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a b s t r a c t

Vertically aligned nitrogen-doped carbon nanotubes (CNTs) with modulated nitrogen content have been
synthesized in a large scale by using spray pyrolysis chemical vapor deposition technique. The effects of
nitrogen doping on the growth, structure and electrical performance of carbon nanotubes have been sys-
tematically examined. Field emission scanning electron microscopy, transmission electron microscopy,
X-ray photoelectron spectroscopy, and Raman techniques have been employed to characterize the mor-
phology, composition, and vibrational properties of nanotubes. The results indicate that the nitrogen
incorporation significantly influences the growth rate, morphology, size and structure of nanotubes.
Electrical measurement investigation of the nanotubes indicates that the change in electrical resistance
increases with temperature and pressure as the nitrogen concentration increases inside the tubes. This
work presents a versatile, safe, and easy way to scale up route of growing carbon nanotubes with con-
trolled nitrogen content and modulated structure, and may provide an insight in developing various
nitrogen-doped carbon-based nanodevices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

During the past decade carbon nanotubes (CNTs) have been
extensively studied due to their outstanding electrical and mechan-
ical properties [1–4]. Numerous applications have been developed
by using CNTs as device components in sensors [5,6], fuel cells
[7–10], field emission devices [11], transistors, logic circuits
[12–14], and high performance energetic nanomaterials [15].
Nitrogen-doped carbon nanotubes (CNx) have attracted consid-
erable attention due to the possibility to tailor and improve the
physical properties of pure carbon nanotubes [16–18]. Depending
on the size and chirality of the nanotubes, CNx are either metal-
lic or narrow gap semiconductors. The presence of additional lone
pairs of electrons facilitates the injection of the electrons into the
conduction band [19]. Low concentration doping of nitrogen into
CNTs would make it possible to enhance the electronic conduc-
tance and surface reactivity of the tubes without deteriorating the
mechanical properties [20]. However, the correlation between the
nitrogen doping, microstructure and electrical transport behav-
iors of the low nitrogen doped CNTs still needs to be carefully
investigated. These factors are key points in the development
of CNx-based functional components such as improved catalyst
support materials in proton exchange membrane fuel cells and
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durable composite materials. Various techniques have been used
for CNx synthesis including arc discharge [21], ion implantation
[22], and diverse techniques based on chemical vapor deposi-
tion (CVD) [23,24]. Among these techniques, spray pyrolysis CVD
reveals promising results in CNT synthesis. It provides a controlled
way of spraying complex carbonaceous liquids mixed with cata-
lyst containing molecules (metallocene powders) directly into the
deposition chamber and ensures semi-continuous growth of CNTs
[25]. Spray pyrolysis experiments usually require high flow rates
of carrier gas and display difficulties in obtaining catalyst free
CNTs with uniform diameters [26]. When low flow rates of car-
rier gas were used, the reactant solution could not be sprayed and
fully evaporated, leaving behind metallocene residues [27]. Previ-
ously, vertically aligned nitrogen-doped CNTs have been prepared
by spray pyrolysis method, in which the influence of hydrogen,
temperature, precursor type and feeding amount on the nitrogen
incorporation, nanotube structure and properties has been sepa-
rately addressed [28–30]. Nevertheless, reports still remain few in
terms of correlating a relationship between nitrogen doping, struc-
ture and electrical transport properties of nitrogen-doped CNTs. In
addition, practical applications of doped nanotubes necessitate a
precise and controlled introduction of dopants and a fairly large
amount of material preferably in aligned configuration.

In this work, vertically aligned CNTs with modulated nitrogen
concentration were grown on semiconducting Si using a modified
spray pyrolysis CVD method without hydrogen addition. Mixtures
of ferrocene, xylene, and acetonitrile were directly sprayed over
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Fig. 1. Schematic illustration of spray pyrolysis CVD system for CNx synthesis.

the substrate at a low flow rate of carrier gas (175 sccm) without
affecting the spraying process or the evaporation of the catalyst. The
correlation between the nitrogen doping concentration, nitrogen
chemical environment, structure and crystallinity of the nanotubes
was investigated and the dependence of the electrical transport
properties of the nanotubes on the nitrogen content, temperature
and pressure was also addressed.

2. Experimental

The CVD system used in this study consisted of an electroni-
cally controlled furnace with 300 mm effective heating length, a
quartz reactor tube (i.d. 25.4 mm), and a spraying setup. The device
developed for spraying liquids at low flow rates consisted of a car-
rier gas tube (i.d. 4.2 mm) which ended with a spraying nozzle (i.d.
0.5 mm) and a sealed inner tube (i.d. 1.5 mm) carrying the active
solution. The pressure formed inside the carrier gas tube pulver-
ized the solution even at low flow rates, through the nozzle, inside
the deposition chamber, up to the substrate surface situated in the
middle of the quartz tube. The deposition system and the injection
device are presented in Fig. 1.

In this study, oriented n-type (1, 0, 0) silicon (Si) wafers were
used as a substrate, without removing the native oxide layer. An
aluminum (Al) under-layer, with the thickness of 30 nm, was mag-
netron sputtered on the Si substrate to effectively prevent the
catalyst particles from aggregation. The active solution of 0.01 g/ml
concentration was prepared by dissolving ferrocene (Fe(C5H5)2)
into mixture of xylene (C6H4(CH3)2) and acetonitrile (CH3CN). Fer-
rocene was used to produce metallic iron particles and to act as
catalyst during the synthesis process and the xylene:acetonitrile
mixture produced the C:N feedstock. The solution was continuously
sprayed into the quartz reactor when the temperature reached
750 ◦C. In the spraying process, argon was used as the carrier gas at
a flow rate of 175 sccm. The reaction was maintained for 4 min to
inject a total amount of 3 ml solution at a feed rate of 0.75 ml/min in
the CVD system. After the growth, the reactor was allowed to cool
down under argon flow before exposure to air. Samples were char-
acterized by scanning electron microscopy (SEM – Hitachi S-4700),
Raman spectroscopy (Raman – Renishaw 785 nm laser excitation),
and transmission electron microscopy (TEM – Philips CM-10). The
TEM samples were prepared by sonicating a small piece of as-grown
nanotubes in ethanol for 10 min and drying a few drops of sus-
pension on a Cu micro-grid. The nitrogen amount was determined
by X-ray photoelectron spectroscopy (XPS – Kratos AXIS Ultra,
AlK�). I–V characteristics of the nitrogen-doped nanotubes were
measured following a two-point probe model. The measurement
system contained a DC power supply (Agilent E3644A) and a digital
multimeter (Agilent 34410A). The carbon nanotubes were collected
from substrates and 3 mg of powder was confined between gold
plated aluminum conductors (2.5 mm diameter) and pressed at
60 kPa. Using this method, it led to the manufacture of microprobes
containing nanotubes from experiments with different acetonitrile
concentration.

3. Results and discussion

The nitrogen doping effects have been systematically examined
by changing the concentration of acetonitrile in xylene. Five sets
of experiments were conducted for a range of acetonitrile:xylene
volume ratios of 0:100, 25:75, 50:50, 75:25, and xylene free.

3.1. Structure and composition of CNx

SEM observation revealed an overall carpet-like deposit, con-
taining highly dense and vertically aligned CNT arrays, for all
samples. Acetonitrile was used as the nitrogen feedstock having
a crucial influence on the tube growth. The length of the tubes
ranged from 133 �m to 12 �m depending on the acetonitrile con-
centration. The maximum average tube length was obtained when
no acetonitrile was in the solution. For experiments with 25 vol%
acetonitrile in xylene, the average tube length sharply decreased
to 47 �m. The average tube length continued to decrease to 33 �m
for 50 vol% acetonitrile in xylene down to a minimum of 12 �m for
experiments done by using acetonitrile only (Fig. 2a). These obser-
vations indicate that the introduction of nitrogen species slows the
nanotube growth and are in concordance with previous theoret-
ical and experimental results [31,32]. The theoretical calculation
has shown that nitrogen saturates the tube edge at the growing
end and would not be as stable deeper in the hexagonal lattice.
Higher nitrogen content would make the nanotube edge easier to
be nitrogen saturated and, which favors the defect formation and
slows the tube growth rate. The SEM image of the nanotube array
root shows that the catalyst remains on the substrate during the
growth process (Fig. 2b).

These observations are consistent with all experiments and
indicate that the tubes grow upwards following a base growth
mechanism. Moreover, physicochemical properties of nitrogen-
doped CNTs depend greatly on nitrogen concentration, crystallinity
and nanotube size such as diameter and wall thickness. Hence,
dependence of the nanotube structure on the introduced acetoni-
trile concentration has been investigated. Fig. 2c and d shows TEM
images of a nanotube at the bottom and tip part, respectively, con-
firming the base growth mode that the nanotube growth followed.
Further TEM analysis reveals more detailed structural characteris-
tics of CNx. TEM investigations indicate that the samples contain
neglected amount of amorphous carbon or catalyst particles encap-
sulated in the inner core or attached upon the nanotube surface.
The nanotubes present typical defects occurred in a CVD process
regardless to the structure changes caused by the incorporation
of nitrogen. The change of the nanotube structure is presented
in Fig. 3 using representative TEM images and Raman spectra of
samples produced at 0%, 50%, and 100% acetonitrile concentra-
tions. The micrographs of nanotubes produced from sole xylene
are typical ones for regular carbon nanotubes produced by spray
pyrolysis [26] and exhibit relatively well defined graphitic shells
parallel to the tube axis (Fig. 3a and b). From the plotted diameter
distribution on the basis of TEM images, the average outer diame-
ter of the tubes is 42 nm (Fig. 3c) and the wall thickness is around
20 nm. Raman spectrum (Fig. 3d) indicates a strong band around
1583 cm−1, which is referred to as the G-band. The G-band corre-
sponds to the optical phonon modes of E2g symmetry in graphite
and indicates the formation of well graphitized carbon nanotubes.
The D-band at 1352 cm−1 originates from defects that occur in the
curved graphene layers and at the tube ends. For estimating the
defect concentration in carbon nanotubes the intensity of D-band
from the Raman spectrum is usually normalized to the intensity
of G-band. The intensity ratio of the D-band relative to G-band
(ID/IG) for regular CNTs is ID/IG = 0.41. The presence of acetonitrile
in the precursor changed the inner structure of the nanotubes. The
tubes produced from precursors containing 25 vol% (not shown)
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Fig. 2. Electron microscopic images showing average CNT length (a) (inset: diagram of the relationship between acetonitrile:xylene concentration and average CNT length)
and nanotubes at the bottom (b and c) and tip part (d).

and 50 vol% acetonitrile become compartmentalized with lateral
segmentation and exhibit stack-cone or bamboo structure (Fig. 3e
and f).

The average outer diameter of the tubes increases to 51 nm
(Fig. 3g) while the wall thickness slightly decreases to 16 nm.
The Raman spectrum of the samples produced from precursor

containing 50:50 acetonitrile and xylene (Fig. 3h) shows an increase
to 1.02 of the ID/IG ratio in comparison with the value ID/IG = 0.41
obtained for regular CNTs. The increase of ID/IG ratio for samples
obtained from nitrogen containing precursors indicates that the
tubes present lattice defects and disorders derived from nitro-
gen doping. The nanotubes produced from precursors containing

Fig. 3. TEM images of CNT structure, the diameter distribution, and the Raman spectrum for samples produced using pure xylene (a–d), 50 vol% concentration of acetonitrile
in xylene (e–h), and pure acetonitrile (i–l).
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Fig. 4. A survey scan of the N-doped CNTs produced from 25 vol% acetonitrile (a) and N 1s XPS spectra of tubes produced from 25 vol% (b), 50 vol% acetonitrile (c), and from
pure acetonitrile (d).

75 vol% acetonitrile (not shown) and from acetonitrile 100 vol%
(Fig. 3i and j) present irregular and inter-linked corrugated struc-
ture. The average wall thickness of tubes decreases around 12 nm
and the average outer diameter increases to 63 nm (Fig. 3k). These
are reflected in a larger ID/IG ratio of 1.54 in the Raman spectrum
(Fig. 3l). These observations indicate that the degree of long-range
crystalline perfection of carbon nanotubes decreases with nitro-
gen presence in the synthesis process and are in agreement with
previous reported observations resulted from pyrolysis of different
nitrogen contained precursors such as melamine or benzylamine
[24,32]. It can be observed that adding acetonitrile in the precursor
mixture used for nanotube synthesis leads to a down-shift of the
G-band from 1583 cm−1 (0% acetonitrile) to 1574 cm−1 (100% ace-
tonitrile). Since the G-band is not related to the structural defects,
the shift can be attributed to a modification in the electronic struc-
ture of the nitrogen doped tubes [33].

Based on the above analysis, it indicates that structure of
the CNx can be modulated by changing acetonitrile concentra-
tion, in which nitrogen content within the nanotubes increases
monotonously with increasing acetonitrile concentration, accord-
ingly, crystallinity, diameter and wall thickness of nanotubes
exhibit monotonous changes as well.

The correlation between the structure of nitrogen doped car-
bon nanotubes grown with various acetonitrile concentrations and
incorporated nitrogen have been investigated by XPS measure-
ments. The nitrogen doping concentration was determined from
the atomic percentage ratio of nitrogen and carbon in the XPS mea-
surements. Since the growth of CNTs was carried in Ar instead of N2

flow, the nitrogen incorporation in the nanotube walls is a result
of acetonitrile decomposition and is increased with the acetoni-
trile concentration in the feedstock. Adding 25 vol%, 50 vol%, and
75 vol% acetonitrile in the precursor resulted in doped nanotubes
with 2 at.%, 2.3 at.%, and 3.6 at.% of nitrogen, respectively. Synthe-
sis of nitrogen doped nanotubes from pure acetonitrile resulted in
about 4 at.% nitrogen incorporation. Nitrogen can induce different
configurations of bonding environments in the nanotubes assem-
bly. Usually four types of nitrogen are found in CNx: pyridinic,
graphitic, pyrrolic and molecular nitrogen [34–36]. The pyridinic
nitrogen type is a nitrogen atom located at the edge or at a defect
of the graphene sheet. The graphitic nitrogen is a nitrogen atom
that substitutes a carbon atom located in the graphene sheet. Pyri-
dinic and graphitic nitrogen are both sp2 hybridized. The pyrrolic
nitrogen is also substitutional, but is a part of a five-membered
ring and is sp3 hybridized. Molecular nitrogen can be encapsulated
inside the tubes or exist as intercalated form between the graphite
layers. Fig. 4a shows an XPS survey scan spectrum of the CNx pre-
pared using 25 vol% acetonitrile. The peaks of C 1s, N 1s and O 1s
are labeled at 285, 401 and 531 eV, respectively. The oxygen signal
might originate from oxygen functional groups or the residual air
in the nanotubes.

The N 1s XPS spectra of the nanotubes produced from 25 vol%,
50 vol% acetonitrile and from pure acetonitrile are presented in
Fig. 4b–d. The N 1s peak can be deconvoluted into three main
component peaks with binding energies of 398.6 eV (N1), 401.8 eV
(N2), and 405.5 eV (N3). The low-energy N1 peak (I) at 398.6 eV is
less intensive and corresponds to pyridine-like nitrogen. The peak
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Table 1
The structural changes of CNx with different ratios of acetonitrile:xylene.

Acetonitrile:xylene Nitrogen amount (at.%) CNT wall structure Average outer diameter and wall thickness (nm) Average CNT length (�m)

0:100 – Straight 42/20 133
25:75 2 Straight and bamboo 44/19 46
50:50 2.3 Bamboo and corrugated 51/16 33
75:25 3.6 Corrugated 56/15 21
100:0 4.0 Corrugated 63/12 12

N2 (II) at 401.8 eV is more dominant and is attributed to graphitic
nitrogen. The peak N3 (III) at 405.5 eV is attributed to molecular
nitrogen [13,37]. Molecular nitrogen is intercalated between the
nanotube layers or encapsulated in the central nanotube hollow
and thus it should have no influence on the structural character-
istics of nanotubes [33]. In addition, a new peak at 397.8 eV (N4)
could be detected from the nanotubes in the case of using 25 vol%
acetonitrile. The peak at 397.8 eV (IV) can be assigned to the tetra-
hedral nitrogen bonded to sp3-C probably due to un-decomposed
N H bond, which is similar to the case using octadecylamine as the
precursor [37].

Furthermore, the ratio of pyridinic nitrogen to graphitic nitro-
gen increases with acetonitrile concentration from IN1/IN2 = 0.37
(25 vol% acetonitrile) to 0.65 (50 vol% acetonitrile) and presents
a maximum of 0.73 for pure acetonitrile. This suggests that the
pyridine-like nitrogen doping increases with the acetonitrile con-
centration. The pyridine-like sites is considered to be responsible
for the wall roughness and interlinked morphologies [38]. As the
number of pyridinic nitrogen increases within the tubes, the rough-
ness of tube walls and compartment layers also increases. These
results are consistent with the TEM and Raman analyses and con-
firm that the defects and disorders of the tubes are dependent on
the content of pyridinic nitrogen in the CNTs. The changes in tube
morphology with the nitrogen concentration are summarized in
Table 1.

3.2. Electrical resistivity of bulk CNx

Bulk resistance of CNx as ohmic I–V characteristics was mea-
sured following a two-point probe model. The measurements
were conducted in the same oven used in the CVD process, at
temperatures between 35 ◦C and 125 ◦C, monitored by a K type
thermocouple. In order to achieve thermal equilibrium, the temper-
ature of the system was kept for 10 min after the target temperature
had been reached. For the temperature of 35 ◦C, all microprobes
had almost the same electrical resistivity of 7.27 × 10−3 � m.
With increasing temperature, the resistivity of the microprobes
decreased monotonically. At the temperature of 85 ◦C, the resistiv-
ity of regular nanotubes produced from xylene was 7.10 × 10−3 � m
and that of the nanotubes produced using pure acetonitrile was
7.02 × 10−3 � m. At 125 ◦C, the resistivity of regular nanotubes was
6.96 × 10−3 � m, whereas that of the probe contained nanotubes
obtained from pure acetonitrile was as low as 6.83 × 10−3 � m
(Fig. 5). These differences represent a change in resistivity of
more than 29% between regular nanotubes and the tubes pro-
duced from pure acetonitrile indicating a better conductivity of
CNx. The temperature coefficient of resistance (TCR) gave the
resistance change factor per degree of temperature change and
was calculated from the formula R = R0[1 + ˛(T − T0)]. The resulted
TCR was −4.7280 × 10−4 K−1 for regular nanotubes, decreased to
−5.7879 × 10−4 K−1 for nanotubes obtained from 50 vol% acetoni-
trile, and presented a minimum value of −6.6915 × 10−4 K−1 for the
nanotubes achieved using pure acetonitrile. The change of electrical
resistance with pressure was measured following a similar proce-
dure. The measurements were done at room temperature for the
pressure interval of 40–139 kPa.

Fig. 5. The change of bulk CNT resistivity with temperature.

Fig. 6. The change of electrical resistance with pressure for bulk CNTs.

The change of electrical resistance increased with the nitrogen
amount (Fig. 6) and the difference between regular nanotubes and
the tubes produced from pure acetonitrile was about 20%. These
measurements are in agreement with the results obtained by other
groups [39–42], but could depend on sample preparation, mate-
rial impurities, and the measuring conditions. It was indicated that
the conduction occurs at the cross section of the nanotubes and is
affected by inner structure of the tubes and by the applied com-
pressive stress. While many factors influence the measurement
results, this method is highly repeatable and a relatively simple
tool to quantify the resistivity of bulk CNTs.

4. Conclusions

Vertically aligned CNTs with tuning nitrogen content have been
synthesized on silicon wafers by a modified spray pyrolysis CVD
method. The nitrogen concentration was tailored by changing the
concentration ratio of nitrogen/carbon source during the spray-
ing process. The incorporated nitrogen significantly influenced the
tube structure from straight, bamboo to corrugated nanotubes,
caused defects within the CNx, and decreased the growth rate. The
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ratio of pyridinic nitrogen to graphitic nitrogen in CNx increased
with of acetonitrile/xylene ratio. Electrical measurements of the
CNx with temperature and pressure indicate a better conductiv-
ity of bulk CNx as the nitrogen concentration inside the tubes
increased. The present work introduces a versatile method of grow-
ing vertical aligned nitrogen-doped nanotubes and demonstrates
that CNTs with modulated nitrogen, controlled structure, and con-
trolled electrical transport properties can be obtained. It provides
useful information in terms of both fundamental understandings
and practical applications of CNx nanotubes in developing various
CNx nanotube-based nanodevices and high performance energetic
nanomaterials.
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