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Abstract This investigation deals with the effect of
growth temperature on the microstructure, nitrogen con-
tent, and crystallinity of C-N nanotubes. The X-ray
photoelectron spectroscopic (XPS) study reveals that the
atomic percentage of nitrogen content in nanotubes
decreases with an increase in growth temperature. Trans-
mission electron microscopic investigations indicate that
the bamboo compartment distance increases with an
increase in growth temperature. The diameter of the
nanotubes also increases with increasing growth tempera-
ture. Raman modes sharpen while the normalized intensity
of the defect mode decreases almost linearly with
increasing growth temperature. These changes are attrib-
uted to the reduction of defect concentration due to an
increase in crystal planar domain sizes in graphite sheets
with increasing temperature. Both XPS and Raman spectral
observations indicate that the C—N nanotubes grown at
lower temperatures possess higher degree of disorder and
higher N incorporation.
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Introduction

Hollow and porous structures, such as nanotubes of carbon
and other inorganic materials, have emerged as an
intriguing class of nanomaterials due to their widespread
novel properties and applications [1-8]. Doped carbon
nanotubes have also attracted considerable attention owing
to their outstanding properties [9-14]. Among various
doped nanotubes, nitrogen-doped carbon (C—N) nanotubes
exhibit novel electronic, chemical, and mechanical prop-
erties that are not found in pure carbon nanotubes [15]. To
exploit these novel properties fully, low dopant concen-
trations were incorporated within these tubes [16]. Using
such low concentration, the electronic conductance would
be significantly enhanced without altering mechanical
properties [17]. In addition, because of the presence of
donors in N-doped nanotubes, their surface would become
more reactive [18]. This reactivity would be extremely
useful in the development of field-emission sources, nano-
electronics, sensors, and strong composite materials.

In order to exploit curious properties, it is essential to
develop synthesis methods, which are capable of producing
C-N nanotubes of specific length preferably in aligned
configurations. Regarding synthesis, chemical vapor
deposition (CVD) is the simplest yet effective technique
for the formation of CNTs and C-N nanotubes. The
understanding of the mechanisms involved in the growth of
CNTs by CVD is a critical point. It needs to be elucidated
as how to control the degree of growth necessary for many
envisaged applications of CNTs. There are a plethora of
experimental parameters that need to be taken into account
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along the basic knowledge about the way they influence
each other. One crucial parameter is the shape and chem-
ical state of the catalytic particle employed. In the case of
growth directly on substrates, these two factors are strongly
dependent on the nature of the selected substrate [19]. On
the basis of numerous trial-and-error studies published in
the literature, there is a clear consensus on the importance
of selecting the appropriate catalyst—substrate combination.
However, there remains a high degree of confusion
regarding the exact role played by the chemical composi-
tion and structure of the catalytic particles since the precise
CNT growth mechanism is mostly unknown. Additional
problems arise due to high temperatures and aggressive gas
environments associated with the CVD process—the initial
shape and chemical composition of the catalyst changes in
a complex way [20]. The influence of the oxidation state of
the catalyst for CNT growth has been investigated recently
[21-23]. However, a controversial point in such cases is
that the chemical analysis is performed ex situ with the
consequent modification of the original composition due to
exposure to air, which makes interpretation of the data
difficult. Investigations of the growth of CNT by metal-
catalyzed CVD have generally found that, under any given
conditions, there exist some maximum lengths to which the
CNT can be grown. Detailed studies of CNT length versus
growth time generally have shown that at any given tem-
perature CNTs grow at an approximately constant rate for a
certain period of time (which depends on CVD conditions)
after which growth ceases [24-33]. CNT nucleation and
growth are generally believed to occur when a catalytic
metal sample forms nanometer-sized particles at elevated
temperatures and then C,H, or other carbon feedstock
molecules decompose upon these particles to release their
carbon atoms. If the particle is in the correct size range, the
carbon atoms arrange themselves into a cylinder of con-
centric carbon shells that grows away from the catalytic
particle as a carbon nanotube. CNT growth stops when the
catalytic particle becomes deactivated. Possible mecha-
nisms for this deactivation include over coating with
carbon and conversion of the metal into metal carbide or
other noncatalytic forms. Whatever may be the mechanism,
the cessation of growth after a relatively short time, with
corresponding short maximum length of producible CNTs,
clearly limits the utility of CNTs in many materials
applications. Hence, an understanding of the mecha-
nism(s), CNT growth cessation as well as the influence of
other process parameters is necessary. Keeping these
aspects in view, we have synthesized bamboo-shaped C-N
nanotube bundles by spray pyrolysis of ferrocene—aceto-
nitrile solution. This study focuses on the effect of
variation of growth temperature on the microstructural
features, nitrogen concentration, and the crystallinity of the
nanotubes and the inter-relationship of these features.
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Experimental Details

The details about the experimental set-up of spray pyro-
lysis have already been given in our previous publications
[34, 35]. It may be mentioned that whereas ferrocene
contains carbon and iron, the solvent acetonitrile contains
nitrogen, carbon, and hydrogen. Varying the concentration
of ferrocene in a given volume of acetonitrile automatically
changes the nitrogen concentration in the solution and
hence in the as-grown CNTs. All the experiments have
been performed at the optimum flowrate of 2 mL/min. For
this investigation, we choose ferrocene—acetonitrile as a
precursor at 5 mg/mL concentration of ferrocene in ace-
tonitrile while keeping all the other experimental
parameters constant. The syntheses of C—N nanotubes have
been done at 850, 900, and 950 °C. The as synthesized
product was taken out and characterized by using scanning
electron microscopic (SEM) (Philips, XL-20), transmission
electron microscopic (TEM), and X-ray photoelectron
spectroscopic (XPS) techniques. Philips EM CM-12 was
used for TEM measurements, whereas the X-ray photo-
electron spectrum was recorded in VSW ESCA instrument
(using Al K, radiation with a total resolution ~0.9 eV at
2 x 107 torr base vacuum). The unpolarized Raman
spectra of the C—N nanotube samples were recorded in
back scattering geometry using a micro-Raman set-up
(Jobin-Yvon, Model T64000) consisting of a Microscope
(Olympus) with an 80x objective, triple-monochromator,
and a charge-coupled device (CCD) multi-channel detec-
tor. Samples were excited with 514.5 nm line from an
Ar-ion laser (Coherent, Model Innova 90). With a 25-mm
CCD and 1800 grooves/mm grating, the spectral resolution
was typically <1 cm™'. Our observations indicated that the
C-N nanotubes that grown at lower temperature possess
higher degree of disorder and higher N incorporation.

Results and Discussion
Microstructural Analysis

SEM exploration revealed the formation of clean, well-
aligned C—N nanotube bundles at all the growth tempera-
tures. A representative SEM micrograph is shown in
Fig. 1a, which clearly shows the formation of nanotube
bundles having length of about 430 um. Figure 1b is the
magnified image of a nanotubes bundle shown in Fig. la,
which clearly exhibits that the as-grown nanotubes do not
contain any impurities traces like amorphous and vitreous
carbon. It is also clear from this micrograph that the
nanotubes are in aligned fashion.

TEM investigations reveal the variation in micro-
structure of C-N nanotubes synthesized at different
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Fig. 1 a SEM image of large area of as-grown nanotubes/nanotubes
bundles; b the magnified image of a nanotubes bundle as shown in (a)

temperatures. The TEM micrographs, as shown in Fig. 2a—c,
clearly illustrated that the C—N nanotubes were of a bamboo-
shaped structure for all temperatures. The average diameters
of nanotubes are about 55, 60, and 73 nm, respectively, at
850, 900, and 950 °C. The average diameter of the nano-
tubes slightly increases with increase in growth temperature
in the range of 850 to 950 °C as shown in Fig. 2. The
diameter distribution of these C—N nanotubes obtained from
the TEM analysis is represented qualitatively in Fig. 3. As
the growth temperature increases more agglomeration
occurs, resulting in a larger-sized catalyst particles and
therefore larger diameter nanotubes were obtained. Similar
observations on C—N nanotubes have been made by using
other precursors [31, 36]. The compartment distance also
increases with increase in growth temperature. As the tem-
perature increases, the nitrogen content decreases and results
in increased compartment separation. The increased com-
partment distance with decreasing nitrogen concentration
results from the enhancement in the number of compartment
layers with nitrogen incorporation as also suggested by Jang
et al. [37].

Fig. 2 TEM images of nanotubes grown at a 850 °C, b 900 °C, and ¢
950 °C temperatures

XPS Analysis

Figure 4 shows the XPS spectrum of C-N nanotubes.
Figure 4a shows the C 1s peaks at 284.2 eV and Fig. 4b
shows the N 1s peaks at ~401 eV, at different growth
temperatures. The percentage (atomic) nitrogen content in
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the nanotubes decreases with increase in growth temper- s
ature, as shown in Fig. 4c. The percentage (atomic) E 6 L |
nitrogen contents present in the nanotubes are 8.29, 4.65, = | i
and 3.19% for 850, 900, and 950 °C, respectively, and Q 4L .\ i
their relative composition comes out to be C;N, Cx3N, % - o .
and C3oN. van Dommele et al. [38] have reported the 2 e et et bbbl
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tuning nitrogen functionalities in catalytically grown
nitrogen-containing carbon nanotubes as well as the
influence of growth temperature on nitrogen content. Our
results corroborate their findings of an increase in C/N
ratio with increasing temperature. Based on the TEM and
XPS investigations, it is apparent that the increases in the
bamboo compartment distance of the C-N nanotubes are
due to the decreased nitrogen content in C—N nanotubes
with increase in temperature. Earlier we have shown that
in our case the base growth mechanism is the most
favored mechanism in the formation of bamboo-shaped
C-N nanotubes [34, 35]. In the base growth model, C and
N incorporation results in the walls being pushed away
from the stationary catalyst to form the tubular structure.
The nucleation and growth of CNT follow the adsorption—
decomposition-surface diffusion-bulk diffusion—nucleation
process [39]. Nitrogen plays the key role in compartment
generation by the formation of pentagons in addition to
hexagons [40] and also by increasing the bulk diffusion
of carbon and nitrogen species in catalyst nanoparticles
[41]. As the growth temperature increases, consequently
the nitrogen concentration in the nanotubes decreases,
and therefore compartment layers are formed at longer
distances. This could be the reason for an increase in
the compartment distances with increasing growth
temperature.
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Fig. 4 XPS spectra of C-N nanotubes grown at different tempera-
tures; a C 1s spectra, b N 1s spectra, and ¢ variation of nitrogen
content in nanotubes with growth temperature

Raman Spectroscopic Analysis

Raman spectroscopy has been applied for the identification
and characterization of a wide variety of nano-structured
materials [42-46] and has been shown to be a perfect tool
to evaluate the crystallinity and the defects in carbon
structures [47] as well as to analyze the behavior of carbon
nanoparticles embedded in different matrices [48]. Raman
spectra of the C-N nanotubes that grown at different
temperatures are shown in Fig. 5. The strong band around
1585 cm ™!, which is referred to as the G-band, is usually
regarded as a Raman-allowed G-point vibration corre-
sponding to the optical phonon modes of E,, symmetry in
graphite and often called tangential mode for carbon
nanotubes [42, 43]. The D-band at around 1351 cm™!,
which originates from defects in the curved graphene
sheets, tube ends, or from the presence of carbon coating
on the outside of the tubular bands [44], is associated with
optical phonons close to the K-point of the Brillouin zone
in graphite and carbon nanotubes.
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Fig. 5 Raman spectra of C-N nanotubes at different growth
temperatures; a 850 °C, b 900 °C, and ¢ 950 °C recorded using
514.5 nm line of Ar-ion laser

The integrated intensity of D mode is usually normal-
ized with respect to that of the G mode for estimating the
defect concentration [49, 50]. For C-N nanotubes, differ-
ences in chemical bond lengths and atomic masses as well
as the formation of pentagons due to the doping of N atoms
lead to local distortion in the graphite sheets. So the
intensity ratio of the D to G modes (Ip/lg) is strongly
dependent on the defect fraction originating from nitrogen
incorporation and could be considered as a measure of the
degree of nitrogen hybridization [51, 52]. As the concen-
tration of the N atoms increases, the D-band becomes
stronger and broader. The value of Ip/lg for the N-doped
CNTs grown at three temperatures is plotted in Fig. 6. The
values of Ip/lg decrease from ~1.49 to 1.025 as growth
temperature increases from 850 to 950 °C (the N content
decreases from 8.29 to 3.19%). The data show that the
degree of long-range ordered crystalline perfection
increases with the temperature and decreases by the N
doping. The value of Ip/I; increases by about 0.4 for the
increase in the N content of about 5%. However, almost
negligible change was observed in Ip/lg for CVD grown
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Fig. 6 Variation of Raman intensity ratio of D and G bands (Ip/[g) at
different growth temperatures of nanotubes

C-N nanotubes using pyridine and pyridine 4+ melamine
as nitrogen sources [53].

Figure 7 displays the changes of the full width at half-
maximum (FWHM) of the D and G bands versus growth
temperature, respectively. It is noticed that the FWHM of
the D and G bands reduces with increasing growth tem-
perature. This is also evident from the figure that the
FWHM of G-band is more influenced by growth temper-
ature than that of the D-band. Their width variations may
be taken as a measure of the degree of the disorder (or the
concentration of defects). Hence, narrowing of the Raman
modes indicates a better crystallization of the nanotubes or
a larger crystal planer domain size in graphite sheets and
consequently a lower degree of disorder or a lower defect
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Fig. 7 Variation of FWHM of D and G bands with increasing growth
temperature
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Table 1 Peak frequencies of Raman D and G mode of C-N nano-
tubes at three different growth temperatures

Growth Peak frequency (cm™')

temperature

(°C) D-mode G-mode
850 1353.08 1578.36
900 1348.37 1573.28
950 1344.85 1569.32

concentration at higher growth temperature. Moreover, the
G-band shifts from ~ 1578 to 1569 cm™ ', whereas the D
band shifts from ~ 1353 to 1344 cm ™! (givenin Table 1), as
the temperature increase from 850 to 950 °C. The amount of
shifts correlated to the density of bamboo compartment and
consequently to the percentage of N content (or the con-
centration of defects). The above Raman results show that
the degree of disorder and consequently the N hybridization
decreases with increasing growth temperature. This is in
accordance with TEM and XPS findings.

Conclusions

Our investigations revealed that the percentage (atomic) of
nitrogen content in the nanotubes depends on the growth
temperature and decreases with increase in temperature.
The nanotubes have bamboo-shaped structure for all the
growth temperatures. Bamboo compartment distance and
the diameter of the nanotubes increase with increasing
growth temperature. The FWHMs of the D and G modes
reduce linearly with increasing growth temperature. The
normalized intensity of the D mode (Ip/lg) decreases with
increasing growth temperature. These are interpreted as
increasing in crystal planar domain sizes in graphite sheets
and consequently lowering in the defect concentration or
the degree of disorder.
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