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Abstract Aligned nitrogen-doped carbon nanotubes
(N-CNTs) containing 6.4—15.7 wt% of nitrogen were syn-
thesized by pyrolysis of 3-ferrocenyl-2-(4-cyanophenyl)-
acrylonitrile as the catalyst in either acetonitrile or a solution
of acetonitrile and ethylbenzoate. For comparison, N-CNTs
were synthesized by pyrolysis of 3-ferrocenyl-2-(4-cyano-
phenyl)acrylonitrile in toluene. The effect of oxygen and the
carbon source used during synthesis was investigated. The
use of 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile in ace-
tonitrile as a nitrogen and carbon source selectively yielded
mainly N-CNTs, while use of toluene as a carbon source
yielded both N-CNTs and carbon spheres. Elemental ana-
lysis of the N-CNTs synthesized using both acetonitrile and
ethylbenzoate (source of oxygen) indicated that addition of
oxygen enhanced the nitrogen content of N-CNTs. This was
further supported by results from Raman spectroscopy,
X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy and inverse gas chromatography surface energy
analysis. The higher nitrogen-containing N-CNTs were less
graphitic and showed a higher base constant (K}) compared
to N-CNTs synthesized without oxygen. Analysis of trans-
mission electron microscopy images showed that the outer
diameters of the N-CNTs decreased upon increasing the
oxygen composition by mass in the synthesis precursors
from 1 to 4 wt% oxygen, the oxygen was derived from eth-
ylbenzoate. In addition, the scanning electron microscopy
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and XRD revealed that the alignment of N-CNTs increased
upon addition of oxygen. Electrical conductivity measure-
ments of N-CNTs showed a negative relationship between
the amount of oxygen in the starting materials and the con-
ductivity of N-CNTs.

Introduction

Doping of carbon nanotubes (CNTs) with nitrogen to form
nitrogen-doped carbon nanotubes (N-CNTs) offers an
appropriate channel for improving the electronic and
physical properties of CNTs [1, 2]. Furthermore, the afore
mentioned properties of N-CNTs can be improved by
modulating their alignment and outer diameters (OD) [3].
Consequently, research is increasingly being focused on
developing synthetic procedures that facilitate the control
of the type of nitrogen species incorporated and nitrogen
content, alignment and OD of N-CNTs during synthesis
[4]. N-CNTs contain electron-rich nitrogen species such as
pyridinic and pyridinic oxide [5] moieties, which enhance
their electronic and physical properties. As a result,
N-CNTs can be suitable for a wide range of applications as
components in electronic [6] and field emission devices [7].
N-CNTs can also be used as catalysts or as metal catalyst
supports [8]. For instance, well aligned N-CNTs have
shown good field emission properties [9], while increasing
the amount of pyridinic nitrogen in N-CNTs enhances the
catalytic activity of Pd supported on N-CNTs [10].

One useful approach in increasing the percentage of
nitrogen-doping and the nitrogen species incorporated into
the tubes is the use of high nitrogen-containing organic
precursors, such as mixtures of imidazole and acetonitrile
together with organometallic catalysts during synthesis of

@ Springer


http://dx.doi.org/10.1007/s10853-014-8675-4

1188

J Mater Sci (2015) 50:1187-1200

the N-CNTs [11]. In a similar manner, the level and type of
nitrogen-doping can be increased by the use of nitrogen-
containing organometallic compounds as catalysts together
with nitrogen-containing carbon sources such as acetoni-
trile. For example, Nxumalo et al. [12] reported the use of
nitrogen-containing ferrocenyl derivatives as catalysts, and
as a source of carbon and nitrogen in the synthesis of
N-CNTs. Another useful approach entails the incorporation
of oxygen-containing compounds, such as alcohols and
water, which act as oxidising agents during the synthesis of
N-CNTs [4]. For instance, different ratios of alcohols and
nitrogen-containing organic solvents have been used to
control the nitrogen content and OD of N-CNTs [13].

Esters are volatile oxygen—containing organic com-
pounds, which are usually less toxic especially when
compared with alcohols such as methanol which is com-
monly used in CNTs synthesis. Their application as a
source of oxygen and in the modulation of N-CNTs
remains unexploited. In this account, ethylbenzoate was
used as the choice ester because it contains a low ratio of
0O:C (2:9) making it a good source of low oxygen per-
centages. Additionally, ethylbenzoate is miscible with most
organic solvent and also promotes the solubility of the
ferrocenyl catalyst in toluene or acetonitrile. Hence, we
report the use of different ratios of ethylbenzoate and
acetonitrile to modulate the nitrogen content, OD, and
alignment of N-CNTs. Also, we report for the first time the
effect of increasing nitrogen-doping levels on the surface
energy of N-CNTs. In addition, the chemical vapour
deposition (CVD) method for the synthesis of N-CNTs
using 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile as a
catalyst, and also as a carbon and nitrogen source, is
reported for the first time.

Experimental
Materials

Ferrocenecarboxaldehyde 98 %, 4-cyanophenylacetonitrile
97 %, piperidine 99 %, ethylbenzoate 99 %, diethyl ether
99.8 % and hexane 97 % were purchased from Sigma
Aldrich. Acetonitrile 99.9 % and toluene 99.4 % were
purchased from LiChroSolv. All reagents and solvents
were of analytical grade and were used as received from
the suppliers. Aluminium-backed silica gel 60 F,s, plates
purchased from Merck were used to carry out thin layer
chromatography in solvents of varying polarity. Purifica-
tion of 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile by
column chromatography was accomplished using Merck
silica gel 60, 0.063-0.2 mm.

N-CNTs were synthesized in a quartz tube (inner
diameter 27 mm, length 850 mm) placed in a muffle
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furnace (Elite Thermal Systems Limited Model No.
TSH12/50/610). The carrier gas used during synthesis of
N-CNTs was 10 % hydrogen in argon (v/v) purchased from
Airflex Industrial Gases. The rate of injection was con-
trolled by a syringe pump (model no. NE-300, New Era
Pump Systems Inc.).

Characterization

The catalyst, 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile,
was characterized by the use of Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance spec-
troscopy (NMR), mass spectroscopy and determination of
its melting point. The melting point was determined using a
Bibby Stuart Scientific model SMP3 apparatus. Infrared
spectra were recorded on a PerkinElmer Universal ATR
Spectrum 100 FTIR. The 'H and '*C NMR spectra were
recorded on a 400-MHz Bruker Ultrashield spectrometer at
room temperature. A mass spectrum of the catalyst was
obtained from a mass spectrometry (MS) with an electro-
spray ionization (ESI).

Images of N-CNTs were taken using a transmission
electron microscope (TEM) (JEOL JEM 1010) and a
scanning electron microscope (SEM) (JEOL JSM 6100). A
high-resolution TEM (JEOL 2100) was used to take higher
magnification images of the N-CNTs. X-ray diffraction
(XRD) spectra were obtained from a Rigaku D/max RB
X-ray diffractometer equipped with graphite monochro-
matized high-intensity Cu K, radiation (4 = 0.15406 nm).
Elemental analysis was performed on a LECO CHNS-932
elemental analyzer, standardised with acetanilide. To
determine the graphitic nature of the N-CNTs, a Raman
spectrometer (DeltaNu Advantage 532™') was used. The
thermo-stability of N-CNTs was determined using a Q
Series™ Thermal Analyzer DSC/TGA (Q600). The sur-
face energy and acid-base properties were determined with
an inverse gas chromatography surface energy analyzer
(IGC-SEA) (SMS, Alperton, UK). Infrared spectra of
N-CNTs embedded into KBr pellets were recorded on a
PerkinElmer FTIR spectrometer spectrum RX1. The I-V
properties of N-CNTs were determined using a four-point
probe model connected to a digital micro voltmeter (DMV-
001 Scientific Equipment ROORKEE), a low current
source (LCS-02 Scientific Equipment ROORKEE) and a
Proportional Integral Derivative (PID) controlled oven
(PID 200).

Synthesis of 3-ferrocenyl-2-(4-cyanophenyl)-
acrylonitrile

The catalyst, 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile,
was synthesized via a mechanochemical approach under
solvent-free conditions following the procedure outlined by
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Imrie et al. [14]. Ferrocenecarboxaldehyde (200.0 mg,
0.93 mmol) and 4-cyanophenylacetonitrile (132.0 mg,
0.93 mmol) were ground together in the presence of 2
drops of piperidine to yield a maroon paste. The paste was
first dried in air, then under vacuum to obtain a maroon
product. The maroon product was purified by means of
column chromatography on silica gel with a solvent system
of (1:1) hexane/diethyl ether to obtain 3-ferrocenyl-2-(4-
cyanophenyl)acrylonitrile as dark red crystals. Yield
(311.0 mg; yield of 98 %); m. p. 139 °C (lit [14] 140 °C).
IR (cm™") 3099, 3050, 2943, 2225, 2207, 1609, 1585,
1452, 1408, 1367, 1312, 1252, 1178, 1103, 1032, 998, 920,
833, 826, 543, 501, 487, 432; 'H NMR (ppm) in CDCl5:
7.68 (4H, s, ArH), 7.50 (1H, s, CH), 499 (2H, t, J 1.9,
C5H4), 4.61 (ZH, t, J 18, C5H4), 4.24 (SH, S, C5H5), 13C
NMR (ppm) in CDCl; 132.85, 125.45, 146.60, 139.12,
118.56, 118.34, 111.36, 104.52, 77.18, 72.56, 70.68, 70.10.
MS (C,oH,4FeN,) ES: [M]" m/z calcd 338.050638, found
338.0500 (Supplementary Information S1).

Synthesis of N-CNTs

N-CNTs were synthesized by the use of a floating catalyst
CVD method at 800, 850 and 900 °C. The CVD experi-
mental setup and procedure used is described in detail else-
where [15, 16]. Briefly, a flow rate of 0.8 mL min~! was
used to feed a solution of the precursors into a quartz tube
which was placed in the middle of a tube furnace. The
solution was carried through the quartz tube by a carrier gas
made up of 10 % hydrogen in argon (v/v) which was pumped
through the system at a rate of 100 mL min~" at 80 kPa. The
furnace was set to a reaction temperature of 800, 850 and
900 °C for 30 min, and the products were collected from the
hot zone of the quartz tube upon completion of the reaction.

The compound, 3-ferrocenyl-2-(4-cyanophenyl)acrylo-
nitrile, was used as a catalyst while acetonitrile or toluene
was used as a carbon source. In addition to being a carbon
source, acetonitrile also acted as a nitrogen source. The
solution used to synthesize N-CNTs was made by dissolving
0.25 g of the catalyst in 9.75 g of acetonitrile or toluene to
make a total of 10 g of solution (i.e. 2.5 wt% of catalyst).

In order to study the effect of oxygen during synthesis,
acetonitrile was used as a carbon and nitrogen source at a
synthesis temperature of 850 °C. To introduce varying
amounts of oxygen into the synthesis precursors, 1, 2, 3
and 4 wt% of oxygen was derived from ethylbenzoate
using the formula:

total weight of oxygen in x g of ethylbenzoate
10g

wt% oxygen =

%100,

where x g = 0.5, 1.0, 1.5 or 2.0 g of ethylbenzoate.

Exactly 0.5, 1.0, 1.5 or 2.0 g of ethylbenzoate was added
to 0.25 g of the catalyst and each solution was then pre-
pared to a total mass of 10 g with acetonitrile. See Sup-
plementary Information S2 for a summary of the oxygen
and nitrogen percentages in acetonitrile solution. Prior to
characterization, all N-CNTs were synthesized in tripli-
cates and the products from the three runs were pooled
together.

Electrical conductivity measurements

For -V measurements, thin films of the N-CNTs were pre-
pared based on modification of a previously reported vacuum
filtration method [17]. In brief, 30 mg of N-CNTs was sus-
pended in 10 mL of ethanol and sonicated for 30 min to form
a homogeneous mixture. The mixture was vacuum filtered
through Whatman filter paper. The filter paper containing the
N-CNTs was then dried in an oven at 100 °C to evaporate
excess ethanol and adsorbed water. The resulting film of
supported N-CNTs was stored in a sealed container for fur-
ther conductivity analysis. The thickness of the film was
measured using a micrometre screw gauge. To determine the
exact N-CNT film thickness, the thickness of the filter paper
was subtracted from the thickness of the filter paper together
with N-CNTs layer. As a control measure, I-V measure-
ments were performed on the filter paper alone and this
showed no conductivity.

Results and discussion

Synthesis of 3-ferrocenyl-2-(4-cyanophenyl)
acrylonitrile

Mechanochemical grinding of ferrocenecarboxaldehyde and
4-cyanophenylacetonitrile in the presence of a catalytic
amount of piperidine yielded 3-ferrocenyl-2-(4-cyano-
phenyl)-acrylonitrile and water as a by-product (Scheme 1).

Upon grinding the reactants for 2 min, a melt was
formed which turned into a solid after 5 min. Formation of
the product was monitored by the use of thin layer chro-
matography, FTIR and NMR spectroscopy. Formation of
the product was characterized by the disappearance of a
sharp carbonyl absorption band (& 1650 cm™') and the
appearance of a strong nitrile absorption band
(~2207 cm™') in the solid-state FTIR spectra. From the
"H NMR spectra, formation of the product was marked by
the disappearance of a carbonyl proton resonance peak
(~ 10 ppm) and the appearance of an ethylene proton
resonance peak (x7.5 ppm). This was further verified by
the use of '*C NMR spectra, in which the strong carbonyl
carbon resonance peak (& 190 ppm) disappeared, and MS
confirmed that the compound was prepared.
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Scheme 1 Synthesis of

3-ferrocenyl-2-(4- @— CHO
cyanophenyl)acrylonitrile Fe

ferrocene-
carboxyaldehyde

Table 1 Product distribution of N-CNTs and carbon spheres
obtained using either acetonitrile or toluene as the carbon source and
3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile as the catalyst

Exp. Thax (°C) Carbon N- Carbon  Amorphous
source CNTs % spheres carbon %
%
1
a 900 Toluene 10 85 5
900 Acetonitrile 87 - 13
2
a 850 Toluene 50 40 10
850 Acetonitrile 95 - 5
3
a 800 Toluene 5 5 90
800 Acetonitrile 90 - 10

Exp experiment, T,,,, maximum synthesis temperature

Effect of acetonitrile or toluene as carbon source
on selectivity towards N-CNTs

The compound, 3-ferrocenyl-2-(4-cyanophenyl)acryloni-
trile ((M] ™ m/z 338.0500), was used as a catalyst to syn-
thesize N-CNTs in either acetonitrile or toluene. Synthesis
conducted by the use of acetonitrile selectively yielded
mainly N-CNTs (Table 1; Fig. la, 2a) and a small per-
centage of amorphous carbon while toluene yielded a
mixture of N-CNTs and carbon spheres (CS) (Fig. 1b, 2b).
From the TEM images of N-CNTs synthesized in aceto-
nitrile or toluene, bamboo and cup-shaped compartments
(see Fig. 2) associated with nitrogen-doping were evident
[18].

Fig. 1 SEM images of N-CNTs
synthesized at 850 °C using

a acetonitrile and b toluene and
3-ferrocenyl-2-(4-
cyanophenyl)acrylonitrile as the
catalyst. Note that CS are only
present in (b)

. A
2pm EHT =10.00 kv

Signal A= InLens
WD = 7.5mm Mag= 651KX

+ NCHZC—Q—CN

4-cyanophenyl-
acetonitrile

Date :28 Nov 2012
Aperture Size = 30.00 um

CN
1
piperidine ©\7 C _O_ CN
— Fe + H,0
solvent-free @
3-ferrocenyl-2-(4-cyanophenyl)-
acrylonitrile

The selectivity towards formation of N-CNTs when
acetonitrile is used can be explained by considering the
decomposition products of toluene and acetonitrile as well
as the carbon shell formation mechanism [19]. According
to this mechanism, formation of N-CNTs or CS is con-
trolled by two competing processes, i.e. the catalyst for-
ward rate (V) and the carbon shell growth rate (V). When
V,, is greater than V the formation of N-CNT is favoured,
while when V, is almost equal to or less than V a mixture
of N-CNTs and CS is formed [20].

Acetonitrile decomposes to form hydrogen cyanide and
methane in the gas phase as the first generation products
[21]. These carbon species are light hydrocarbons that have
been reported to be efficient sources of carbon material
[22] resulting in V, being higher than V, which favours
formation of N-CNTs. In addition, methane, which is a
smaller molecule and also sp3 hybridised is a better source
of carbon than toluene. We would expect hydrogen cyanide
(sp hybrid) with stronger bonds to be less favourable, but
its small size makes it a lighter hydrocarbon compared to
toluene (spz) which in turn makes it more suitable source of
carbon [22]. On the contrary, toluene decomposes to form
benzyl and phenyl radicals by losing atomic hydrogen and
methyl, respectively [23]. The atomic hydrogen generated
creates a hydrogen-rich surface on the catalyst that does not
favour carbon growth. This results in V,, being equal to or
less than V; leading to formation of CS and N-CNTs.
Additionally, the benzyl and phenyl radicals could act as
nucleation sites to grow icosahedral shells which can roll
up to form carbon spheres [22].

At 850 °C when either acetonitrile or toluene was used,
the highest percentage of N-CNTs was obtained (Table 1,

EHT = 10.00 KV
WD = 88mm

Signal A= InLens

Date 24 Oct 2012
Mag= 511KX Aperture Size = 30.00 pm
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Fig. 2 TEM images of N-CNTs synthesized at 850 °C using a acetonitrile and b toluene and 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile as the

catalyst

entries 2a and 2b). Also the use of toluene at a higher
synthesis temperature (900 °C) yielded more carbon
spheres than N-CNTs, while at a lower temperature
(800 °C) mainly amorphous carbons were obtained
(Table 1, entries 1a and 3a). Since acetonitrile was more
selective than toluene at 850 °C, it was used to investigate
the effect of oxygen during synthesis of N-CNTs at this
temperature.

Effect of oxygen on the synthesized N-CNTs
Effect of oxygen on the yield of N-CNTs

Increasing of the oxygen wt% in the starting materials
resulted in a decrease of the product yield (see Supple-
mentary Information S3). Oxygen could be added up to
4 wt% while maintaining an effective growth of N-CNTs.
Addition of 5 wt% oxygen resulted in formation of more
amorphous carbons than N-CNTs while addition of 6 wt%
oxygen resulted in no product formation. This was expec-
ted, considering that, at high temperatures, oxygen reacts
with carbon present in the reaction chamber to form CO,
species, which exit the chamber as exhaust gases. Hence, as
the weight oxygen percentage was increased, more carbon
was converted to CO, species reducing the carbon supply
needed for N-CNT growth and resulting in a lower yield.
As the weight oxygen percentage increased, the catalyst
particle size also increased due to formation of larger Fe;C
particles (see “Effect of oxygen on crystallinity and
graphene interlayer spacing” section). The larger Fe;C
particles may be poor catalysts for the initiation stage of
N-CNT growth leading to lower N-CNT yields.

Effect of oxygen on nitrogen content of N-CNTs

The use of 3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile in a
solution of ethylbenzoate and acetonitrile at 850 °C yielded

N-CNTs with bamboo compartments as evidenced from the
TEM images (Fig. 3).

From elemental analysis, the use of only acetonitrile
yielded N-CNTs containing 6.4 wt% of nitrogen. The
nitrogen-doping levels increased from 6.4 to 15.7 wt%
upon addition of 1 wt% of oxygen to acetonitrile (Fig. 4).
A further increase in the oxygen content (2—4 wt%) did not
result in an additional increment of the nitrogen-doping
level. Conventionally, the level of nitrogen-doping is
expected to decrease with a decrease in the amount of
nitrogen present in the precursors [24]. However, intro-
duction of 1 wt% oxygen resulted in an increase in nitro-
gen-doping as the wt% of nitrogen in the precursors
decreased. Oxygen is not doped into the tubes but can
enhance the incorporation of pyridinic oxide species. The
analysis shows that a low oxygen concentration (1 wt%)
enhances nitrogen-doping of N-CNTs while higher con-
centrations of oxygen (2-4 wt%) do not favour it. In a
similar manner, Bepete et al. [4]. and Liu et al. [25]
observed an increase in nitrogen-doping level in N-CNTs
upon introduction of low oxygen concentrations using
alcohols and water, respectively. A possible explanation is
that, at low oxygen concentration (1 wt%), a favourable
oxidative atmosphere is which reduces the concentration of
reactive hydrogen species is formed. The reduction of
hydrogen species promotes a conductive environment for
faster chemisorption of nitrogen species into CNTs [26]. In
contrast, higher oxygen concentrations (2—4 wt%) create a
highly oxidative atmosphere that reacts with nitrogen
species forming stable nitrogen dioxide and hence reducing
the amount of nitrogen chemisorbed into N-CNTs.

Effect of oxygen on the morphology of N-CNTs
The OD of N-CNTs can be modulated by varying the levels

of nitrogen-doping in N-CNTs. For example, Kods et al.
reported a decrease in the OD of N-CNTs as a result of
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Fig. 3 TEM images of N-CNTs
synthesized at 850 °C by using
a only acetonitrile, b 1 wt%
oxygen in acetonitrile, ¢ 2 wt%
oxygen in acetonitrile, d 3 wt%
oxygen in acetonitrile. The
oxygen was derived from
ethylbenzoate and the catalyst
used was 3-ferrocenyl-2-(4-
cyanophenyl)acrylonitrile

16

Nitrogen (wt.%)
o0

0 1 2 3 4
Oxygen wt.% in acetonitrile

Fig. 4 Nitrogen content of N-CNTs synthesized using different wt%
of oxygen derived from ethylbenzoate in acetonitrile at 850 °C

increased nitrogen-doping of CNTs [24]. This is because
nitrogen species are predominant on the tube edges leading
to closure of the tubes and making it unfavourable for
further graphitic layering [27]. N-CNTs synthesized using
0-4 wt% oxygen in acetonitrile showed an average OD of
42-60 nm (Table 2).

The largest average OD was 60 nm from N-CNTs syn-
thesized in acetonitrile only, while the smallest average OD
was 42 nm from N-CNTs synthesized in the presence of
4 wt% of oxygen. In general, addition of 1-4 wt% of oxygen
to acetonitrile resulted in a decrease of the OD. Since the
nitrogen-doping levels directly correlate with OD, it is pos-
sible that the decrease in tube OD was due to an increase in
nitrogen-doping (Fig. 4). This observation parallels those
reported by Liu et al. who observed a constant decrease of
tube OD with increase of nitrogen-doping in N-CNTs [11].
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However, at higher oxygen concentrations (2—4 wt% oxy-
gen), a further decrease in the OD of N-CNTs can be asso-
ciated with etching of the outer walls. The etching effect on
N-CNTs caused by high oxygen concentrations was
observed from HR-TEM image analysis (Fig. 5).

Images of N-CNTs synthesized in higher oxygen contents
(3—4 wt% oxygen) had evidence of partially formed tubes,
serrated tube walls and reduced wall thickness (Fig. 5). This
could imply that at higher oxygen concentration a highly
oxidative atmosphere forms in the reaction chamber. The
highly oxidative atmosphere etches the outer walls of the
N-CNTs leading to formation of thinner tube walls. Another
possible explanation is that oxygen forms a stable oxidised
ring around the outer walls of N-CNTs. The stable oxidised
ring hinders further deposition of carbon layers onto the
outer walls of N-CNTs thus resulting in smaller OD [26]. In
general, the wall thickness reduced as increasing amounts of
oxygen were added to acetonitrile. The inner diameters of
N-CNTs were observed to increase with increase in oxygen
percentage. This increase in inner diameter can be attributed
to an increase in the catalysts size (Fig. 6) as the oxygen
percentage increased. As the catalyst size increases, its
diameter also increases resulting in an increase in the size of
the inner cavity of N-CNTs [28]. Ci et al. [29] who observed
an increase in inner diameters of CNTs with increasing iron
catalyst size made similar observations.

Effect of oxygen on crystallinity and graphene interlayer
spacing

XRD characterization of CNTs gives useful information on
structural strain, impurities, OD and distribution of
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Table 2 Effect of oxygen on the morphology of N-CNTs synthesized using acetonitrile and ethylbenzoate at 850 °C and 3-ferrocenyl-2-(4-
cyanophenyl)acrylonitrile as the catalyst

wt% oxygen  Ave. OD =+ SD (nm)*  Ave. ID + SD (nm)*  Ave. wall thickness & SD (nm)® N-CNTs %  Amorphous carbon %
0 60 * 40 22+ 19 14x5 95 5
1 55+ 23 35+20 76 90 10
2 47 £ 24 32 +£21 5+3 85 15
3 46 £ 22 36+ 16 4+3 78 22
4 42 £ 20 39+ 17 4x4 65 35

Ave. average, OD outer diameter, /D inner diameter, SD standard deviation

# Experimentally measured values

Fig. 5 HR-TEM images of
N-CNTs synthesized at 850 °C
using a only acetonitrile,

b 1 wt% oxygen, ¢ 3 wt%
oxygen and d 4 wt% oxygen in
acetonitrile and 3-ferrocenyl-2-
(4-cyanophenyl)acrylonitrile as
the catalyst

Reduced wall

thickness

chirality in CNTs [30]. The intensity and width of the Cy,
reflection of graphene can be associated with various
microstructural parameters of N-CNTs, namely: the num-
ber of graphene layers, variations of the interlayer spacing,
lattice distortions, tube OD, tube alignment and crystal-
linity of the graphene layers [31]. The XRD patterns of
N-CNTs are similar to that of graphite and comprise of a
graphite-like peak (Cyg, ;) associated with the interlayer
spacing of graphene and a family of (C, ;) peaks caused
by the honeycomb lattice of a single graphene sheet [30].

The diffractograms of N-CNTs synthesized using
0—4 wt% oxygen in acetonitrile are shown in Fig. 6. For all
diffractograms, the peak at 20 = 26.4° showed a strong

Larger wall
thickness

Etched
tube walls

intensity and it was indexed as the C(op) reflection of
graphite [31]. The Cp) peak of N-CNTs synthesized
using acetonitrile alone was sharper and narrower com-
pared with the C(ooy) peaks of N-CNTs synthesized in the
presence of oxygen. Additionally, the full widths at half
maxima (FWHM) of the Cyy, peaks increased linearly
with increase in oxygen content in the precursors (Table 3).

Broadening of the FWHM of the C ooz, peak can either
be due to a decrease in crystallinity caused by an increase
in the nitrogen-doping levels, or a decrease in OD of the
N-CNTs. An increase in nitrogen-doping increases the
structural strain by increasing the surface defects on the
regular graphite layers of the CNTs leading to broadening
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*Fe;C
& —%— 0 wt.% oxygen
— 1 wt.% oxygen
—— 2 wt.% oxygen
Caon —+— 3 wt.% oxygen

—— 4 wt.% oxygen

Cao Coo0s)

Intensity

@ Ar e GBI s Yo st e e,
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50 60 70 80
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Fig. 6 XRD diffractograms of N-CNTs synthesized using 0—4 wt%
oxygen in acetonitrile at 850 °C using 3-ferrocenyl-2-(4-cyano-
phenylacrylonitrile as the catalyst. The residual iron carbide from
the catalyst is symbolised by an asterisk

Table 3 X-ray structural parameters of N-CNTs synthesized using
0-4 % oxygen in acetonitrile at 850 °C and 3-ferrocenyl-2-(4-cya-
nophenyl)acrylonitrile as the catalyst

wt% FWHM Intensity Interlayer Intensity  Interlayer

oxygen of Cppy o0f Co2y spacing of of Fe;C  spacing of
peak (°) peak Co2) peak  peak Fe;C (nm)

(nm)

0 1.258 8113 0.3369 3810 0.2328

1 1.519 6425 0.3386 3833 0.2330

2 1.847 4921 0.3407 6577 0.2335

3 2.794 3135 0.3464 23260 0.2332

4 4.296 6053 0.3506 923 0.2331

FWHM full width at half maximum

of the FWHM [32]. Hence, N-CNTs synthesized in the
presence of acetonitrile alone, which had a smaller FWHM
were considered more crystalline than those synthesized in
the presence of oxygen [33].

Likewise, broadening of the C ) peak can be induced
by an increase in structural strain resulting from changes in
the interlayer spacing (d-spacing). The d-spacing of the
synthesized N-CNTs was ~0.34 nm (Table 3) which is
comparable to those documented in previous reports [34,
35]. From XRD analysis, the value of the calculated
d-spacing was observed to increase with a decrease in the
tube OD and wall thickness caused by the addition of
oxygen. Previous studies have shown that as the tube OD
decreases, the number of walls reduces and the curvature of
the tube walls increases resulting in increased strain in the
nanotubes [35]. The increase in strain brings about col-
umbic repulsions between like charges on the walls
resulting in an increased d-spacing and FWHM. On the
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contrary, as the tube OD increase, the wall curvature
decreases leading to a decrease of strain in the nanotubes.
This results in an increased interaction between the walls
leading to a decrease of the d-spacing. Hence, the increase
in d-spacing and FWHM resulting from a decrease in tube
OD and wall thickness was consistent with observations in
the literature [35]. The intensity of the C gy, peak showed
a correlation with the alignment of N-CNTs which is dis-
cussed in “Effect of oxygen on alignment of
N-CNTs”section

A peak at =x38.6° with an interlayer spacing of
~0.23 nm was observed in all the diffractograms and it
was indexed as the Fe;C reflection [36]. The presence of
Fe;C peak could imply that Fe;C was the predominant
catalytic phase during N-CNTs growth as suggested by
Wirth et al. [37] From the diffractograms, addition of
1-3 wt% of oxygen did not hamper the formation of Fe;C,
but instead promoted it as the peak intensity increased
when 1-3 wt% of oxygen was used. This increment in
residual iron carbide was also evidenced from the ther-
mogravimetric curves of N-CNTs (Fig. 8) which showed
an increase in the residual weight when 1-3 wt% of oxy-
gen was used. However, addition of 4 wt% oxygen resulted
in a sharp decrease in the intensity of the Fe;C peak and the
residual weight of N-CNTs. This could imply that addition
of 4 wt% oxygen retarded the formation of Fe;C. Fur-
thermore, as the Fe;C reflection intensity increased, the
C002) intensity was observed to decrease monotonically.
This could imply that the crystallinity of Fe;C influenced
the intensity of Cyg2) peak.

Effect of oxygen on the graphitic nature of N-CNTs

The graphitic nature of the N-CNTs was determined using
Raman spectroscopy. The Raman spectra of all synthesized
N-CNTs showed two first order peaks, i.e. a disorder band
(D-band) at 1345-1367 cm 'and a graphitic band (G-
band) at 1553-1601 cm ™! (Fig. 7a). The D-band corre-
sponds to the A;, breathing modes of disordered carbon
networks, while the G-band corresponds to splitting of the
E,, stretching modes of graphitic carbon networks [38].
The ratio of the integrated area of the D-band to that of the
G-band (Ip/Ig) was used to determine the level of disorder
in N-CNTs [39, 40].

Doping of CNTs with nitrogen introduces disorder in the
regular graphite layers of CNTs, hence an increase in the
nitrogen-doping of CNTs results in an enhanced D-band
leading to a higher Ip/Ig ratio [41]. The Ip/Ig ratios of the
N-CNTs increased when 1 wt% oxygen was used, how-
ever, upon addition of 2—4 wt% oxygen, the Ip/Ig ratio
decreased but retained a value higher than that of N-CNTs
synthesized without oxygen (Fig. 7b). The higher Ip/Ig
ratio of N-CNTs synthesized in the presence of oxygen
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Fig. 7 a Raman spectra and b Ip/Ig ratios of N-CNTs synthesized
using 0—4 wt% of oxygen in acetonitrile at 850 °C and 3-ferrocenyl-
2-(4-cyanophenyl)acrylonitrile as the catalyst

indicates that addition of oxygen increased nitrogen-doping
which in turn increased the structural defects in N-CNTs
[42]. This increase in structural defects can be attributed to
an increased disturbance of perfect hexagonal structure and
layering of the graphene sheets due to introduction of
pentagons or heptagons [41]. The observations made from
Raman spectroscopy were in good agreement with the
nitrogen content derived from elemental analysis of the
synthesized N-CNTs (cf. Figure 7b, 4).

From the Raman spectra, the G-bands of all N-CNTs
were spilt into two peaks at ~1553 and ~1601 cm™'
associated with the G~ and G* modes, respectively. The
G~ mode arises from atomic displacement along the cir-
cumferential direction and it is indicative of the presence of
metallic CNTs [43]. The G™ mode arises from atomic
displacement along the tube axis and it is related to the
chirality of N-CNTs [44]. As the amount of oxygen in
acetonitrile increased from O to 4 wt%, the G~ peak
diminished while the G* peak intensified. Diminishing of
the G~ peak indicated that increasing the amount of oxy-
gen decreased the abundance of metallic N-CNTs [43].
While the increase in intensity of the G* peak implied that
as the percentage of oxygen increased the chirality of
N-CNTs changed from a low chiral angle (zigzag) to a high

chiral angle (armchair) [44]. This shift is attributed to an
increase in the comprehensive strain of the C—C bonds or
C—C-C angles in the graphene structures as the OD of the
N-CNTs decrease and the curvature increases; which is in
agreement with our XRD analysis [45].

The G-band of N-CNTs synthesized with 4 wt% oxygen
was mainly composed of the G* peak and a very weak G~
peak appearing as a peak shoulder. This resulted in a more
symmetrical G-band, showing an exceptionally high
intensity relative to the D-band (Fig. 7a). The high G-band
intensity could be indicative of a single peak component
arising from N-CNTs with a homogenous low OD and a
single chirality. CNTs with small OD (<10 nm) have been
reported to exhibit a strong G-band intensity compared
with the D-band intensity [35]. Also, the Raman spectra of
N-CNTs synthesized with 4 wt% oxygen showed peaks at
296.5 and 310.6 cm™' (see Supplementary Information
S4). These peaks can be attributed to the radial breathing
mode (RBM) of the thin walled tubes present in this
sample. These observations are analogous to those made
from the Raman spectra of single-walled CNTs
(SWCNTs), which exhibit a RBM and a very strong
G-band compared to the D-band [30].

Effect of oxygen on the thermal stability of N-CNTs

Thermal stability of N-CNTs was investigated by the use of
TGA analysis. The thermograms and derivative thermo-
grams (DTG) are shown in Fig. 8. From the thermograms
and DTG, it can be deduced that N-CNTs synthesized with
oxygen in acetonitrile exhibit a lower initial decomposition
temperature (X420 °C) compared with N-CNTs synthe-
sized in acetonitrile only (& 510 °C). The thermal stability
of N-CNTs was also observed to decrease as the amount of
oxygen in acetonitrile increased (Fig. 8a). This decrease in
thermal stability can be attributed to an increase in defects
introduced by the nitrogen-doping level. Such defects can
act as hot spots in the sample, which initiate decomposition
at lower temperatures, and thus result in a lower thermal
stability of N-CNTs [46].

Addition of oxygen also lead to an increase in the
amount of amorphous carbons (Table 2) which are less
thermally stable and hence posses a lower initial decom-
position temperature. The DTG of N-CNTs synthesized
with 1-4 wt% oxygen in acetonitrile revealed the appear-
ance of peaks (marked by a dashed line) at ~420 °C upon
introduction of oxygen. These peaks are ascribed to the
presence of amorphous carbons. The derivative weight of
these peaks was observed to increase as the amount of
oxygen incorporated into acetonitrile increased. In contrast,
the derivative weight of the peaks at ~510 °C (marked
with a continuous line), which are associated with N-CNTs,
was observed to decrease with a decrease in oxygen
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Fig. 8 a Thermograms and b derivative thermograms of N-CNTs
synthesized using 0—4 wt% of oxygen in acetonitrile at 850 °C and
3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile as the catalyst

content. This could imply that as the oxygen percentage is
increased the amount of amorphous carbons increases
leading to an overall decrease in thermal stability of
N-CNTs [47]. Similar observations were made from TEM
analysis summarised in Table 2 whereby the distribution of
amorphous carbon increased with the increase of oxygen
content. The trend of decreasing thermostability from TGA
analysis concurred with the increase in FWHM observed
from XRD analysis.

Effect of oxygen on alignment of N-CNTs

The alignment of N-CNTs was determined from the SEM
images and analysis of wide-angle XRD diffraction pat-
terns. For each sample, at least twenty SEM images of
N-CNTs were analysed and the representative images are
shown in Fig. 9. From the SEM images, N-CNTs synthe-
sized using acetonitrile mainly showed a tangled mor-
phology, while N-CNTs synthesized using 1-4 wt% of
oxygen in acetonitrile mainly showed an aligned mor-
phology. For example, vertically aligned N-CNTs with
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open tube-ends were observed from the SEM images of
N-CNTs grown from 3 wt% of oxygen (Fig. 9c).

The degree of alignment of N-CNTs was also deter-
mined by evaluating the intensity of the Cooy) peak of the
N-CNTs from the XRD diffraction patterns. Cao et al.
reported that the intensity of the Co, peak decreases as
the alignment of CNTs increases [48]. From our results, the
Coo2) peak intensities of N-CNTs synthesized using
0-3 wt% of oxygen were seen to decrease with an increase
in oxygen content (Fig. 6; Table 3). This could imply that
the degree of N-CNT alignment increased with an increase
of oxygen content from O to 3 wt%. Thus, the trend of the
variation in the alignment of the N-CNTs observed from
the XRD analysis supported the trend observed from the
SEM images. Since oxygen possesses a ‘cleaning effect’ on
as-grown CNTs [49], it is possible that incorporation of a
low oxygen content brings about etching of the outer walls
of CNTs resulting in the formation of more aligned
N-CNTs.

Effect of oxygen on the surface chemistry of N-CNTs

The surface chemistry of N-CNTs was investigated by
means of inverse gas chromatography (IGC)-surface
energy analysis and FTIR. From the IGC analysis, addition
of oxygen to acetonitrile modified the surface energy and
acid-base properties of the N-CNTs (Table 4). The dis-
persive surface energy (ys”) of N-CNTs was determined
using the Doris and Gray method [50]. N-CNTs synthe-
sized in the presence of oxygen showed an appreciably
high ps” (>70 mJm~?) which was higher than the 7s” of
N-CNTs synthesized with acetonitrile only (Table 4). The
increased s of N-CNTs synthesized using oxygen was
attributed to an increase in: surface defects on the graphene
layers, nitrogen-containing functional groups with high ys”
and open tube ends [51]. Similar observations were also
made from elemental analysis and Raman spectroscopy.

The surface acid-base properties of N-CNTs were
evaluated using dichloromethane, acetonitrile and ethyl
acetate as the polar probes. To compare the surface basicity
of different N-CNTs, the Lewis base constant K, was used
[52]. The basic constant (K;,) of N-CNTs synthesized in the
presence of oxygen was higher than that of N-CNTs syn-
thesized with acetonitrile only (Table 4). This suggests that
the surface of N-CNTs synthesized in the presence of
oxygen contained more basic functionalities than that of
N-CNTs synthesized in acetonitrile only [5].

The FTIR spectra of N-CNTs synthesized using
0-4 wt% oxygen in acetonitrile is presented in Fig. 10. A
broad band at 3427 cm ™' was observed in all spectra and it
was consistent with the —OH stretching vibration of
hydrogen bonded alcohols or carboxylic acids [45]. Since
the band at 1723 cm™" attributed to the C=0O group was
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Table 4 Surface energy and surface chemistry of selected N-CNTs
synthesized at 850 °C using 3-ferrocenyl-2-(4-cyanophenyl)acrylo-
nitrile as the catalyst

wt% Nitrogen  Surface energy Ka K, Ko/Ky
oxygen (wt%) (ysD ) mJm ™

0 6.4 34 0.0500 0.3888 0.1286
1 15.7 112 0.1121 0.7183 0.1560
2 14.9 78 0.0818 0.6432 0.1272

weak, the broad peak at 3427 cm~! was ascribed to alco-
hols. The peaks at 2949 and 2871 cm™' were designated as
the stretching vibration of CH, and CHj3 groups [53]. The
peak at 2381 cm™' was designated as the stretching
vibrations of C-O groups [54]. The aromatic stretching
modes of the C=C present in the graphene structure of
CNTs were observed at 1678 cm™!, while the C—H vibra-
tion modes were assigned to the peaks at 788 and
699 cm ' [53]. The presence of N-CNTs was evidenced by
the existence of peaks at 1567, 1389 and 1110 cm™!
assigned to stretching vibrations of C=N, C-NH3; and C-N
functional groups, respectively [2, 54-56].

Doping of CNTs with nitrogen results in substitution of
an sp” carbon with nitrogen to form C=N or C-N bonds
showing IR activity [54]. The intensity of the peak at
1567 cm ™" assigned to the C=N group was observed to

increase when 1-4 wt% oxygen in acetonitrile was used to
synthesize N-CNTs. For N-CNTs synthesized without
oxygen, the intensity of the C=N band at 1567 cm™"' was
smaller than that of the C=C band at 1678 cm™'. On the
contrary, for N-CNTs synthesized using 1-4 wt% oxygen
the intensity of the C=N band at 1567 cm™ "' was larger than
that of the C=C band at 1678 cm™'. This increase in
intensity of the C=N peak at 1567 cm™' can be related to
an increase in nitrogen-doping level, which was also
observed from elemental analysis. The increase in density
of C=N functional groups observed from the FTIR spectra
could be related to an increase of basic functional groups
such as pyridinic or pyridinic oxide species as observed
from the IGC analysis. Such N-CNTs can be used as metal-
free catalysts or as metal catalyst supports [8].

Effect of oxygen on the conductivity of N-CNTs

The conductivity of all N-CNTs was determined by the use
of a four-point probe within a temperature range of
296-383 K. To calculate the conductivity (¢) in S m™', the
following equation was used:

1 h [A
conductivity (o) = m and p = 117:_2 [Tv]’

where p is the resistivity, & is the film thickness, AV is the
change in voltage and [ is the measured current.
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Fig. 10 FTIR spectra of N-CNTs synthesized using (a) only aceto-
nitrile, (b) 1 wt% oxygen, (c) 2 wt% oxygen, (d) 3 wt% oxygen and
(e) 4 wt% oxygen in acetonitrile at 850 °C and 3-ferrocenyl-2-(4-
cyanophenyl)acrylonitrile as the catalyst

For all N-CNTs, a buckypaper (compact film) was
obtained by pressurising the N-CNTs to a similar film
thickness. The electrical properties of buckypapers are
dependent on the inter-tube interactions between individual
N-CNTs, nanotube junctions, length of the N-CNTs, purity,
type, and preparation techniques [57]. High inter-tube
interactions improve the overall electrical properties of
N-CNTs by minimizing the internal resistance [58]. To
improve the inter-tube interactions of the intermingled
N-CNTs, a high pressure which was also consistent was
used during formation of the buckypaper.

The conductivity of all N-CNTs increased with increase
in temperature implying that the samples exhibited semi-
conducting properties (Fig. 11).

Increasing the amount of oxygen in acetonitrile from 0
to 4 wt% resulted in a decrease of conductivity. This
decrease in conductivity was directly related with the
decrease of N-CNTs OD and N-CNTs junctions resulting
from addition of 0—4 wt% oxygen. As the OD and junc-
tions of N-CNTs decreased, the mean free path of charge
carriers also decreased therefore decreasing the conduc-
tivity of N-CNTs [59]. Additionally, as the OD decreases
the columbic repulsion between graphene layers of
N-CNTs increases (see “Effect of oxygen on crystallinity
and graphene interlayer spacing” section). The increased
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Fig. 11 Conductivity of N-CNTs synthesized at 850 °C using
0—4 wt% oxygen in acetonitrile and 3-ferrocenyl-2-(4-cyano-
phenyl)acrylonitrile as the catalyst

columbic repulsion can induce polarisation effects, which
may block transmission of electrons by increasing the
resistance in N-CNTs and in turn reducing the current flow
in N-CNTs. Ibrahim et al. [5], who reported a decrease in
conductivity as the tube OD decreased and the nitrogen
doping levels increased, made similar observations.

Conclusions

We have reported the successful synthesis of N-CNTs using
3-ferrocenyl-2-(4-cyanophenyl)acrylonitrile as a novel
catalyst. The use of acetonitrile as a carbon source selec-
tively formed only N-CNTs while the use of toluene as a
carbon source yielded a mixture of N-CNTs and carbon
spheres. Selectivity towards N-CNTs formation was
accredited to the decomposition products of acetonitrile
when used as a carbon source. The results obtained dem-
onstrate that nitrogen-containing organometallic com-
pounds are versatile catalysts for synthesis of N-CNTs
because they act as catalysts and as a nitrogen source. We
have also demonstrated a simple approach of tuning the
nitrogen content, surface energy, surface basicity, align-
ment, and conductivity of N-CNTs by adding a low con-
centration of oxygen derived from an ester, namely,
ethylbenzoate. The bulk electronic and physical properties
of N-CNTs were strongly influenced by the OD of N-CNTs
that was modulated by adding oxygen to acetonitrile. Low
oxygen concentrations were favourable for the growth of
well-aligned N-CNTs containing higher levels of nitrogen.
However, there is a need to conduct further studies to
determine the mechanism by which low oxygen concen-
trations influence the physicochemical properties of
N-CNTs.

Supplementary material
Supplementary Material Available: Tables detailing mole

ratios used during synthesis and data obtained from yields
of products. A figure obtained from Raman spectroscopy.
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