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Nitrogen doped carbon nanotubes (N-CNTs) have been synthesized by the chemical vapour deposition
(CVD) floating catalyst method using either 4-ferrocenylaniline or mixtures of varying concentrations
of ferrocene/aniline together with toluene as added carbon source. The N-CNTs produced are less stable
(thermal gravimetric analysis measurements), less graphitic and more disordered (transmission electron
microscope measurements) than their undoped counterparts. The ratio of the Raman D- and G-band
intensities increase with the nitrogen concentration used during the CNT growth. Furthermore, the trans-
mission electron microscope (TEM) studies reveal that the CNTs are multi-walled (MW), and that the
diameters of the N-MWCNTSs can be controlled by systematically varying the concentrations of the nitro-
gen source. The TEM analysis also revealed that when ferrocenylaniline and ferrocene/aniline reactions
are compared at similar Fe/N ratios, higher N doping levels are achieved (ca. 2-5x) when ferrocenylan-
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1. Introduction

Carbon nanotubes (CNTs) and related structured carbon nanom-
aterials (spheres, fibers, horns, cages etc.) have been actively stud-
ied since the synthesis and identification of single-walled carbon
nanotubes (SWCNTSs) [1]. Much of the subsequent work in this area
has been driven by the possible uses of the carbon materials in poly-
mer blends, as light weight and conducting materials, as catalyst
supports etc. [2]. Indeed recent reports reveal that demand for these
carbon materials is increasing and that the industrial production of
CNTs in the ton scale is now underway [3].

An analysis of the current literature reveals that the chemical
vapour deposition (CVD) floating catalyst approach is the common
method used to make CNTs on a large scale [4,5]. In this process a
carbon source and a catalyst are passed through a hot quartz tube
where the carbon source decomposes to form shaped carbon
nanomaterials (SCNMs), in particular CNTs. This CVD methodology
avoids the use of a catalyst support and the subsequent support re-
moval procedures. The catalyst required to achieve this result is
typically a volatile organometallic complex such as ferrocene
(FcH) or Fe(CO)s [6]. Surprisingly, to date, little has been reported
on the variation of the catalyst source on CNT synthesis procedures
and a systematic approach using classical ligand effects has been
little investigated [7]. In recent studies we and others have been
using alternative organometallic complexes to ferrocene to synthe-
sise CNTs by the floating catalyst method [8,9]. Interestingly most
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of these studies have focused on ferrocene derivatives as they pro-
vide a facile means of adding elements such as carbon and sulfur
into the reactant stream. For example, a recent study reports a
method of using a hetero atom (sulfur) to modify multi-walled car-
bon nanotube (MWCNT) synthesis using a modified sulfur contain-
ing ferrocene catalyst acting as both a catalyst and a carbon source
[10].

When a hetero atom is inserted into the backbone of a CNT, the
symmetry of the tube is modified and the structure and properties
are altered [11]. Introduction of foreign atoms into the walls of
CNTs was first performed by Stephen et al. [12], who doped CNTs
with nitrogen (and boron) using arc discharge procedures. Incorpo-
ration of N into the CNT lattice can result in the enhancement of
the electrical properties of the CNTs [13], which make them prom-
ising candidates for electronic devices [14]. Nitrogen doped carbon
nanotubes (N-CNTs) are known to be exclusively conducting,
showing n-type semiconducting characteristic [15]. Doping is also
an important procedure to fine-tune the surface properties of
CNTs. The doping of CNTs thus provides a unique entry into the
chemistry of CNTs. In particular doping of CNTs with N permits
the chemical reactivity of the CNT to be altered as would be ex-
pected by N insertion into any graphitic material, hence broaden-
ing the horizon of CNT chemistry.

N-Containing CNTs have been prepared by a template synthesis
using a polyacrylonitrile precursor [16]. Recently, Point et al. [17],
synthesized N-CNTs by electron cyclotron resonance CVD. Long
strands of N-CNTs that agglomerated into bundles have been pre-
pared via thermal decomposition of a ferrocene/ethanol/benzyl-
amine solution [18]. Whilst doping is a crucial process to alter
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the properties of CNTs, the challenge is to control the amount of N
inserted into the tubes.

In this publication, we wish to report on the use of ferrocene
(FcH)/aniline (PhNH;) solutions to synthesize N-CNTs and other
carbon species. We also report on the use of 4-ferrocenylaniline
(FcPhNH,) as both the N source and catalyst to grow N-CNTs. In
particular, the effect of varying the N source concentration (0-
25 wt.%) on the types and yield of CNTs and other SCNMs produced
has been investigated. Characterization of the as-synthesized N-
CNTs was achieved by conventional techniques. To the best of
our knowledge, other than the use of metal porphyrin complexes
[19], studies in which organometallic precursors containing nitrogen
are used in the synthesis of N-CNTs have not been previously
exploited.

2. Experimental

The precursor for 4-ferrocenylaniline i.e. 4-nitrophenyferrocene
was prepared as described previously in 33% yield [20]. 4-Ferroce-
nylaniline was obtained by catalytic reduction of 4-nitrophenylfer-
rocene in 66% yield and characterized by IR and NMR spectroscopy
[21].

The crystal structure of 4-ferrocenylaniline was determined
from single crystals grown from a mixture of dichloromethane
and hexane. The 4-ferrocenylaniline crystals were obtained as or-
ange needles with a melting point of 159 °C. Intensity data were
collected on a Bruker APEX II CCD area detector diffractometer
with graphite monochromated Mo Ko radiation (50 kV, 30 mA)
using the apex 2 [22] data collection software. The collection meth-
od involved w-scans of width 0.5° and 512 x 512 bit data frames.
Data reduction was carried out using the program saint+ and face
indexed absorption corrections were made using xprer [23]. The
crystal structure was solved by direct methods using sHELxTL [24].
Non-hydrogen atoms were first refined isotropically followed by
anisotropic refinement by full matrix least-squares calculations
based on F? using sHeixtL. Hydrogen atoms were first located in
the difference map then positioned geometrically and allowed to
ride on their respective parent atoms. Diagrams and publication
material were generated using sHELXTL, PLATON [25] and orTep-3 [26].

The CVD floating catalyst method was used for the synthesis of
N-CNTs. Growth of the CNTs was carried out in a tubular furnace in
a horizontal quartz tube (with dimensions of 800 mm and 28 mm)
at atmospheric pressure (Fig. S1; Supplementary material). The
temperature inside the reactor was kept at 900 °C and this was
determined by means of a thermocouple positioned in the middle
of the furnace. Typically, the quartz tube was heated to the desired
temperature in 5% H, in argon (v/v) (AFROX) at a constant rate to
remove the air from the system. The gases were flowed through
the reactor at a controlled flow rate of 100 mL/min using an injec-
tion method. Solutions of toluene and 4-ferrocenylaniline (or ferro-
cene/aniline) were prepared and transferred to a 10 mL syringe
driven by a SAGE pump. The ferrocenyl solutions were then in-
jected into the high temperature zone of the furnace at an injection
rate of 0.8 mL/min through a quartz water cooled system [27]. The
reactor was then allowed to cool and the carbonaceous material
was collected from the walls of the quartz tube. All reagents were
used as commercially supplied.

Characterization of the carbonaceous materials was performed
by transmission electron microscopy (TEM), thermal gravimetric
analysis (TGA), Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS). BET was employed to establish the surface areas
and pore volumes of the CNTs. TEM analysis were performed on
a JEOL JEM-100S Electron Transmission Microscope at 80 kV and
at varying magnifications. The TEM samples were dispersed in
methanol using a sonicator and loaded onto a copper grid. The

composition of the SCNMs formed was determined by counting
at least 100 ‘shaped objects’ per sample. These were randomly cho-
sen from different TEM images. The methodology thus provides a
crude but easy method of comparing the effect of reaction vari-
ables on the product distribution. Raman spectroscopy data was
obtained from a Jobin-Yvon T6400 spectrometer. The excitation
source was 636.4 nm from a tunable spectra Physics dye laser,
while the backscattered light was dispersed using a 600 line/nm
grating. TGA data were collected from a Perkin ElImer TGA analyzer
in air at a heating rate of 10 °C/min. XPS analysis was carried out on
a Physical Electronics Quantum 2000 analyser (CSIR, Pretoria) with
resolution of 0.1 at.%.

3. Results and discussion
3.1. Crystal structure of 4-ferrocenylaniline

A single crystal of 4-ferrocenylaniline was grown by slow evap-
oration of a dichloromethane/hexane solution containing the com-
pound. The crystal data was collected at 173 K and the least
squares refinement of the structure gave a final R factor of
0.0221. The rraTon diagram of the molecule giving its numbering
scheme is shown in Fig. 1. The summary of structural refinement
data is provided as Supplementary material and the detailed crys-
tal data (cif file) has been deposited with the Cambridge Data File #
CCDC 680815.

4-Ferrocenylaniline was observed to crystallize in the ortho-
rhombic crystal system showing four molecules per unit cell. The
distance of the Fe atom from the centroids of the substituted
(1.651 A) and the unsubstituted cyclopentadienyl (Cp) (1.654 A)
ring for this compound were found to be generally longer than
those for similar arylferrocene compounds such as 4-nitrophenyl-
ferrocene [28,29]. This could be due to the NH, group being an
electron donating group, hence ‘pumping’ electrons to the metal
center. This leaves the Fe center more negative causing repulsion
of both the Cp rings leading to a lengthening of the Fe-centroid dis-
tances in an attempt to overcome the increasing electron cloud
density induced by the NH, group. On the contrary, NO, on 4-
nitrophenylferrocene is an electron withdrawing group, and there-
fore has an opposite impact on the bond lengths. The short C6-C11
(1.478(2) A) length on 4-ferrocenyaniline does suggest a partial
double bond character. This suggests the enhanced conjugation be-
tween the NH, on the phenyl and the Cp ring. This is also sup-
ported by the torsion angles which indicate that the Cp ring and
the phenyl ring are fairly co-planar allowing for good overlap of
n-electrons for bonding. The ferrocenyl moiety of the 4-ferroce-
nyaniline was found to be in a staggered conformation which is

Fig. 1. Crystal structure for 4-ferrocenylaniline.
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also not unusual. The packing diagram of 4-ferrocenyaniline shows
discrete molecules packed in an ordered fashion and the only inter-
actions obtained are those via normal Van der Waals contacts.

3.2. Synthesis and characterization of N-CNTs

N-doped carbon nanotubes were synthesized from solutions of
4-ferrocenylaniline in toluene (2.5 or 5.0 wt.% FcPhNH,) or solu-
tions of varying concentrations of aniline (0, 2.5, 5, 10, 15 or
25 wt.%) in toluene while keeping the concentration of ferrocene
constant (2.5 wt.% FcH). Toluene, aniline and the cyclopentadienyl
ligands provided the carbon for CNT growth. The catalysts used in
this study are shown in Fig. 2.

3.2.1. TEM analysis

A reaction was recorded using FcH (2.5 wt.%) and toluene (no
aniline) at 900 °C to provide base line data (Table 1). SEM images
of the product obtained from both FcH and a FcH/aniline/toluene
reaction are shown in Fig. 3. As can be seen, the product comprises
mostly of CNTs. Further, whereas the FcH product shows good
alignment of CNTs the sample made from the Fc/aniline mixture
indicates alignment loss.

TEM analysis was used to examine the type, quality, size distri-
bution and quantity (%) of the various SCNMs produced in the
different synthesis reactions. In every instance MWCNTSs were pro-
duced. TEM analysis allowed a facile measure of N doping to be
determined. Nitrogen doping is known to significantly alter the
morphological structure of CNTs, resulting in the formation of
compartmentalized bamboo structures (Fig. 4). With FcH the
SCNMs produced contain a modest yield of non-compartmentalized
MWCNTs (Fig. 4a) together with nanofibers, nanospheres and
amorphous carbon; with aniline, compartmentalized tubes are de-
tected (Fig. 4b and c). At very low doping levels these bamboo
structures may not be detected. The bamboo structures are pro-
duced by a base growth mechanism [30].

Replacement of FcH by either FcPhNH, or by FcH/PhNH, re-
sulted in a substantial decrease in the total % of SCNMs formed,
while the % CNTs formed increased. More importantly, N-CNTs
were detected in both the above reactions and the degree of dop-
ing, determined by counting bamboo structured tubes is given in

a b

& &

o D

Fe Fe + QNHQ

Table 1. The N-CNT diameters increased relative to the undoped
CNTs. Fig. 4b and c provides low resolution TEM images of N-CNTs
synthesized from the two different catalysts and reveals the bam-
boo compartments in both samples. Fig. 5 shows a high magnifica-
tion TEM image of a N-CNT; the picture clearly reveals the tubular
nature of the N-CNT as well as the compartment wall and the
rough surface of the tube.

Doping reactions were performed with 5 wt.% catalyst solutions
in which the Fe content and Fe/N ratio were kept constant. The TEM
data for the SCNMs produced from FcH (3.33 wt.%)/PhNH,
(1.67 wt.%) and from FcPhNH, (5 wt.%) have been compared, and
the following differences have been noted:

(i) the total yield of SCNMs for FcPhNH, > FcH/PhNH,;
(ii) the CNT yield for FcH/PhNH, < FcPhNH5;
(iii) the CNT diameters for FcPhNH, > FcH/PhNH5;
(iv) the % N doping for FcPhNH, > FcH/PhNHs.

This indicates that the effect of the N hetero atom bound to the
catalyst molecule can have a large impact on the size, type and dis-
tribution of SCNMs produced when compared to the case where
the N hetero atom is not attached to the catalyst. The data obtained
in the above reaction is consistent with the proximity of the N to
the Fe playing a role in the formation of the N-CNTs. As will be de-
scribed below, information from Raman spectroscopy is also con-
sistent with this effect.

The data shown in Table 1 also allows for a comparison of the
SCNMs produced at different concentrations viz. 2.5% and 5 wt.%
FcPhNH, catalysts to be made (Table 1; and see below). Remark-
able effects on tube formation and doping are to be noted.

The effect of systematically varying the aniline concentration on
the MWCNT yield was investigated. Thus, TEM studies on the prod-
ucts formed from 1.25 to 25 wt.% concentrations of aniline in tolu-
ene revealed the following:

(i) The N-CNT diameters decreased (75-20 nm) as the % aniline
increased from 1.25% to 25% i.e. larger concentrations of the
N-source yielded CNTs with smaller diameters (Fig. 4). Sim-
ilar effects were observed in a recent study when benzyl-
amine was used as a nitrogen source [31].

Fig. 2. The catalyst systems used with toluene as carbon source: (a) ferrocene (FcH); (b) ferrocene + aniline (FcH/PhNH,) and (c) 4-ferrocenylaniline (FcPhNH5).

Table 1

Summary of the yield and size distribution of SCNMs produced from different catalysts

Concentration (wt.%) Fe/N molar ratio SCNMs (%) CNTs diameters (nm) Yield (mg) Degree of doping (%)
FcH (2.5) 1:1 30T, 20F, 45aC, 5S 60T, 80F, 300S 560 1]
FcPhNH, (2.5) 1.1 45T, 30F, 25aC 65T, 95F, 210S 342 7
FcPhNH; (5) 1.1 72T, 18F, 10aC 55T, 80F 340 90
FcH (3.33) + PhNH; (1.67) 1:1 80T, 10F, 8aC, 2S 40T, 75F, 320S 240 1
FcH (2.5) + PhNH, (1.25) 1:1 35T, 30F, 30aC, 5S 75T, 100F 431 3
FcH (2.5) + PhNH; (2.5) 1:2 45T, 40F, 15aC 65T, 100F 397 5
FcH (2.5) + PhNH, (5) 1:4 50T, 40F, 10aC 60T, 95F 495 26
FcH (2.5) + PhNH, (10) 1:8 70T, 15F, 15aC 40T, 80F 521 95
FcH (2.5) + PhNH; (15) 1:12 80T, 15F, 5aC 25T, 70F 510 >99
FcH (2.5) + PhNH, (25) 1:20 70T, 20F, 10aC 20T, 70F 436 90

T: Nanotubes, F: Nanofibers, aC: Amorphous carbon and S: Nanospheres.
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Fig. 3. SEM pictures of N-CNT bundles grown from; (a) FcH (2.5 wt.%) and FcH
(2.5 wt.%)/PhNH, (15 wt.%).

(ii) The total yield varied in a non-linear manner with aniline
concentration. An increase in aniline concentration favoured
the production of more tubes. This is true until 25 wt.% ani-
line concentration was used; then a drop in N-CNT forma-
tion occurred.

(iii) The % doping increased with aniline concentration. It
appears that a 15 wt.% aniline concentration is sufficient to
produce close to 100% N-MWCNTs with a bamboo structure
(Fig. 4b and c).

The distance between bamboo ‘caps’ was measured from TEM
images (>100 measurements per sample) for the different samples
and the average distances are reported in Table 2. It appears that
the distance between the bamboo ‘caps’ within a tube is affected
by the concentrations of the N source. An increase in % N source de-
creases the compartment distance. This is not unexpected and is
consistent with the mechanism proposed for N-CNT growth [14].
It was also noted from the TEM analysis that some of the tubes
contained metal nanoparticles (see Fig. 4c). The presence of the
Fe nanoparticles is consistent with the synthesis of N-CNTs via a
tip or base growth mechanism.

3.2.2. TGA studies

The thermal stabilities of the various products were evaluated
by thermogravimetric analysis in air. Generally, decomposition of
the SCNMs was observed from a temperature range of 500-
610 °C. This accounts for most of the weight loss (ca. 90%). The
thermal stability of the carbon nanostructures grown from FcH
(2.5 wt.%)/PhNH, (1.5 wt.%) and FcPhNH, (2.5 wt.%) are compared
in Fig. 6. The weight loss for the FcPhNH, sample at T < 200 °C is

et 100 nm

50 nm

bamboo compartment

Fig. 4. TEM pictures of CNTs grown from (a) FcH (2.5 wt.%) (b) FePhNH, (2.5%) and
(c) FcH (2.5 wt.%)/PhNH; (5 wt.%).

attributed to the loss of moisture from the material (Fig. 5). The
SCNMs grown from FcPhNH, (2.5 wt.%) are less stable than those
of FcH (2.5 wt.%)/PhNH, (1.25 wt.%) and this is attributed to the
structural disorder introduced by the presence of N into the carbon
lattice [32]. (The N-CNTs are also less thermally stable than the
CNTs synthesized from FcH (not shown)). The residual weight
(5-10%) observed in the TGA profiles is ascribed to FeO, residues
formed in air from the catalyst.

As expected, TGA profiles revealed that an increase in aniline
concentration gave rise to the synthesis of less thermally stable
N-CNTs (Figs. S3 and S4). For example, CNTs synthesized from
15 wt.% aniline started decomposing at 510 °C while those grown
from 5 wt.% aniline started losing mass at 560 °C. This is due to
the defect and disorder achieved by the introduction of reactive
sites in the N-CNTs [33].

3.2.3. Raman spectroscopy
Raman spectroscopy is an excellent tool for investigating the
graphitic nature of carbon materials. The Raman spectra generally
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Fig. 5. High magnification TEM image of a N-CNT. The image clearly reveals the
multi-walled nature of the tube A, the compartment wall B and the rough CNT
surface C.

Table 2
Distance between N-CNT bamboo compartments

Concentration (wt.%) Avg. distance between individual

bamboo compartments (nm)

FcH (2.5) None
FcPhNH, (2.5) 40
FcPhNH; (5) 31
FcH (3.33) + PhNH; (1.67) 45
FcH (2.5) + PhNH, (1.25) 62
FcH (2.5) + PhNH; (2.5) 34
FcH (2.5) + PhNH, (5) 32
FcH (2.5) + PhNH, (10) 43
FcH (2.5) + PhNH, (15) 18
FcH (2.5) + PhNH, (25) 20
FcPhNH, (2.5 wt. %)
-----FcH (2.5 wt.%) + PhNH2 (1.25 wt.%)
100
80
9
= 60
<
R
2
40
20
0 T T r T r T r T

200 400 600 800
Temperature (°C)

Fig. 6. TGA curves of CNTs grown from FcH (2.5 wt.%)/PhNH, (1.25 wt.%) and
FcPhNH; (2.5 wt.%).

show two major peaks: a G-band at approximately 1590 cm™!

originating from the Raman active E;, mode and a D-band at about
1350 cm ™! which is normally explained as a disorder-induced fea-
ture due to a finite particle size effect [33]. The Ip/I; ratio repre-
sents the extent of disorder in the graphitic carbon. Thus, as the
ratio approaches 0 the carbon will have a more ordered structure.
Doping leads to disorder. Table 3 shows the positioning of the G-
and the D-bands, their intensities as well as the Ip/I¢ ratio of the
carbon grown from the different catalyst combinations.

As shown in Table 3, when N-CNTs are produced from solutions
with equivalent Fe/N ratios FcPhNH, gave a higher Ip/Ig ratio of
(0.97) as compared to that of the mixture FcH (2.5 wt.%) + PhNH,
(1.25 wt.%) (0.67) which in turn was higher than that of the un-
doped CNTs (0.63) (see also Fig. S2). This implies that N-CNTs pro-
duced from FcPhNH, were more disordered than that produced
from FcH/PhNH,. In the case of the FcH/PhNH, mixtures, the Ip/Ig
ratios (Table 2) suggest that, as the concentration of aniline in-
creased, the degree of disorder also increased. Indeed, the products
produced with 1.25 wt.%, 5wt.% and 15 wt.%, aniline concentra-
tions give rise to Ip/lg ratios of 0.67, 0.87 and 1.06, respectively.
Extrapolation of the graph of Raman ratios also suggests that
FcPhNH,; (2.5 wt.%) is similar to FcH + PhNH, when the PhNH, con-
centration is ca. = 7.5 wt.%. Thus the impact of having the aniline
attached to or separate from the ferrocene leads to a comparative
2-5x increase in N doping.

3.2.4. XPS and CN analysis

XPS and CN elemental analyses were conducted on the as-syn-
thesized SCNMs to investigate the N-content in the CNTs. These
techniques demonstrate the presence of quantifiable amounts of
N in the tubes. N concentrations for the tubes were approximately
1.00 at.% (Table 4). For example, XPS analysis of FcH (2.5 wt.%)/
PhNH, (>15 wt.%) gave >1% N content. The CN analysis similarly
gave N atomic concentrations (%) of 1.07 and 1.05 for the PhNH,
(15 wt.%) and PhNH, (25 wt.%) samples respectively. The C/N ratio
of the N-CNTs produced by these two catalysts, were calculated to
be 84 and 88. However, at lower concentrations of aniline
(<2.5 wt.%) no nitrogen was detected in any of the samples by
the two techniques, indicating much larger C/N ratios.

XPS analysis has the potential to give information about the
hybridisation state of the N in the N-CNTs. According to Jang
et al. [34], the type of N observed at high N concentrations in CNTs
has been shown to be sp> hybridized; at lower N concentrations, a
sp? signal for N was observed. The above results were obtained
using NH;3/C,H, reactant mixtures over a Fe/SiO, catalyst [34]. In
this study the XPS data revealed that use of the 15% aniline solu-
tion gave an XPS signal for nitrogen consistent only with sp?
hybridized N while a 25% aniline solution gave two nitrogen XPS
signals (50/50) consistent with both sp? and sp nitrogen_ This sug-
gests that chemical reactions that can be used to functionalize N-
CNTs will give different reactions for the N-CNTs produced with
different N contents.

Table 3
D- and G-band positions and Ip/lg ratios of CNTs grown at different catalyst
concentrations

Catalyst conc. (wt.%) D-band (cm™') G-band (cm™') Ip/I; Ratio

FcH (2.5) 1356 1587 0.63
FcPhNH, (2.5) 1364 1587 0.97
FcPhNH, (5) 1351 1592 1.02
FcH (3.33) + PhNH, (1.67) 1358 1587 0.72
FcH (2.5) + PhNH; (1.25) 1358 1589 0.67
FcH (2.5) + PhNH, (2.5) 1358 1587 0.86
FcH (2.5) + PhNH, (5) 1359 1591 0.87
FcH (2.5) + PhNH, (10) 1360 1597 1.05
FcH (2.5) + PhNH, (15) 1357 1596 1.06
FcH (2.5) + PhNH, (25) 1353 1596 0.99
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Table 4
Nitrogen content for the N-CNTs synthesized from the various catalysts

Precatalyst (wt.%) XPS (N at.%) CN (N at.%)

FcPhNH; (2.5) ND ND
FcH (2.5) + PhNH, (1.25) ND ND
FcH (2.5) + PhNH, (15) 1.50 1.07
FcH (2.5) + PhNH, (25) 1.00 1.05

ND: not detected.

Table 5
Surface areas and pore volumes of N-CNTs grown at different catalyst concentrations

Catalyst conc. (wt.%) Surface area (m?/g) Pore volume (cm?/g)

FcH (2.5) 18.9 0.047
FcPhNH, (2.5) 25.6 0.088
FcPhNH, (5) 142 0.063
FcH (3.33) + PhNH, (1.67) 324 0.231
FcH (2.5) + PhNH, (1.25) 1922 0.062
FcH (2.5) + PhNH, (2.5) 19.9 0.091
FcH (2.5) + PhNH, (5) 24.0 0.102
FcH (2.5) + PhNH, (10) 265 0.085
FcH (2.5) + PhNH, (15) 29.9 0.182
FcH (2.5) + PhNH, (25) 30.2 0.182

3.2.5. BET surface area and pore volume

The surface area and pore volume data for the as-synthesized N-
CNTs were obtained using the Brunauer Emmett Teller (BET) meth-
od (Table 5). As expected the surface area and the pore volumes of
the N-CNTs increased significantly as the aniline concentration in-
creased. For example, the surface area for FcH (2.5 wt.%)/PhNH,
(5 wt.%) = 24.0 m?/g while that for 25 wt.% = 30.2 m?/g. This is re-
lated to (i) the observed decrease in diameter of the N-CNTs and
(ii) the more disordered CNT surface as the aniline concentration
increased (Table 1). The surface area of the sample produced from
FcPhNH, (2.5 wt.%) is similar to that of the sample produced from
ca. = FcH (2.5 wt.%)/PhNH, (10 wt.%). This result is in agreement
with the correlations observed from the Raman data presented in
Table 3.

4. Conclusions

We have studied the effect of varying the N-source concentra-
tion on the production of N-doped CNTs and other SCNMs in a
CVD reactor. Successful N-doping was evidenced by the presence
of compartmentalized bamboo structures in the CNT walls. A ferro-
cene/aniline catalyst (15 wt.%) produced predominantly pure N-
CNTs with only small amounts of amorphous carbon and other
SCNMs. Generally, the Raman spectra of the as-synthesised N-CNTs
showed a low degree of graphitization indicating the presence of
defects and disorder in the CNT walls. XPS analysis demonstrated
the presence of quantifiable amounts of N in the tubes. The study
thus reveals that the diameters of the tubes can be controlled by
systematically varying the N source concentration. More signifi-
cantly a higher N content is achieved by using the aniline substi-
tuted ferrocene as a catalyst when compared to ferrocene/aniline
mixtures. A ca. 2-5x increase was determined in N content using
similar catalyst concentrations.
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www.ccdc.cam.ac.uk/data_request/cif. Supplementary data associ-
ated with this article can be found, in the online version, at
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