable to those found in melanmine
(C3NgHg) molecules with covalent C-N bonds which is very
similar to the C—N bonds of carbon nitride.14 The XPS datagive an
evidence for the existence of graphite-like sp2 bonded structure in
carbon nitride (Fig. 3). The peaks at the position of 401.60,
404.95eV may be attributed to the -NH, or =NH groups and -
excitations, respectively. The determined, by XPS analysis, atomic
N : Cratio (1.40) in the prepared materias is good agreement with
the C3N4 stoichiometry, which is similar to the C : N atomic ratio
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Fig. 1 (a) a typica TEM image of the synthesized CNNTSs;, (b) field-
emission SEM image of the CNNTSs; (c) HRTEM image of a tubular
structure of a CNNT; (d) TEM image of atypical CNNT.
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of about 1: 1.25 obtained by Elemental analysis. In addition, about
0.5 wt% hydrogen element in the sample was detected by elemental
analysis.tt

The FTIR$t spectrum (Figure 4a) implies the existence of
graphite-like sp2 bonded structure. The spectrum of the brown
product shows broad band of the stretching modes of NH, or NH
groups at 3338 and 3210 cm—1. The absorption band centered at
1552 cm—1tisattributed to C=N, the one at 1328 cm—1to C-N, and
the one at 2138 cm—1 to C=N. The peak at 800 cm—1 belongsto s-
triazine ring modes.15 Elemental analysis and FTIR showed that
there are asmall amount of hydrogen element and/or N-H bondsin
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Fig. 2 The XPS spectrum of the obtained sample.
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Fig. 3 Atomic structure of a graphitic carbon nitride (g-C3N,4) single layer.
Nitrogen atoms occupy two different types of positionsin the layer, labeled
1 and 2 in the figure.
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Fig. 4 (a) atypica FTIR spectrum of the prepared sample. (b) UV spectrum
of ethanol solution of the product.

the sample. This may be attributed to the hydrogenation of a small
amount of nitrogen atoms.16

The presence of s-triazine ring in single layer of carbon nitride
nanotubes is also evidenced by UV-vis88 studies. The observed
strong absorption band centered at 270 nm (Fig. 4b) liesintherange
characteristic for m—n* electronic transition in the aromatic
1,3,5-triazine compounds.15

In summary, we have successfully synthesized high-quality
carbon nitride nanotubes with the C3N,4 stoichiometry on a high-
yield of 40% via a smple benzene-thermal process at low
temperatures without using any catalyst or template for the first
time. More importantly, this high quality carbon nitride nanotubes,
synthesized reproducibly in gram quantities under mild conditions,
may provide researchers an opportunity to investigate the electrical
and optical characteristics of these carbon nitride nanotubes in
detail, which are expected as the future nanoscale devices.
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Notes and references

T TEM images were taken on a Hitachi Model H-800 instrument with a
tungsten filament using an accelerating voltage of 200 kV .

§ SEM was recorded on a JEOL JSM-6700F SEM, in which the samples
were mounted on a copper disc without any dispersion treatment.
THRTEM images were recorded on a JEOL-2010 TEM at an acceleration
voltage of 200 kV.

| XRD was performed on a Phillips X'Pert SUPER powder X-ray
diffractometer with Cu K« radiation (A = 1.5418 A).

** XPS was performed on an ESCALab MKII X-ray photoelectron
spectrometer, using Mg K« X-ray as the excitation source.

11 Elemental analysis was taken on a Elemental Vario EL-I1I elemental
analyzer. Oxidation and reduction temperatures are 950 and 500 °C,
respectively.

T IR was recorded with a Nicolet Model 759 Fourier transform infrared
spectrometer, using a KBr wafer.

8§ UV-vis was taken on a Shimadzu UV-visible Recording Spec-
trophotometer (UV-240) when ethanol was used as a reference.
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