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ARTICLE INFO ABSTRACT

Article history: In this work, we have performed synthesis of nitrogen-doped carbon nanotubes using chemical vapor

Received 1 June 2009 deposition method. Morphology, structure and composition of the carbon nanotubes (CNTs), as well as

sicjel;’eg(']z;e"‘sec' form concentration and distribution of nitrogen inside CNTs are characterized by scanning electron
uly

microscopy, transmission electron microscopy, X-ray dispersive spectroscopy and X-ray photoelectron
spectroscopy techniques. A bamboo-like structure of the nitrogen-doped CNTs has been observed.
Temperature dependency on the synthesis of nitrogen-doped carbon nanotubes has been investigated
Keywords: and discussed. Diameter and growth rate of these hybrid materials are obviously temperature
A. Nanostructures dependent. Nitrogen concentration inside the CNTs increases with declining synthesis temperature.
B. Vapour deposition Nitrogen-doped CNTs with nitrogen content up to 10.4 at% can be achieved at a low temperature of
800 °C. Synthesis of the high nitrogen CNTs proposes a feasible way to develop novel nanoenergetic
materials. Besides the experimental study, we have carried out Density Functional Theory calculations
on five energetic molecules named n-oxides of 3,3’-azo-bis(6-amino-1,2,4,5-tetrazine) (DAATO), where
n = 1-5 refer to oxygen atoms, encapsulated in CNTs (10,10), in order to investigate the chemical
stabilization of filled DAATO_n inside CNTs (10,10). In fact, the predicted adsorption energy values
confirmed the chemical stability of the hybrid systems DAATO_n@CNTs (10,10) under normal
conditions.
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1. Introduction terms of the energy release rate, fuel consumption efficiency
and materials homogeneity [1,2]. Among various nanoenergetic
High energetic materials are characterized as a strong materials, nanostructured polymeric nitrogen possesses highest

exothermic reactivity, which has made them much desirable for energy density. However, nanostrucutred polynitrogen chain
military and commercial applications. Most traditional high is not mechanical and thermodynamic stable under ambient
energetic materials such as rocket fuel and high explosives (TNT, conditions [3-5]. Recently, we have found, using modeling, that
RDX, and HMX) contain harmful substances and their combustion an eight-atom nitrogen chain could be stable at ambient
mainly produces ON, production, creating significant environ- temperatures and pressures if it could be formed inside a carbon
mental hazards. These high explosives derive most energy from nanotube [6].

oxidation of the carbon backbone, characterized as sensitivity Since the discovery of carbon nanotube by Iijima in 1991 [7],
to electrostatic discharge, friction, and impact. To deal with carbon nanotubes has attracted much research interest due to the

sensitivity and environment considerations, several approaches unique structure and potential applications [8-10]. Our interests
are being pursued to provide new energetic materials to meet the are to dope nitrogen and increase its concentration inside carbon

challenges of the future. Indeed, nanoenergetic materials have nanotubes and thereby provide more opportunities to form
recently attracted great interest due to their novel interaction and  nitrogen-rich energetic nanostructures with high energy density,
functionality at the molecular level, which exhibit more promising from theoretical and experimental point of views.

performance than those of their bulk or micro-counterparts in So far, various experimental methods have been utilized to

produce nitrogen-doped carbon nanotbues, mainly divided into
five types [11]: (1) chemical vapor deposition (CVD) [12]; (2) high-
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Fig. 1. Chemical structure of DAATO, where a, b, ¢, d and e are 0 or 1 and
atb+c+d+e is from 1 to 5.

chemical vapor deposition method is one of the most facile
approaches in which different nitrogen content can be incorpo-
rated in carbon nanotubes by using various precursors [11,16,17].
Melamine (C3NgHg) is one economical source of C and N with low
melt temperature around 360 °C [18], which has similar atomic
arrangement to that of CsHy[19]. Catalytic decomposition of
melamine can generate pre-existing C-N bonds, which may
promote the formation of carbon nanotubes with high nitrogen
concentration [11,20,21].

In this paper, we describe the synthesis of N-CNTs with CVD
method by pyrolysizing melamine as the precursor in an atmo-
spheric pressure. A thin Fe film is used as the catalyst. During the
study, we found that the growth of N-doped CNTs is strongly
dependent on the synthesis temperature. High nitrogen concen-
tration up to 10.4 at% can be obtained within the N-doped CNTs at
a temperature of 800 °C. Morphology, structure, nitrogen concen-
tration and distribution of N-doped CNTs have been analyzed.

The modeling work was carried out in order to investigate the
chemical stability of nitrogen-rich compounds n-oxides of 3,3'-
azo-bis(6-amino-1,2,4,5-tetrazine) (DAATO) (Fig. 1), where n =
1-5 refer to oxygen atoms in DAATO inside carbon nanotubes,
using first-principles simulations in the framework of density
functional theory in condensed phases.

2. Experimental

N-CNTs were prepared via CVD method by pyrolysizing
melamine under an Ar atmosphere in a horizontal glass tube,
where melamine was the only source of both carbon and nitrogen.
A quartz boat containing melamine was loaded in the tube near
the entrance of the furnace, which was mounted in the tube
furnace, while a Si/SiO, wafer, which was pretreated by depositing
Fe film (5 nm) on top, was placed in the center of the tube. Ar flow
was introduced into the tube as gas carrier. After the furnace
was heated up to the synthesis temperature (800, 900 and 980 °C),
the furnace was kept for 15min and finally cooled down to
room temperature. The products growing on the substrate were
characterized by scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and X-ray photoelectron spectro-
scopy (XPS).

3. Computational details

Calculations were performed with the density functional
theory (DFT) implemented in Dmol® package [22,23]. All-electron
spin unrestricted calculations are carried out with double
numerical plus d-function basis set (DND), which provides
reasonable accuracy for modest computational cost. We use the

Fig. 2. The structural geometric of DAATO@CNT(10,10).

Perdew-Wang 91 (PW91) based on the generalized gradient
approximation (GGA) of (DFT) [24].

The confinement of DAATO inside (10,10) carbon nanotube is
treated as a triclinic cell size 17.58 x 17.58 x 12.90 A3, All confined
DAATO molecules inside CNT (Fig. 2), were optimized at DFT
method.

Our simulations focused on the determination of adsorption
energy of the DAATO molecules encaplsulated in a (10,10)
CNT. The adsorption energy of these molecules is defined as the
energy difference between the total energy of the hybrid material
(DAATO_n@CNT) and the energies of the isolated systems
(DAATO_n and CNT). The adsorption energy observable value will
provide us how these molecules may be stable inside CNT at the
ambient conditions of temperature and pressure.

4. Results and discussion
4.1. Experimental results

Fig. 3 shows SEM and TEM images of N-CNTs grown at the
temperature ranging from 800 to 900 °C. SEM images (Fig. 3a, ¢
and e) illustrate the general morphology of aligned N-CNTs grown
on the Si wafer. It clearly shows that all the N-CNTs synthesized
at 800, 900 and 980 °C have curly entangled structures. At a high
temperature of 980 °C, N-CNTs are 18 um in length (Fig. 3a). When
the temperature goes down to a lower temperature of 900 °C, the
length decreases to about 15 pum (Fig. 3c). Further decrease of the
temperature down to 800 °C, very short N-CNTs are obtained with
6 um in length (Fig. 3e). If the temperature is too low, less than
800 °C, the growth of N-CNTs is inhibited, while if the temperature
is higher than 980 °C, the morphology is quite similar to that of N-
CNTs synthesized at 980°C. All the above results indicate the
growth of N-CNTs is temperature dependent. The dependence of
the CN, growth rate on temperature can be related to several
factors such as concentration, diffusion rate of the involved atoms
and the growth rate at the interface between the catalyst and
the formed nanotube. It is generally agreed that the diffusion
of carbon is the key step determining the growth of carbon
nanostructures [25]. With increasing temperature, diffusion rate
of carbon and nitrogen atoms increases significantly, and the
growth rate of the CN, is significantly promoted.
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Fig. 3. SEM and TEM images of temperature-dependent growth of N-CNTs. (a) and (b) for the morphology of N-CNTs synthesized at 980 °C; (c) and (d) for the morphology
of N-CNTs synthesized at 900 °C; (e) and (f) for the morphology of N-CNTs synthesized at 800 °C.

TEM images show the further information of the structure of
N-CNTs. All the N-CNTs exhibit bamboo-like structure. The
distribution of segments is periodical along the axis of the
nanostructure. The diameter of N-CNTs varies with the tempera-
ture. At 980 °C, general observation indicates that the diameter of
N-CNTs is between 40 and 85 nm. Fig. 2b shows a typical single
N-CNTs with an average diameter of 75nm. As the temperature
goes down, the diameter also decreases. At 900 °C, the diameter is
in a narrow range from 40 to 60 nm. Fig. 3d shows a TEM image
of single N-CNT with the diameter of 60nm. At 800°C, the
diameter of N-CNTs is only around 30 nm (Fig. 3f). As the growth
temperature decreases, less agglomeration of the catalyst occurs,
resulting in smaller sized catalysts and thinner N-CNTs.

The synthesis temperature can also affect the morphology
of the compartment layers. At the high temperature (980 °C), the
graphitic layers are flat, while at the low temperature (800 °C),
the layers become corrugated as shown in HRTEM Fig. 4. The
results indicate that the lower synthesis temperature usually
results in the curled and disordered graphitic layers; while
the higher temperature favors the formation of a well-graphitic
structure [26].

It should be noted that the investigation on C-N bonding is an
essential issue to explore the potential of CN, as a nanoenergetic

material and/or host. It has been reported that nitrogen doping
with carbon nanotubes can create well localized and highly
chemically active sites on the carbon surface [27].When carbon
nanotubes are filled with high-density energetic materials, e.g. a
polymeric nitrogen chain, an effective electric field will be created
between the active carbon nanotube surface and the nitrogen
chain where the C-N distance is minimal. This will stabilize the
high energetic chain that is unstable at ambient conditions [6],
which favors the control and utilization of high energetic
materials. To measure the N content and study the C-N bonding
in the nanotubes, XPS study was carried out after the synthesis.
Fig. 5a shows a survey scan spectrum of the N-CNTs prepared at
800 °C. The peaks of C 1s, N 1s and O 1s are labeled at 285, 401 and
531eV, respectively. The oxygen signal might originate from
oxygen functional groups and/or the residual air in the nanotubes.

Two samples synthesized at 980 and 800 °C were characterized
by XPS, with the nitrogen contents of 1.7 and 10.4 at%, respec-
tively. The result indicates the lower synthesis temperature leads
to the higher nitrogen content within the nanotubes. At lower
temperatures, the decomposition source of melamine is mainly
composed of the pyrolysis radicals containing a C-N bond, which
is a key factor to obtain high nitrogen concentration of CN,.
Therefore, lower temperatures favor the growth of CN, with
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higher nitrogen contents, which is similar to the previous report
using dimethylformamide as the pyrolysis precursor [26]. Fig. 5b
and c show the high-resolution N 1s XPS spectra of as-grown CNTs
synthesized at 980 and 800 °C, respectively. The N 1s peak can be

Fig. 4. HRTEM image of N-doped CNTs synthesized at 800 °C. Arrow points the
interlinks inside a nanotube; disordered layers are labeled with circle.

deconvoluted into five main component peaks, representing
pyridinic nitrogen (Np at 398eV), pyrrolic nitrogen (Npyr at
399 eV), quaternary nitrogen (Nq at 401 eV) and nitrogen oxides
(Nox1 at 404 eV and Nox» at 406 eV) [28-30]. In pyridinic nitrogen
structure, the N atom is sp? hybridized bonding with two C atoms,
while in the quaternary nitrogen structure, a C atom is substituted
by a N atom in the graphitic sheet [30]. The pyrrolic nitrogen is sp>
hybridized in a five-member ring [28].

The synthesis temperature can affect the type of nitrogen
configuration in the graphitic layers. For the N-doped CNTs
synthesized at 980 °C, the area composition of Np, Npyg, Ng, Nox1
and Noyxo is 19.2%, 7.6%, 60.7%, 8.2% and 4.3%, respectively. The
relative intensity of Np/Nq is 0.32, indicating that the nitrogen
atoms incorporated into the CNTs are mainly in the form of
quaternary nitrogen. When the temperature goes down to 800 °C,
the feature of XPS spectrum is similar to that of N-doped CNTs
synthesized at 980°C, except the obvious percentage change in
the area composition of Np and Nq. The area composition of Np,
Npyg, NQ, Nox1 and Nox2 is 54.6%, 3.1%, 30.2%, 7.2% and 4.9%,
respectively. As temperature decreases, the percentage of Nq in
total amount of N decreases, in contrast, the percentage of Np
becomes much greater. The relative intensity of Np/Nq increases to
1.81. The change in the relative intensity indicates that the atomic
ratio of pyridinic nitrogen in total nitrogen atoms increases as the
temperature decreases. Compared with quaternary nitrogen,
pyridinic nitrogen has a lower thermal stability [31]. That is,
the higher synthesis temperature would favor the formation
of quaternary nitrogen in the graphitic layers, while the lower
synthesis temperature will lead to the more incorporation of
nitrogen in term of pyridinic nitrogen.
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Fig. 5. XPS spectra of the N-doped CNTs. (a) A survey scan of the N-doped CNTs synthesized at 800 °C, (b) and (c) N1s XPS spectra of N-doped CNTs synthesized at 980 and

800 °C, respectively.
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Fig. 6. Mapping images of N-doped CNTs synthesized at 800 °C. (a) TEM image of
N-doped CNT; (b) and (c) C and N distribution in N-doped CNT, respectively.

In addition, combining the XPS analysis and the TEM images, it is
obvious that the increase in pyridinic nitrogen results in the defects
in the graphite layers [32], like disorder interlinks clearly shown in
HRTEM images (Fig. 4). The TEM images (shown in Figs. 3 and 4)
also show the tendency of changing in the diameters, i.e. thinner
nanotubes are more readily obtained at lower temperature.
Compared with quaternary nitrogen, pyridinic nitrogen is more
favorable in as-grown CNTs with small diameter [32]. Then the
percentage of pyridinic nitrogen is considered to increase in the
total amount of N in the nanotubes, which consists with XPS results.

According to the mapping results (Fig. 6), the distribution
of C atoms along the axis of nanotube is uniform, while N atoms
usually concentrate at the disordered layers and interlinks
resulting from the incorporation of N during the growth process.

4.2. Modeling results

We have chosen to use a (10,10) carbon nanotube as a
nanoscale matrix to host DAATO molecules. It was mentioned in
the literature that the DAATO contains an average of 3.2-3.6
oxygen atoms per molecule [33], which gives five possibilities for
positioning and quantifying oxygen atoms per molecule (Fig. 1).
The symbol DAATO_n refers to molecules DAATO with n=1-5
oxygen atoms in the molecule.

Table 1 shows the predicted adsorption energies of the five
molecules studied. From this table we note that all adsorption energy
values are negative. Therefore, the chemical stability of the hybrid
materials DAATO_n@CNT (10,10) is confirmed. However, the lowest
adsorption energy of the hybrid material is provided by the DAATO
molecule involving two oxygen atoms inside CNT (10,10) (—1.19 V).
This conclusion is explained again in terms of higher electronic
charge transfer from CNT to the DAATO_2 molecule inside CNT
(10,10) compared with the other DAATO_n molecules. In other words,
this charge transfer is the result of Van der walls and electrostatic
interactions that occur between CNT and DAATO_n molecules.

5. Conclusions

N-doped CNTs with high nitrogen concentration (up to
10.4 at%) have been obtained by pyrolysizing melamine under an

Table 1
Adsorption energies (E,q) in eV of DAATO_n@CNT (10,10) hybrid materials.

Hybrid materials E.g*

DAATO_1@CNT(10,10) -0.31
DAATO_2@CNT(10,10) -1.19
DAATO_3@CNT(10,10) —-0.41
DAATO_4@CNT(10,10) -0.37
DAATO_5@CNT(10,10) —0.68

2 1eV=1602x10""9]

atmosphere pressure. Synthesis temperature ranges from 800 to
980°C. The growth of N-doped CNTs is temperature dependent,
i.e. the diameter and length decrease as the temperature goes
down, while more defects are introduced in terms of disorder
graphitic layers and interlinks inside the tubes. Due to the
incorporation of nitrogen into CNTs, bamboo-like structure is
induced, and nitrogen mainly concentrates at disordered layers
and inner interlinks. The XPS analysis demonstrates that the lower
synthesis temperature leads to the higher N content, especially
much higher content of pyridinic N component, in N-CNTs.
Therefore, realization of high nitrogen doping within CNTs will
inevitably provide more opportunities to develop nitrogen-rich
energetic nanostructures with high energy density.

Molecular modeling studies of DAATO_n@CNT show, through
the calculations of the adsorption energies, that all hybrid
materials DAATO_n@CNT(10,10) are chemically stable at ambient
conditions. Further modeling work is progress on the assessment
of the high performance of these hybrid materials by calculating
heats of formation of these hybrid materials.
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