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An alignment study of multi-wall N-doped carbon nanotubes prepared by a template pyrolytic carbon depo-
sition method inside channels of an alumina membrane has been performed using high-energy X-ray diffraction
on the ID15B beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble). The two-dimensional
diffraction pattern of the deposited carbon nanotubes, recorded directly, within the alumina membrane, using
an image plate detector, exhibits two non-continuous arcs corresponding to the 002 graphitic reflection. The
following values of the angle between the axis of the carbon nanotubes lying along the membrane channels and
the incident beam were taken for five positions: 0°, 30°, 45°, 60° and 90°. The anisotropic scattering distribution
of the two-dimensional patterns indicates an orientational alignment of the nanotubes. The one-dimensional
intensity patterns obtained by scanning around the circumference of the (002) ring have allowed an estimation of
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the angular distribution of the nanotubes axes.

PACS numbers: 61.05.cp, 61.48.De

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by
Tlijima in 1991 [1], a number of studies on CNTs and re-
lated nanostructures have been carried out. The promis-
ing mechanical and electronic properties of these struc-
tures have led to several applications, including nano-
electronic devices [2], probe tips for scanning probe mi-
croscopy (3], and field emitter arrays [4]. Furthermore,
it has been proved that CNTs have higher conductivity
than graphite. Doping CNTs with heteroatoms could
be particularly of interest for tuning the surface and
electronic properties. Doping with nitrogen leads to an
increase in the conductivity due to the raising of the
Fermi level towards the conduction band [5, 6]. Vari-
ous methods have been developed for the synthesis of the
doped nanotubes: arc discharge, laser ablation, pyroly-
sis, substitution reaction and chemical vapor deposition
(CVD) methods. The template synthesis method has
been widely used for nanostructured materials [7], which
involves the synthesis of the desired material within the
pores of a membrane to generate CNTs with uniform di-

ameter. The combination of the template synthesis and
the CVD method to obtain highly-aligned, uniform, hol-
low and open-ended CNTs with diameters from 20 to
200 nm has been previously reported by Che et al. [8] and
Kyotani et al. [9]. Among all the methods of preparation
of CNTs, the template synthesis method has the advan-
tage of controlling morphology, composition and the size
of the nanotubes [10]. Two different synthesis methods
have been used to produce the nitrogen doped carbon
nanotubes (N-CNTs) inside alumina membrane channels.
In the first one, the nitrogen-containing carbon nan-
otubes are prepared by the use of a liquid-phase impreg-
nated template membrane with a polymer such as poly-
acrylonitrile [11], polypyrrole [12] or polyvinylpyrroli-
done [13]. In the second method, pyrolytic carbon de-
position from the thermal decomposition of acetonitrile
at high temperature is used. In the present work the
N-CNTs with diameters which fall within the range of
25-30 nm (the diameter of the channels) and length
within the range 50-100 pum, were studied. The mi-
crochannels are perpendicular to the anodic aluminum
oxide (AAO) membrane surface. A detailed knowledge
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of the structure of such fabricated N-CNTs is particularly
necessary from the point of view of their future applica-
tions.

The atomic structure of the N-CNTs has been con-
ventionally investigated using high-resolution transmis-
sion electron microscopy (HRTEM), scanning electron
microscopy (SEM), atomic force or scanning tunneling
microscopy (AFM, STM), electron diffraction (ED), Ra-
man, IR and X-ray photoelectron (XPS) spectroscopic
techniques. Such techniques give no information on the
orientational characteristics, because they are made after
removal of the template by chemical treatment. As was
observed, the tubes became separated from each other
and may be bent [14] due to the etching process. There-
fore, it is desirable to study the template N-CNTs as
deposited in the alumina membrane channels in order to
check their alignment without the chemical removal of
the template. Burian et al. [15] have used modern X-ray
diffraction methods to obtain detailed information on the
structure and orientation of the undoped CNTs deposited
inside the membrane channels using a CVD method. In
the present paper it is shown how the anisotropic scat-
tering distribution of the two-dimensional pattern can be
used to obtain information about the alignment of the
N-doped carbon nanotubes.

2. Experimental

The N-doped CNTs studied in the present work were
deposited inside the parallel and straight nanochannels
in an AAO film. A thickness of the AAO film was about
70 pum and a channel diameter was 30 nm. The thermal
chemical vapour deposition technique was used under an
acetonitrile vapour flow (4.2% in N2) at 800°C for 5 h
to obtain the N-doped CNTs. The decomposition of ace-
tonitrile leads to the uniform coating of a N-doped carbon
layer on the inner walls of the AAO nanochannels. The
detailed description of the template synthesis of N-CNTs
has been previously reported in [16, 17| and is not re-
peated here.

X-ray diffraction measurements were carried out on the
ID15B beam line at the European Synchrotron Radiation
Facility, Grenoble, France. An incident beam-energy of
95.4 keV, corresponding to a wavelength of 0.13 A, was
used to record two-dimensional diffraction patterns us-
ing an image plate as a two-dimensional detector. The
sample with area of about 1 cm? was chosen for measure-
ments. The sample to detector distance was 260.2 mm
and the beam width at the sample was approximately
300 pm. The MAR 2300 on-line image-plate detection
system consists of 2300 x 2300 pixels, each of 0.15 mm
in size. The 2D diffraction images were displayed and
analyzed using the software Fit2D [18, 19]. The expo-
sures were taken with the membrane channels positioned
at 0°, 30°, 45°, 60° and 90° angles between the axis of
the carbon nanotubes and the incident beam. The addi-
tional exposure was made for the powdered sample of the
N-CNTs, after removal of the AAO membrane by chem-
ical treatment. The powdered sample was mounted in

a Lindemann glass capillary on the sample holder and
the intensity was measured as a function of the scatter-
ing vector K (K = 4mwsind/), where 20 is the scatter-
ing angle and ) is the wavelength) were obtained up to
Koax = 24 A~1. The experimental procedures are de-
scribed in detail in our previous papers [20, 21].

3. Results and discussion

The recorded 2D diffraction pattern for the sample of
the N-doped multi-walled CNTs within the AAO mem-
brane for five angle values between the incident beam
and the membrane channels (or the nanotubes axis) and
for the pure powdered N-CNTs sample are shown in
Fig. 1. In the A-D (Fig. 1) positions of the membrane
at 90°, 60°, 45° and 30° between the nanotube axes
and the incident beam, the diffraction patterns exhibit
an anisotropy in the 2D intensity distribution, however,
when the membrane channels are parallel to the incident
beam (i.e. the nanotubes axes are parallel to the inci-
dent beam), the complete Debye—Scherrer intensity ring
is observed (Fig. 1E). In Fig. 1F the 2D diffraction pat-
tern for the powdered sample is shown for comparison.
In A—E recorded diffraction patterns the remaining sharp
features are believed to be due to partial crystallization
of the alumina membrane during the CVD process. Sim-
ilar observation has been already made for the undoped
samples as described in [15]. Figure 2 gives a schematic
drawing of the experiment when the nanotubes axes are
perpendicular (Fig. 2A) and parallel (Fig. 2B) to the in-
cident beam.

In Fig. 3, the white dotted circle marks the circle on
which two arcs, corresponding to the 002 graphitic reflec-
tion, are seen. Such reflections arise from the multilayer
structure of the N-CNTs and give an indication of the de-
gree of alignment of the nanotubes. If the nanotube axes
are perfectly perpendicular to the incident beam, these
reflections would produce two sharp spots on the vertical
axis of the image plate detector, but it can be seen that
two arcs are visible on the dotted circle, which indicates
a variation in the alignment. In Fig. 4 the intensity mea-
sured along the dotted circle shown in Fig. 3 is presented
as a function of the azimuthal angle ¥ in the range of
0-360°. For the 002 graphitic peaks, a non-linear Gaus-
sian fitting procedure was used to estimate distribution
of orientation of the nanotubes axes. For both arc-like re-
flections the Gaussian distributions with the parameters
of the standard deviation, o, and the total area, A, un-
der the curve, match the experimental intensity profiles
very well. The normal Gaussian probability distribution
function is described by

oo (-2 1),
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where ¥, 0 is the center of the peak, and ¥ in our cases
is the azimuthal angle. From the standard deviation,
o, obtained from the fitting procedure, the full-width at
half-maximum, FWHM, can be calculated according to
the formula

P(0) =

oV2r
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Fig. 1. The comparison of the 2D diffraction patterns
of the N-CNTs grown inside the alumina membrane for
five positions of membrane: A — ¢ = 90°, B— ¢ = 60°,
C—¢=45°,D—¢=30°and E— ¢ =0°, and F for
pure powdered sample. The indices of the N-CNTs are
marked in parts A and F. Remaining Debye rings are
due to the crystallized alumina membrane as described
in the text.

FWHM = ov8In2 = 2.3550 .

For the perpendicular position with the axis of the car-
bon nanotubes parallel to the membrane channels and
the incident beam, the azimuthal angle intensity varia-
tion for the 002 ring and the fitted Gaussian curve are
shown in Fig. 4. For the intensity peak at 90° (the top
002 arc) FWHM = 33.8 + 0.1° and for the peak at 270°
(the bottom 002 arc) the FWHM = 35.5 + 0.1°. The
slight differences in both values of FWHM can be re-
lated to mis-orientation of the alumina membrane (and
the N-CNTs) with respect to the goniometer centre and
the incident beam. A similar procedure was applied to
the membrane positions at 60°, 45° and 30° with respect
to the incident beam. The relevant plots of the experi-
mental intensity and the Gaussian fits are shown in Fig. 5
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Fig. 2. Schematic drawing of the experiment when the
nanotube axes are perpendicular ¢ = 90° (Fig. 2A) and
parallel ¢ = 0° (Fig. 2B) to the incident beam.

together with the curves for the membrane position at
90° for comparison. The values of the FWHMs are listed
in Table and shown in Fig. 6 versus the orientation angle
together with the fitted 30.9/ cos(90° — ¢) curve which
describes in a reasonable approximation variation of the
FWHM as the function of the orientation angle. For
the position of the membrane at 0° the intensity is dis-
tributed uniformly around the 002 circle. In this position
a continuous Debye—Scherrer ring is observed as shown
in Fig. 1E.

Fig. 3. The 2D diffraction pattern of the N-CNTs
grown inside the alumina membrane. The white dot-
ted circle marks the 002 graphite reflection ring.

The anisotropic variation of the diffraction intensity
for the 002 peak, together with fitted Gaussian curve,
shows the orientational variation of the nanotube axes
with a FWHM value of approximately 30.9°, i.e. 15.45°.
Within the Bragg approach the fragments of the nan-
otubes tangential to their surface and lying at the Bragg
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Fig. 4. Intensity variation of the 002 ring around

the azimuthal angle together with the fitted Gaussian
curves.
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Fig. 5. The azimuthal angle intensity variation for the
002 ring for four positions of the axis of carbon nan-
otubes within the AAO membrane channels with respect
to the incident beam (30°, 45°, 60° and 90°).

angle with respect to the incident beam lead to occur-
rence of the 002 reflections. For the wavelength of 0.13 A
the Bragg angle is approximately 1.1°, assuming the in-
terlayer spacing of 3.4 A. Therefore for the orientation of
the membrane at 0°, a continuous Debye—Scherrer ring
is observed. The distribution of the orientation of the
nanotubes axes is characterized by the value of FWHM
when the nanotubes axes are perpendicular to the inci-
dent beam.
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Fig. 6. The dependence FWHM on the AAO mem-

brane positions 90° — ¢. The values of the FWHMs
at 90° and 270° are shown as circles and squares, re-
spectively.

TABLE

The comparison of calculated FWHM parameters for
both arcs of the 002 reflection for four positions of the
angle between the axis of carbon nanotubes within mem-
brane channels and the incident beam (¢ = 30°, 45°, 60°
and 90°).

é [°] FWHM at azimuthal | FWHM at azimuthal
angle 90° [°] angle 270° [°]
90 33.8+0.1 35.5+0.1
60 35.7+0.2 37.6+0.2
45 43.8+0.3 45.2+0.3
30 57.3+0.4 60.4+0.4

The value of the orientational variation for the nan-
otubes suggests a more defective and curved structure
for the investigated N-doped CNTs, that was also ob-
served by Yang et al. [16]. Later analyses have revealed
that N atoms substitute carbon atoms with a small por-
tion in the pyridinic N. Previous studies also suggest that
the local perturbation of the hexagonal structure may be
generated by introducing pentagon-heptagon pairs into
the CNTs as the Stone-Wales defects [22]. Such defects
lead to a local curvature of the nanotubes surfaces and
may contribute to local mis-orientation of their axes.

4. Conclusions

The present results demonstrate that the very well-
-collimated X-ray beam of the short-wavelength available
at a third generation synchrotron source can be used for
alignment studies of the N-doped carbon nanotubes. The
orientation effect observed for the 002 diffraction peak
when the nanotubes axes are perpendicular to the inci-
dent beam gives information about the degree of align-
ment of the N-CNTs deposited inside the nanochannels
of the AAO membrane, which can be estimated from
broadening of two anisotropic arcs corresponding to this
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graphitic reflection. The present results are in agreement
with the previous scanning electron microscopy observa-
tions reported in [17], which have shown that the investi-
gated N-doped carbon nanotubes are straight. However,
these observations were performed for the N-CNTs af-
ter removal of the template. In this paper the method
which allows qualitative estimation of angular distribu-
tion of the N-CNTs inside the channels of the alumina
membrane is proposed.
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