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Nitrogen-doped carbon nanotubes (CN,-NTs) were prepared using a floating catalyst chem-
ical vapor deposition method. Melamine precursor was employed to effectively control
nitrogen content within the CN,~NTs and modulate their structure. X-ray photoelectron
spectroscopy (XPS) analysis of the nitrogen bonding demonstrates the nitrogen-incorpora-
tion profile according to the precursor amount, which indicates the correlation between the
nitrogen concentration and morphology of nanotubes. With the increase of melamine
amount, the growth rate of nanotubes increases significantly, and the inner structure of
CN,-NTs displayed a regular morphology transition from straight and smooth walls
(0 at.% nitrogen) to cone-stacked shapes or bamboo-like structure (1.5%), then to corru-
gated structures (3.1% and above). Both XPS and CHN group results indicate that the nitro-
gen concentration of CN,-NTs remained almost constant even after exposing them to air
for 5 months, revealing superior nitrogen stability in CNTs. Raman analysis shows that
the intensity ratio of D to G bands (Ip/Ig) of nanotubes increases with the melamine amount
and position of G-band undergoes a down-shift due to increasing nitrogen doping. The
aligned CN,-NTs with modulated morphology, controlled nitrogen concentration and supe-
rior stability may find potential applications in developing various nanodevices such as fuel
cells and nanoenergetic functional components.

© 2009 Elsevier Ltd. All rights reserved.

sible strategy in a well-defined way for tuning physical and
chemical properties of CNTs [6,7]. More recent study has indi-

1. Introduction

Carbon nanotubes (CNTs) have been extensively studied in
terms of both fundamental such as band structure and chiral-
ity [1], and practical applications such as electronics, optics,
and energy conversion [2,3]. Due to the presence of additional
lone pairs of electrons, nitrogen atoms can contribute addi-
tional electrons and provide electron carriers for the conduc-
tion band [4], which makes nitrogen-doped carbon nanotubes
(CN,-NTs) either metallic or narrow energy gap semiconduc-
tors [5]. Hence, nitrogen doping has been considered as a fea-
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cated that CN,~NTs with vertical alignment can effectively
enhance the electrocatalytic activity of the nanotubes in
terms of fuel cells applications [8]. On the other hand, first-
principle simulations have shown that carbon nanotubes
may be used to stabilize polymeric nitrogen or matrices for
polynitrogen doping to form nanoscale energetic materials
[9,10]. However, there exist some challenges during the syn-
thesis of such nanoscale energetic materials because polyni-
trogen or polymeric nitrogen is not stable at ambient
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condition. It is believed that the increasing nitrogen doping
percent onto carbon nanotubes may have more opportunities
to form polymeric nitrogen or polynitrogen in general [10].

Therefore, exploration of CN,~NTs with tuning nitrogen
concentration, modulated structure, and satisfying alignment
would doubtlessly favor applications of the nanotubes in dif-
ferent fields such as fuel cells [11] and nanoenergetic materi-
als [12].

Until now, many methods have been exploited to synthe-
size CN,-NTs with controlled composition [13,14]. Recently,
some interesting progresses have been made in controlling
the morphology and structure of CN,-NTs using different li-
quid nitrogen precursors by aerosol method [15-17]. And the
relationship between the precursor amount and morphology
of low nitrogen doped (0-2.2%) carbon nanotubes has been
addressed. By using the mixture of benzylamine and toluene,
Koos et al. [15] reported that the length and diameter of the
nanotubes decrease with nitrogen concentration while bam-
boo shaped nanotubes increases. By using a mixture of etha-
nol/acetonitrile, Ayala et al. [16] found that single and
multiwalled CN,-NTs can be selectively grown by modulating
the concentration of acetonitrile. Besides these techniques,
the floating catalyst method has been regarded as a conve-
nient way to ensure continuous growth of aligned CN,-NTs
with variable nitrogen concentration, which is crucial to mod-
ify the electrical and mechanical properties of the nanotubes
[18-20].

Melamine (CsNgHg) is a low-cost industrial material with a
honey-comb atomic arrangement. Differing from the novel
graphene with two-dimensional honey-comb structure [21],
melamine possesses a three-dimensional monoclinic struc-
ture which is similar to C3Ny4 [22]. Due to its specific skeleton
of CN heterocycles [23], catalytic decomposition of melamine
can generate pre-existing C-N bonds, which favors the incor-
poration of nitrogen in CNTs [24]. Melamine has been em-
ployed as an effective precursor to prepared CN,-NTs with
high alignment [25]. However, influence of melamine on mor-
phology, structure and nitrogen doping extent of CN,~NT's has
rarely been reported. In addition, melamine usually acts as
the only carbon source during the growth of CN,-NTs to
maintain nitrogen content (generally <11%) within the CN,—
NTs due to the higher thermodynamic stability of carbon
and separate nitrogen molecules at high temperature [26],
which inevitably limits the scale-up growth of CN,~NTs. On
the other hand, CN,-NTs with high nitrogen concentration
generally display severe nitrogen loss after synthesis due to
the weakly physisorbed N, molecules within the nanotubes
[23].

In this work, bulk growth of multiwalled CN,-NTs with
good alignment, superior stability, modulated nitrogen con-
centration (0-8.4%) and resultant morphological changes (reg-
ular straight — cone stacked — corrugated tubular structure)
have been obtained using a mixture of ethylene, melamine
and ferrocene as the extra carbon source, nitrogen additive
and catalyst precursor, respectively, in the floating catalyst
chemical vapor deposition method. Through the analysis of
the bonding environment of the nitrogen and the size depen-
dence of the CN,—NTs on the nitrogen, the issues related to
nitrogen-incorporation profile according to the precursor
amount and morphological control of CN,-NTs is discussed.

2. Experimental

Before CN,-NTs were grown on a silicon wafer substrate, the
substrate was sputtered with a thin aluminum buffer layer
(thickness 30 nm), which can arise a rough surface absorbing
iron atoms into the traps of the alumina layer forming uni-
form and well-dispersed catalytic particles to obtain uniform
and high density CN,—NTs [27]. The sputtering was carried out
under a pressure of 4.0 mTorr and at a power of 300 W.

The floating catalyst method was applied to synthesize
CN,~NTs based on a simple horizontal quartz tube furnace
system. Fe(CsHs), (100 mg, 98%, Aldrich) was placed at the en-
trance of the furnace in the quartz tube as the precursor to
produce metallic iron particles as catalysts. Different
amounts of melamine (99+%, Aldrich) were placed beneath
the ferrocene as the nitrogen additive. A small piece of silicon
wafer (1 cm x 3 cm) with 30 nm-thick aluminum buffer layer
was located in the center of the oven.

Before the furnace was heated, Argon (99.999% in purity)
was introduced into the heating system at a flow rate of
500 sccm for 30 min to displace the air in the tube. Then the
system was heated to 850 °C at a rate of 60 °C/min. In this
case, the temperature at the furnace entrance reached
200 °C, which is suitable for ferrocene evaporation. At the
same time, ethylene gas was introduced into the system at
a flow rate of 10 sccm. Thus the ferrocene vapor was carried
by the gas flow into the high temperature region where the
pyrolysis and synthesis occurred at 850 °C. The whole system
was kept at the target temperature for 5 min. Then the fur-
nace was heated to 950 °C. The temperature of the furnace
entrance increased to 350 °C as the target temperature went
higher. Melamine was evaporated at this temperature. The
melamine vapor was brought into the reaction chamber by ar-
gon and it was pyrolyzed in the middle of the reaction cham-
ber as the nitrogen additive. After 15 min, the ethylene gas
was turned off and the system cooled down to room temper-
ature in the flowing Ar gas.

The samples were characterized by various analysis tech-
niques including Hitachi S-4500 field-emission scanning elec-
tron microscopy (SEM) operated at 5.0kV, Philips CM10
transmission electron microscopy (TEM) operated at 80kV,
Kratos Axis Ultra Al(alpha) X-ray photoelectron spectroscopy
(XPS) operated at 14 kV, a Horiba Jobin Yvon high resolution
(HR800) confocal Raman spectrometer operated with an inci-
dent laser beam at 632.8 nm and a CHN elemental analyses
were performed using a Perkin-Elmer PE244 analyser with
oxygen for the combustion of the samples.

3. Results and discussion

3.1.  Morphological, nitrogen doping characterization and
stability of the CN,~NTs

Fig. 1(a—f) shows typical SEM images of the CN,-NTs obtained
from 50 to 2000 mg melamine, respectively. It can be seen that
the silicon wafer is totally covered by a film of aligned nano-
tubes with high density. With increasing melamine amount,
the growth rate increases from 4 ym/min (50 and 200 mg mel-
amine) to 5pm/min (400 mg melamine), 7 pm/min (800 mg
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Fig. 1 - SEM images of N-CNTs synthesized with melamine amount of (a) 50 mg, (b) 200 mg, (c) 400 mg, (d) 800 mg, (e) 1500 mg

and (f) 2000 mg.

melamine), and up to 14 pm/min (1500 and 2000 mg mela-
mine). This is different from the growth using benzylamine
as the nitrogen precursor [15], in which the growth rate of
CN,-NTs was slowed down with the precursor amount due
to the nitrogen saturation at the growth end of the tube edge.
In our growth process, decomposition of ethylene produces
hydrogen, which could etch away carbon atoms on the cata-
lyst. When nitrogen is involved by introducing melamine,
the atomic nitrogen would abstract considerable amount of
hydrogen atoms and retard the etching of carbon growth on
the catalyst [28], thereby enhance the growth rate of the
nanotubes.

In order to investigate the relation between morphology of
the CN,-NTs, incorporated nitrogen concentration and em-
ployed melamine amount, XPS and TEM characterizations
were carried out. In XPS measurement, the N concentration

present in the nanotubes, defined as atomic percent of nitro-
gen with respect to carbon, is estimated by the area ratio of
the nitrogen and carbon peaks. XPS measurement indicated
that CN,-NTs with the atomic nitrogen concentration of
1.5%, 3.1%, 5.4%, 8% and 8.4% were obtained by using the mel-
amine amount of 200, 400, 800, 1500 and 2000 mg. No nitrogen
was detected from the nanotubes with the melamine amount
of 50 mg. Fig. 2(a) shows Cls spectra of the nanotubes with
different nitrogen concentration. The position of the main
Cls line at 284.3-284.7 eV proves the graphite structure of
the carbon [29]. The Cls peak at 284.3 eV corresponds to the
energy of the sp? G-C bond in Cls spectrum of pyrolytic
graphite [14]. With increasing melamine amount, the peak
is shifted to higher binding energies of 284.6-284.7 eV, which
is interpreted by disordering of the graphite-like structure
after introduction of nitrogen [30].
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Fig. 2 - (a) XPS C1s spectra of CN,~NTs with different nitrogen content, TEM images and related XPS N1s spectra (if applicable)
of CN,~NTs synthesized with nitrogen content of (b) 0%, (c) 1.5%, (d) 3.1%, (e) 5.4%, (f) 8.0% and (g) 8.4%. Inset: increased
magnifications.
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Fig. 2(b) shows typical TEM images of the carbon nano-
tubes using 50 mg melamine, no nitrogen can be detected
from XPS. The morphology of CN,~NTs remains almost un-
changed compared to regular carbon nanotubes; only a few
bamboo-like structures can be observed. Interlinks in the
nanotubes are very thin and the outer diameter of the nano-
tubes is around 60-80 nm, while the wall thickness is around
20-30 nm.

With increasing melamine amount, CN,~NTs with differ-
ent nitrogen concentration were obtained. Left panel of
Fig. 2(c)-(g) shows TEM observation of the CN,-NTs with dif-
ferent melamine amount. TEM observations indicate that
roughness and density of bamboo-like structure tend to in-
crease with the melamine amount, which is similar to the
previous report using benzylamine as the nitrogen precursor
[15]. However, outer and inner diameter of the nanotubes in-
creases with the melamine amount, differing from their case,
in which outer diameter of the nanotube decreased while in-
ner diameter increased with the benzylamine amount. Never-
theless, the wall thickness tends to decrease with increasing
nitrogen precursor amount in both cases. When the mela-
mine amount of 200 mg was used, as shown in Fig. 2(c), mor-
phology of the nanotubes (nitrogen: 1.5%) becomes
compartmentalized by lateral segmentations. It looks like
many cones stacked together with the axes oriented in the
same direction. The outer diameter of the nanotubes was still
around 60-80 nm, not showing obvious size changes, and the
wall thickness is still as thick as 20 nm. With increase of mel-
amine to 400 mg (nitrogen: 3.1%), TEM image in the left panel
of Fig. 2(d) shows that the nanotubes exhibit an irregular and
inter-linked corrugated morphology. Comparing with the
samples shown in Fig. 2(b) and (c), the diameter of these
nanotubes tends to be much larger. The outer diameter
reaches as large as 100-120 nm and the wall thickness de-
creases to 10-20 nm. With the increase of the melamine
amount to 800 mg, 1500 mg, 2000 mg, CN,~NTs with the nitro-
gen amount of 5.4%, 8% and 8.4% were obtained, respectively.
As shown in the left panel of Fig. 2(e-g), compared to the
nanotubes with 3.1%N, the outer diameter does not change
much whereas the wall thickness decreases continuously
down below 10 nm.

Plots in the right panel display high resolution N1s XPS
spectra of the samples the same as those corresponding to
the left panel, in which bonding environment and electronic
structures of the nitrogen species were evaluated. The asym-
metric N1s spectra indicate the existence of four or five com-
ponents in each spectrum, which are fitted into peaks at
398.5-398.6 eV (N1), 401.0-401.1 €V (N2), 402.0-402.9 eV (N3),

396.9 eV (N4), 403.4-404.3 eV (N5), and 405.0-405.2 eV (N6),
respectively. The peaks at 398.5-398.6 eV and 401.0-401.1 eV
correspond to pyridine-like nitrogen and graphite-like nitro-
gen [13,31], respectively. The peak N3 is commonly attributed
to oxidized nitrogen [32,33]. The three components appear in
all N1s spectra of right panel with different nitrogen concen-
tration. Based on the Nils spectra, detailed distribution of
nitrogen composition has been summarized in Tablel. Pyri-
dine-like nitrogen atoms, contribute to the IT system with a
pair of n electrons and only bonded to two C atoms (C-
N=C), which has been proposed an essential component in
generating bamboo-like structures [31]. It can be seen that
the ratio of pyridine-like nitrogen tends to increase with
increasing nitrogen concentration and reach its maximum
in the nanotubes containing 8% nitrogen. This may interpret
the increased corrugation density with the melamine
amount. Further increasing the amount of melamine to
2000 mg does not result in more morphological changes,
shown in Fig. 2(f). Similar to the reports previously [13,14],
the morphology changes in the nanotubes can be attributed
to the difference of nitrogen concentration within the
nanotubes.

On the other hand, N4, N5 and N6 components are present
or absent depending on the nitrogen concentration. For the
CN,-NTs with nitrogen concentration of 1.5%, as shown in
the right panel of Fig. 2(c), the N1s spectrum can be fitted into
four peaks at 398.5 eV, 401.1 eV, 402.7 eV, and 405 eV, in which
we ascribe the peak at 405 eV to chemisorbed nitrogen oxide
on the graphite layers [34]. In the case of the CN,~NTs (3.1%N)
with the melamine amount of 400 mg, as shown in the right
panel of Fig. 2(d), position of four peaks at 398.6 eV, 401 eV,
402.3 eV, and 405.4 eV, is consistent with the case in the
CN,-NTs with 1.5%N; whereas one new peak at 404.3 eV ap-
pears. We attribute this peak to molecular nitrogen encapsu-
lated or intercalated in the nanotubes. Previous reports have
indicated that molecular nitrogen can be encapsulated inside
the tubes [17,35] or exist as intercalated form between the
graphite layers [19] during the growth of CN,-NTs, and the
intercalated molecular nitrogen distributes mainly at inner
walls of the nanotubes, in which the N1s binding energy for
free nitrogen gas is lowered due to extra atomic screening ef-
fect between N1s core hole and matrix [19]. With respect to
the photon energy of 1486.6 eV used in our XPS measurement,
the average probing depth should be below 10 nm. The wall
thickness of CN,~NTs (1.5%N) is over 20 nm, so the peak of
molecular nitrogen is not detected. For the nanotubes with
3.1%N, wall thickness of the nanotubes decreases to 10-
20 nm. It is possible to probe the electronic structure of nitro-

Table 1 — Detailed distribution of nitrogen composition.

Nitrogen concentration (at.%)

Area composition of different N structure (%) sorted by peak position (eV)

396.9 398.5-398.6 401-401.1 402-402.9 403.4-404.3 405-405.4
0 - - - - - -
1.5 = 23.8 48.9 13.8 = 13.5
3.1 = 22 45.2 15.3 8.8 8.6
5.4 = 24.1 53.0 15.3 7.7 =
8.0 = 324 46.1 13.3 8.2 =
8.4 7.1 26.3 44.5 12.9 9.2 =
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Fig. 3 - (a) Nitrogen content and composition of different nitrogen species in CN,-NTs as a function of melamine amount, (b)
XPS survey scan spectra of CN,~NTs synthesized with different melamine, and nitrogen species found in nitrogen-doped
carbon nanotubes: (c) pyridine-like nitrogen, (d) graphite-like nitrogen, and (e) oxidized nitrogen.

gen atoms at the inner walls which may contain encapsulated
nitrogen or intercalated nitrogen, and the peak centered at
404.3 eV appears.

When the melamine amount was increased to 800, 1500
and 2000 mg, the deconvolution of the Nils spectra of the
three cases gives rise to five nitrogen peaks, as shown in
the right panel of Fig. 2(e-g), while the peak of molecular
nitrogen centered at 403.4-404.1 eV appears in all the three
spectra, the peak of chemisorbed nitrogen oxide is absent.
In addition, a new peak at 396.9 eV is detected from the nano-
tubes with 8.4% nitrogen concentration. This peak can be as-
signed to the tetrahedral nitrogen bonded to sp*-C probably
due to un-decomposed N-H bond when excessive amount
of melamine is used, which is similar to the case using octa-
decylamine as the precursor [36]. Based on the data in Tablel,
Fig. 3(a) demonstrates the nitrogen-incorporation profile
according to the precursor amount. The ratio of graphite-like
nitrogen reaches its maximum at the melamine amount of
800 mg (nitrogen: 5.4%) and decreases with further increasing
melamine amount. The ratio of pyridine-like nitrogen keeps
increasing until the melamine amount of 1500 mg (nitrogen:
8.0%). The ratio of nitrogen oxide and gaseous nitrogen is rel-
atively low and stable, but the molecular nitrogen tends to in-
crease slightly with the melamine amount. Graphite-like
nitrogen atoms, shown in Fig. 3(d), substitute for carbon
atoms in the hexagon graphene layers bonding to three car-
bon atoms. It is evident that the nitrogen atoms are incorpo-
rated into the carbon nanotubes mainly in pyridine-like and
graphite-like ways in all cases. Due to higher stability of
graphite-like nitrogen than that of pyridine-like nitrogen,
while a small amount of melamine was introduced, the N
atoms preferably take substitutional positions in the hexagon
graphene and tend to be more graphite-like [37]. When more
melamine is introduced into the reaction, the intensity ratio
of I(pyridine-like nitrogen)/I(graphite-like nitrogen) increases.

This suggests that more melamine can contribute more pyri-
dine-like structure doping into the carbon nanotube lattice
and increase the nitrogen concentration inside the nanotube,
which may be associated with the pre-existing C-N bonds de-
rived from the catalytic decomposition. It is believed that the
nitrogen doping in the pyridine-like N sites is responsible for
both the wall roughness and inter-linked morphologies,
which is also in agreement with our TEM observation. In gen-
eral, the nitrogen concentration increases intensively at the
beginning. Depending on the precursor type, incorporation
limit of nitrogen within carbon nanotubes has been previ-
ously investigated [16,30,38], it has been calculated that nitro-
gen doping of inner walls of the carbon nanotubes is more
thermodynamically stable than the doping of out walls. In
our case, a similar problem is encountered: the nitrogen con-
centration reaches its maximum as the melamine amount
reaches 1500 mg, beyond which the nitrogen concentration
increased much more slowly. Increasing melamine amount
from 1500 mg to 2000 mg, it resulted only about 0.3% increase
in nitrogen concentration. This indicates a challenge to
achieve a significant further increase of the nitrogen doping
using this method. It is possible that incomplete decomposi-
tion of excessive melamine is another reason.

A typical XPS survey scan of the CN,—NTs using different
amounts of melamine is shown in Fig. 3(b). The main peaks
in these figures are distinguished as Cl1s, N1s, Ols and Fe2p
signals, corresponding to main peaks centered at 285eV,
401 eV, 531eV and 708 eV, respectively. The strong C peak
can be assigned to sp?-hybridized carbon, which is the major
component in CN,~NTs. The N peak has been discussed above.
The O peak occurs mainly due to the organic compounds con-
taining C-O functionalities [39], the oxygen absorbed on the
surface of the carbon nanotubes, and the substrate on which
the nanotubes were grown [40]. The Fe peak arises from the
catalyst, which is decomposed from ferrocene.
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To further study the N/C nitrogen concentration and nitro-
gen stability in our CN,-NTs, both as-synthesized samples
and the samples exposed to air for 5 months were character-
ized by a CHN analyzer. Fig. 4(a) shows the nitrogen concen-
tration dependence on the melamine amount in both as-
synthesized and aged state. The measurement is carried out
on whole samples. The nitrogen content are 1.3%, 3.2% and
4.5% separately for the as-synthesized samples using
200 mg, 800 mg and 2000 mg of melamine, which is lower
than the N amount measured using XPS technique. However,
the average nitrogen concentration reveals a similar trend of
increase when compared with the trend observed from XPS
spectra, further confirming an important role of the amount
of nitrogen precursor in the reaction. The difference in mea-
sured nitrogen amount between the XPS analysis and CHN
analysis is associated with feature of two techniques. XPS is
a surface sensitive measurement technique while CHN detect
all samples as a whole. In our experiment section, we men-
tioned that the nitrogen was introduced into the oven later
than the catalyst precursors. Then, at the beginning of the
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Fig. 4 - CHN spectra and XPS analysis of the samples at
different time: (a) CHN analysis results of different sample at
different times after synthesis (b) XPS spectra of the sample
using 800 mg melamine taken soon after experiment and
5 months later, separately. Inset: XPS N1s spectrum of CN,~-
NTs 5 months after synthesis.

experiment, non-doped CNTs were produced during the first
several minutes of the experiment. Then the CN,~NTs began
to form when melamine was introduced. The experimental
process results in non-uniform CN,-NTs structures consist-
ing of CN,-NTs on the upper surface and general CNTs on be-
low. As a surface method, XPS revealed extensive information
from CN,-NTs on the top, while CHN give us the information
of the whole composite CN,-NTs/CNTs film on substrate.
Hence, it is reasonable to expect that the CHN would show
a relatively lower nitrogen concentration than XPS.

It has been reported that nitrogen will release to some ex-
tent when CN,-NTs are exposed to air [35]. In our case, as
shown in Fig. 4(a), CHN results do not show evident change
in nitrogen concentration with time at room temperature.
The slight difference observed is due to the accuracy of the
instrument. Fig. 4(b) shows the XPS survey spectra of the sam-
ple containing 5.4%N taken soon after the experiment and
5 months later. It indicates that total nitrogen concentration
remains almost unchanged, which is consistent with the
observation from CHN, however there is a great increase of
oxygen. High resolution N1s spectra of the 5.4%N sample is
shown in the inset image of Fig. 4(b). After exposing the sam-
ple to air for 5 months, there is almost no variation in the
electronic structure of the pyridine-like and graphite-like
nitrogen. The molecular peak at 404.1 eV disappears, imply-
ing the release of the N, from the graphite layers during the
aging process, however, the peak at 405.2 eV appears, which
has been ascribed to the peak of chemisorbed nitrogen oxide.
This peak shift may due to the oxidation of the nitrogen spe-
cies inside the graphite layers during the aging of the sample,
which is consistent with the great increase of oxygen in the
sample. Based on above analysis, total nitrogen concentration
of the CN,—NTs can be stably maintained though the bond of
nitrogen species inside the CN,~-NTs may change during the
aging process.

3.2.  Correlation between the nitrogen content and
crystallinity of CN,—NTs structures

Fig. 5 shows typical HRTEM images of the CN,~NTs with low
and high nitrogen content of 1.5% and 8.4%, respectively. Gen-
erally, CN,~NTs possess a rougher surface compared to non-
doped CNTs. At lower nitrogen concentration of 1.5%, as
shown in Fig. 5(a), the graphite cylinders still exhibit a rela-
tively high degree of crystallinity in spite of the nanotube wall
distortion resulting from the regular joint defects. Due to the
decrease of the wall thickness from joint section to the base
of the compartment, many open graphite edges are observed
on the outer surface of nanotubes [41]. At high nitrogen con-
centration of 8.4% in Fig. 5(b), it can be seen that the crystal-
linity of the CN,—NTs decreases significantly and the kinks
inside the nanotube become random. The corrugated mor-
phology and weak crystallinity of the CN,-NTs imply a higher
defect density with increasing nitrogen content, the origin of
which may associated with the presence of pyridinic or other
nitrogen [42], and is consistent with our XPS results.

To obtain information regarding the nitrogen doping and
crystallinity of the entire CN,-NTs, Raman spectra of the
CN,-NTs with three selected nitrogen contents (1.5%, 5.4%
and 8.4%) are plotted. Two first-order Raman spectra of the
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Fig. 5 - HRTEM images of the CN,~NTs with the nitrogen content of (a) 1.5 at.% and (b) 8.4 at.% and (c) Raman spectra of CN,~

NTs with the nitrogen content of 1.5%, 5.4% and 8.4%.

samples are shown in Fig. 5(c). The bands at ~1315-1333 cm™*

(D-band) are originated from atomic displacement and disor-
der induced features caused by lattice defect, distortion or the
finite particle size [43]. The band at ~1565-1582 cm™* (Gq:
1582 cm™%, Gy: 1575 cm™?, Gs: 1565 cm™?) indicates the forma-
tion of well-graphitized carbon nanotubes [44]. It is obvious
that G-band of the CN,-NTs undergoes a down-shift from
1582 to 1565 cm ™' with the melamine amount from 200 to
2000 mg. The G-band represents the tangential mode vibra-
tions of carbon atoms in graphene sheets, and shifts of the
G-band have been ascribed to C-C expansion (or contraction)
and the changes of electronic structure [45]. The nitrogen
atoms can act as electron donors when CNTs are doped with
nitrogen. In our case, the down-shift of the G-band with
increasing nitrogen doping concentration (1.5-8.4%) may im-
ply an enhanced electron transfer between valance and con-
duction bands, which is in accordance with the reported
results [46]. On the other hand, the intensity ratio of D-band
to G-band (Ip/Ig) is measured to be 0.897, 1.333 and 1.553 at
the melamine amounts of 200, 800 and 2000 mg, respectively,
revealing an increased intensity ratio with the melamine
amount. This indicates that the degree of long-range ordered

crystalline perfection of the CN,-NTs decreases and more de-
fects and disorders are introduced with more nitrogen doping
amount, which coincides with the TEM observations of the
structure transition from the bamboo structure with lower
structure defect and distortion to the corrugated structure
with greatly increased defects. This result also confirms our
conclusion that the defects and disorders are related to the
presence of nitrogen in the CNTs [13,14].

4. Conclusion

Aligned nitrogen-doped carbon nanotubes with tuned mor-
phology and controlled nitrogen concentration (up to 8.4%)
have been successfully synthesized on the silicon wafer via
a simple floating catalyst CVD method. TEM observations
indicated that the structure of the nanotubes changed from
straight nanotubes (0%) to cone stacked structures as the
nitrogen concentration was increased to 1.5%. Then the struc-
ture changed to inter-linked corrugated morphology when
nitrogen concentration went still higher (3.1-8.4%). It is con-
ceivable that the incorporated nitrogen significantly influ-
ences the structure of CN,-NTs. XPS investigation reveals
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that nitrogen content within the nanotubes increases almost
linearly with melamine amount until 8.4% nitrogen content
was achieved. The nitrogen-incorporation profile according
to the precursor amount indicates that while the content of
graphite- and pyridine-like nitrogen experiences a maximum
value with increasing nitrogen doping, the molecular nitrogen
tends to increase slowly, which provides interesting informa-
tion to interpret the upper limit of the nitrogen doping during
the CN,—NTs growth in our case. Both XPS and CHN results
indicate that the nitrogen in carbon nanotubes is highly sta-
ble even after exposing the sample in air for 5 months. Raman
scattering spectra suggest that the increase of nitrogen dop-
ing would result in more defects within the CN,~NTs and im-
plies an enhanced electron transfer between valance and
conduction bands. The aligned CN,-NTs with modulated
morphology, controlled nitrogen concentration and superior
stability may find potential applications in developing various
nanodevices such as fuel cells and nanoenergetic functional
components.
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