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nd crystallinity differences in
nitrogen-doped carbon nanotubes grown by
chemical vapour deposition decomposition of
melamine over coal fly ash†

Lerato Hlekelele,ab Paul J. Franklyn,b Pranav K. Tripathiab and Shane H. Durbach*ab

Millions of tons of coal fly ash (CFA) are produced each year in thermoelectric coal powered stations as

a waste-product. Until recently few researchers have endeavored to use CFA as a catalyst in the

formation of carbon nanomaterials (CNMs). In this study a two-stage tube furnace was used to

synthesize N-doped carbon nanotubes (NCNTs) by chemical vapor deposition using melamine as the

source of nitrogen and carbon, with CFA as a catalyst, at temperatures ranging from 800 to 900 �C. The
masses of the NCNTs formed were found to have increased with increased synthesis temperature. The

morphology and crystallinity of the NCNTs along with the amount of nitrogen incorporated into these

were found to vary with the synthesis temperature. NCNTs synthesized at 800 �C were found to be

typical multiwalled carbon nanotubes by transmission electron microscopy, whereas those at 850 and

900 �C were found to be chain-like and bamboo-like compartmentalised nanotubes respectively. The

NCNTs synthesized at 800 �C were found to contain the least incorporation of nitrogen by elemental

analysis and were the most crystalline (as determined by using the IG/ID ratio and the G-band position

from laser Raman spectroscopy), whereas those at 850 �C were the least crystalline but had the highest

incorporation of nitrogen. NCNTs synthesised at 800 �C were the most thermally stable, whereas those

synthesized at 850 �C were the least stable. NCNTs synthesized at 900 �C had a crystallinity, thermal

stability and nitrogen content which lay between the other two.
Introduction

Coal y ash (CFA) is an industrial by-product that is generated
during the combustion of ground coal in thermoelectric coal
powered stations.1,2 Inorganic minerals form the major part of
CFA, accounting for 90–99% of its matrix, whereas organic and
uid components account for 1–9% and 0.5% respectively.3–5

CFA is a powdery material consisting of mainly spherically-
shaped porous solid and hollow aluminosilicates particles.5

The chemical composition of CFA consists of inorganic oxides
such as: silica, alumina, haematite, lime, magnesium oxide,
potassium oxide and titania amongst others.3–6 The reclamation
of CFA is vital because of the 800 Mt of CFA produced globally
each year only 25% is reused, with the rest being disposed of in
landlls and ash ponds.7
aterials, University of the Witwatersrand

, South Africa. E-mail: Shane.Durbach@

emistry, University of the Witwatersrand

South Africa

tion (ESI) available. See DOI:

hemistry 2016
Several researchers have demonstrated that CFA can be used
in catalysis.3,8–12 For instance Xiaoping Xuan et al. investigated
the selective catalytic reduction of NO with NH3 using Fe, V, Ni
and Cu supported on CFA.8 CFA has also been shown to be
a visible light photocatalyst and has been used to degrade 60%
of 0.1 mM thionine solution in 4 h.9 However, few reports on the
synthesis of carbon nanomaterials (CNMs) from CFA have been
made. Dunens et al. reported on the xed bed catalytic chemical
vapour deposition (CVD) synthesis of undoped carbon nano-
tubes (CNTs) through the decomposition of acetylene on Fe-
impregnated CFA.10 On the other hand, various undoped
carbon nanomaterial morphologies: ropes, branches, whiskers
and graphene sheets have been observed when polyvinyl
alcohol and y ash lms were subjected to pyrolysis at 500 �C
for 10 min in a nitrogen atmosphere.11 Carbon nanobers
(CNFs) have been synthesized in our group by the decomposi-
tion of acetylene on y ash in a reducing gas atmosphere by
CVD.12 Likewise we have shown that the yields of CNFs could be
enhanced by pre-treating CFA with CO2 before the introduction
of C2H2 and H2.13 Saudi Arabian and Japanese CFA have also
been used to synthesize undoped CNTs.14,15 Similarly, Salah
et al. have optimised the synthesis parameters (temperature,
gas pressure, growth times, and gas ow rates for the
RSC Adv., 2016, 6, 76773–76779 | 76773
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Fig. 1 Two-stage chemical vapour deposition set-up.
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decomposition of C2H2 in the presence of H2) for the growth of
undoped MWCNTs on carbon rich CFA by low pressure chem-
ical vapour deposition (LPCVD).14 However, to date the
synthesis of heteroatom-doped (i.e. nitrogen, phosphorus,
sulphur or boron) CNTs over waste CFA has not been reported.

Since the rediscovery of carbon nanotubes (CNTs) by Iijima
in 1991,16 a great deal of research has been focused on ne-
tuning the chemical properties of CNTs for various applica-
tions. One method which has been employed has been the
manipulation of the chemical properties of CNTs by doping
them with heteroatoms such as nitrogen and boron.17 For
instance, NCNTs have been shown to have a strong affinity to
metals, which has resulted in good dispersion of metal nano-
particles on their surfaces for applications in catalysis.18 The
optical and electronic properties of CNTs have also been
improved by N-doping.19

Although there has been some benet in doping CNMs with
other heteroatoms such as: phosphorus, sulphur and boron,
doping with nitrogen has offered advantages that were not
observed with these other dopants. For example, the electro-
chemical activity of NCNTs was found to have improved when
used as metal-free electrocatalysts for oxygen reduction reac-
tions.20,21 This improved activity was attributed to the net posi-
tive charge on the carbon atoms, which was created by the
dopant nitrogen atoms that had higher electronegativities than
their carbon neighbours.21 The other common heteroatom
dopants (i.e. phosphorus and boron) have lower electronega-
tives relative to carbon atoms, thus this effect is almost exclu-
sive to nitrogen dopants. Furthermore, nitrogen has been
doped into carbon nanostructures in different congurations,
i.e. pyridinic, quaternary and pyrrolic.19,22,23 Indeed, it has been
shown that pyridinic-N substituents had localized lone pairs
which were active in base catalysed reactions, which is an
advantage that has not been observed with other heteroatom
doped CNMs.19

To achieve N-doped CNMs, chemicals such as: pyridine,
aniline, ammonia, melamine and acetonitrile, amongst others
have been used as precursors for the synthesis of NCNTs.24,25 In
this study, melamine was used as a lone carbon and nitrogen
source as it is an organic molecule which has 67% nitrogen by
mass, similar to that of carbon nitride (C3N4).26

Low-cost production of NCNTs is a desirable prospect as the
current methodologies require the use of expensive precursors
and catalysts. Since the cost of melamine is relatively low and y
ash is practically free, this served as an opportunity to deal with
both of the above-mentioned limitations. In this paper the two-
stage CVD synthesis of NCNTs from melamine over CFA has
been reported for the rst time. Here the effects of synthesis
temperature on the morphology, crystallinity, and amount of
nitrogen incorporated into these NCNTs were also investigated.

Experimental
Synthesis

The CFA used for this study was obtained from the Electricity
Supply Commission (ESCOM) of South Africa's Research and
Innovation Centre in Rosherville (which they had collected from
76774 | RSC Adv., 2016, 6, 76773–76779
hoppers at the Duvha power station). This raw CFA was used
without any chemical or physical pre-treatments. Analytical
grade melamine (Sigma-Aldrich) was used as purchased.

In this study a two-stage furnace with separate temperature
controllers was used for the CVD synthesis of NCNTs (Fig. 1). A
mass 1 g of melamine was weighed into a quartz boat which was
placed into a quartz reactor tube and then inserted in the
middle of the rst-stage furnace (Fig. 1). A second quartz boat
containing a mass of 0.5 g of raw CFA was placed in the middle
of the second-stage furnace (Fig. 1). Nitrogen gas was intro-
duced into the quartz reactor tube through the inlet at a ow
rate of 50 ml min�1 throughout the duration of the experiment.
The second-stage furnace was initially heated, at a heating rate
of 10 �C min�1, to: 800, 850 or 900 �C for the three separate
experiments. Once the second-stage furnace had reached its set
temperature then the rst-stage furnace (with melamine) was in
all cases rapidly heated to 350 �C at 35 �C min�1. CFA is an
inhomogeneous material, as such small variances in these
results were obtained. To overcome this, experiments were
conducted in triplicate. Thus the results reported in this article
were the best representation of these experiments. NCNTs were
also synthesized under exactly the same conditions for
comparison using a more traditional catalyst, 5% Fe@CaCO3

instead of CFA. Calcium carbonate is one of the most commonly
used catalyst supports (especially for catalysts like Fe and Co)
for the synthesis of CNTs.27,28 In order to make a fair compar-
ison, Fe (5%) was wet-impregnated onto CaCO3, as Fe was
previously shown to be the active metal for the growth of CNMs
on CFA under CVD conditions.
Characterization

The raw CFA and the carbonaceous products formed in the
reaction between the raw CFA andmelamine were characterized
by using: transmission electron microscopy (TEM, FEI Tecnai
G2 Spirit electron microscope at 120 kV), scanning electron
microscopy (SEM, FEI NOVA nanolab 600 FIB/SEM), laser
Raman spectroscopy (Jobin-Yvon T64000 Raman spectrometer,
with the excitation wavelength of 514.5 nm), Fourier transform
infrared spectroscopy (FTIR, Bruker Vector 22 FT-IR spectrom-
eter) and thermogravimetric analysis (TGA, Perkin Elmer Pyris 1
This journal is © The Royal Society of Chemistry 2016
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TGA). The amount of nitrogen incorporated in the carbona-
ceous materials was measured through CHNS analysis using
a Carlo Erba EA 1108 Organic Elemental Analyzer. X-ray uo-
rescence spectroscopy (XRF, PANalytical PW2404 XRF spec-
trometer) and powder X-ray diffraction (PXRD, Bruker D2
PHASER diffractometer Ni-ltered Co Ka radiation), were also
used in the analysis of the raw CFA and/or CFA aer melamine
decomposition.
Fig. 2 PXRD pattern of the: (a) raw CFA and (b) CFA after the
decomposition of melamine on its surface at 800 �C.

Fig. 3 (a) SEM micrograph and (b) TEM micrograph of raw CFA
showing spherical particles with varying diameters.
Results and discussion

Data obtained by XRF spectroscopy showed that the raw CFA
was pozzollanic (Table 1). According to the American Society for
Testing Materials (ASTM C618), it was also classied as class F
CFA because the concentration of: SiO2, Al2O3 and Fe2O3

accounted for more than 70% of its composition.5 XRF data also
revealed modest amounts of Fe-related compounds (i.e. Fe2O3-
0.57% and FeO-4.64%). For the purposes of this study this was
desirable as minerals containing iron in CFA have previously
been shown to be the active catalyst for the CVD synthesis of
CNMs.12 Silica and quartz were also identied using XRF spec-
troscopy and have been used as catalyst supports in the
synthesis of CNTs using the CVD method.29

PXRD analysis of the raw CFA (Fig. 2(a)) indicated that its
main mineralogical constituents were: quartz, mullite and
haematite. Minor constituents, not highlighted in Fig. 2, con-
sisted of oxides of: magnesium, potassium, titanium and
sodium. The PXRD pattern of CFA aer the decomposition of
melamine showed a broad peak at the 28� 2q position as
highlighted on Fig. 2(b), which was indicative of the presence of
carbonaceous products which had formed.

The morphology of CFA particles has usually been deter-
mined by the pyrolysis and cooling temperatures of coal.4 SEM
and TEM micrographs of the raw CFA revealed spherical parti-
cles, predominantly of silica and alumina, which had diameters
that ranged between 1 and 15 mm (Fig. 3(a and b)).

Throughout these studies it was observed that the average
masses of the carbonaceous products that were synthesized
increased (i.e. 55, 112 and 310 mg) as the second-stage furnace
temperature was increased (i.e. 800, 850 and 900 �C, respec-
tively). This was attributed to the increased rate of decomposi-
tion of melamine on the CFA catalyst surface at higher
temperatures. This was further qualied by thermogravimetric
Table 1 Composition of raw CFA as determined by XRF spectroscopy

Mineral %/mass

SiO2 58.14
Al2O3 28.79
Fe2O3 0.57
FeO 4.64
MnO 0.05
MgO 1.04
CaO 3.54
Na2O 0.05
K2O 0.77
TiO2 1.57

This journal is © The Royal Society of Chemistry 2016
analysis (TGA), where it was observed that 60% of the products
synthesized at 900 �C decomposed at temperatures between 30
and 900 �C, whereas 11 and 22% of the products synthesized at
800 and 850 �C respectively, decomposed (S1†). The percentage
yield of the synthesized carbonaceous materials at various
temperatures were calculated using eqn (1) (S2†). The highest
yield was found for the product synthesized at 900 �C (44%),
whilst experiments at 800 and 850 �C had percentage yields of
24 and 31% respectively. FTIR spectroscopy was used to char-
acterise the carbonaceous products, where it was found that
they were unlike CFA or the undecomposed melamine (S3†).
Peaks at wavenumbers at 1445 cm�1 were associated with the
CNTs, while those at 1385 cm�1 (N–CH3), 1170 cm�1 (C–N) and
2188 cm�1 (C]N) were associated with nitrogen containing
carbonaceous materials (suspected to be NCNTs).30 These
carbonaceous products were then characterised by TEM.

TEM analyses revealed that the carbonaceous materials
synthesized at the various temperatures were tubular in
morphology. For instance, the samples synthesized at 800 �C
were found to be multiwalled carbon nanotubes (MWCNTs)
(Fig. 4(a and b)) without bamboo compartments typical of
NCNTs. This lack of bamboo compartmentalisation did not
necessarily imply that nitrogen doping had not been achieved,
as NCNTs have been formed without these when Ni and Co were
used as the catalyst.31 Similarly, at low N incorporation levels,
this bamboo morphology was not observed even when Fe was
used.19 The CNTs synthesized at 800 �C had thick multiple
walls with an average thickness of 13 nm, appeared crystalline
RSC Adv., 2016, 6, 76773–76779 | 76775
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Fig. 4 (a) TEM image of carbonaceous materials synthesized at: (a and
b) 800 �C, (c and d) 850 �C and (e and f) 900 �C.

Table 2 Weight percentages of nitrogen in the CNTs synthesized at
various temperatures as determined by elemental analysis

Temperature (�C) 800 850 900
% N (CFA as catalyst) 1.10 3.16 1.95
% N (Fe@CaCO3 as catalyst) 5.55 6.53 10.92
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and had diameters which ranged between 74 and 96 nm
(Fig. 4(a and b)).

Differences in the morphologies of the CNTs synthesized at
850 and 900 �C were noted. The CNTs synthesized at 850 �C
were found to have a morphology that could be likened to that
of a chain that had circular hollow compartments strung
together to form a tube (Fig. 4(c and d)). On the other hand,
CNTs synthesized at 900 �C consisted of tubes with what
appeared to be well-ordered walls and separate hollow cone-like
bamboo compartments (Fig. 4(e and f)). Hao Liu et al. have
observed similar morphological differences and attributed
them to the amount of nitrogen incorporated into their cylin-
drical graphene materials.23,32–34 The more irregular morphol-
ogies (formed as a consequence of nitrogen replacing carbon),
which were less crystalline, were reported to have contained
higher concentrations of nitrogen.23,32–34 Likewise, Jang et al.
showed that compartments like those seen in this study were
attributable to the inclusion of C]N bonds in the graphene
network.32 Nxumalo et al. have also reported that the effects of
nitrogen incorporation into the graphene network were more
pronounced in the inner layers of such tubes i.e. their bamboo
characteristics became more pronounced.19 This was consistent
with Jang et al. who showed that as the amount of nitrogen
76776 | RSC Adv., 2016, 6, 76773–76779
incorporated in the sp2 graphene cylinders increased, the size of
the bamboo compartments inside the tube decreased with
increased number.32 In our study both types of tubes synthe-
sized at 850 and 900 �C had compartments which were typical of
NCNTs, but the former had walls that were better spaced apart
and appeared less crystalline than the latter. The tube diameters
of CNTs synthesized at 850 �C ranged between 28 and 62 nm
and their multiple walls (both side and inner compartmental
walls) had an average thickness of 12 nm. In the case of CNTs
synthesized at 900 �C, their tube diameters ranged between 32
and 75 nm and the average thickness of the multiple walls was
10 nm. Furthermore, clear morphological differences between
the CNTs synthesized at different temperatures were observed
by SEM (S4†).

As highlighted in the methodology section, the images dis-
cussed in Fig. 4 were a representation of the predominant
(>80%) morphology that was observed. Images of the other
variants are shown in S5.† The CNTs synthesized using
Fe@CaCO3 for comparison were also analysed using TEM (S6†).
Morphological differences were observed between the CNTs
synthesized using the two different catalysts at the same
temperature. As in the case of CFA, the CNTs synthesized by
Fe@CaCO3 at various temperatures also had morphological
variations. However, these did not include the chain-like CNTs
shown in (Fig. 4(c and d)). Unlike the case with CFA, the CNTs
grown from Fe@CaCO3 were found to have much narrower tube
diameter distributions. This was most likely due to the fact that
Fe@CaCO3 was a much more homogeneous catalyst than CFA.

The precise mechanism under which the CNTs were grown
from CFA catalyst under 2-stage CVD conditions has not been
fully established. However, in several instances (Fig. 2(a and c))
catalyst nanoparticles were observed inside and at the tips of
the CNTs (circled in red), which meant that the tip-growth
mechanism could not be disregarded.12 Hintsho et al. showed
that Fe3C was the predominant Fe specie present aer exposing
this same kind of CFA to acetylene to grow CNFs.12 Since Fe was
present in the form of Fe2O3 and FeO in this CFA (Table 1), it is
possible that upon the decomposition of melamine, the meta-
stable Fe3C also formed and led to the tip growth of CNTs.
Indeed, several authors have reported tip-growth of nitrogen-
doped CNTs from various catalysts.35–37

Elemental analysis is a rapid method in which a quantitative
determination of carbon, hydrogen, nitrogen and sulphur
(CHNS) in a sample can be determined. The CNTs synthesised
under the various temperatures were analysed specically for
their weight percentage of nitrogen by this technique and the
results are shown in Table 2.

Here it was observed that the CNTs synthesized at 850 �C
contained the highest weight% N (i.e. 3.16%), followed by those
synthesized at 900 �C (1.95%). CNTs synthesised at 800 �C
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Laser Raman spectra for NCNTs synthesized from CFA at: (a)
800 �C, (b) 850 �C and (c) 900 �C.
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contained the least weight% of N (i.e. 1.10%). This, together
with the FTIR data and morphological evidence from TEM
served as conrmation that the tubes which were formed were
NCNTs.

A schematic conceptualising the differences in the
morphology of the CNTs synthesized at the different tempera-
tures is given in Fig. 5.

However, these results showed that there was no direct
correlation between the % N that was incorporated into these
NCNTs and the temperature at which they were grown on CFA,
as might have been expected. Nonetheless, a correlation was
drawn between the morphological features of the NCNTs
synthesized at different temperatures and the amount of
nitrogen incorporated. Here NCNTs which had the highest % N
incorporated into them were observed to have the most “irreg-
ular morphologies”. On the other hand NCNTs which had the
least % N incorporated had morphologies that were closer to
those of MWCNTs. When the NCNTs grown on Fe@CaCO3 were
analysed, not only was the % N incorporated higher than for the
NCNTs grown from CFA, but it increased with increased
temperature. Hence in order to establish whether the % N
incorporated into these materials had affected their graphicity
as they had their morphology, NCNTs from CFA and Fe@CaCO3

were then further analysed by laser Raman spectroscopy.
Laser Raman spectroscopy has been demonstrated to be

a useful technique for studying the irregularities and crystal-
linity of graphene-based materials. The Raman spectra of the
NCNTs that were synthesized under different temperatures over
CFA are shown in Fig. 6.

In these spectra the strong bands in the region of 1350 cm�1

were assigned as the D-bands, which have been reported to have
arisen as a result of defects in graphene-based materials and
have been affiliated with optical phonons close to the K-point of
their Brillouin zone.38 The bands that were observed in the
region of 1580 cm�1 were denoted as the G-bands, which were
Raman allowed and associated with the optical phonon modes
of the E2g symmetry in graphene-based materials.39

The integration of the normalized D and G-bands, to give an
intensity ratio i.e. IG/ID, has been found to be dependent on the
defects present in carbon nanomaterials and has therefore been
used to measure their crystallinity and defect-density.40 The
Fig. 5 Schematic of reactions conducted at: (i) 800 �C where multi-
walled NCNTs were formed, (ii) 850 �C where NCNTs with circular
compartments were formed and (iii) 900 �C where NCNTs with typical
bamboo morphology were formed.

This journal is © The Royal Society of Chemistry 2016
incorporation of nitrogen into the lattice of graphene-based
materials is known to have resulted in the formation of
defects in their structures.18 Hence this made it possible to use
laser Raman spectroscopy to measure the crystallinity, as well as
to estimate the extent of nitrogen incorporation in the NCNTS
formed in this study. The IG/ID ratios of the NCNTs grown from
CFA at different temperatures were plotted in Fig. 7.

The NCNTs synthesized at 800 �C had the highest IG/ID ratio
which indicated that they had the least defects i.e.were themost
crystalline. Comparing NCNTs synthesized at 850 �C and 900
�C, the IG/ID ratio of the NCNTs synthesized at 850 �C was found
to be the lowest, while the NCNTs synthesized at 900 �C had an
IG/ID ratio that was intermediate relative to the other two. Based
upon these ratios, these results suggested that the crystallinity
of the NCNTs decreased as the % N incorporated increased. The
Raman results were found to be consistent with the data ob-
tained by elemental analysis of the NCNTs grown from CFA
(Table 2). Signicantly these results were consistent with those
of Liu et al. who observed that the ID/IG ratio increased (i.e. IG/ID
ratio decreased) with increased % N incorporated in the NCNTs
that were formed when a oating catalyst system was used with
melamine as the nitrogen source.34 The IG/ID ratios of NCNTs
grown from Fe@CaCO3 were found to be lower than those of
NCNTs grown from CFA (S7†) and were consistent with the
CHNS results (Table 2).
Fig. 7 Plots of the intensity of the G-band (1590 cm�1) and D-band
(1340 cm�1) ratio for NCNTs grown from CFA.

RSC Adv., 2016, 6, 76773–76779 | 76777
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Furthermore, in this present study, the G-bands for NCNTs
from CFA appeared to reach a maximum and then decrease in
wavenumber (i.e. from 1590 cm�1 to 1602 cm�1 and then back
down to 1593 cm�1) with increased % N incorporated (i.e. from
1.1% to 3.16% and then back down to 1.95%) (Fig. 6 and Table 2),
for the NCNTs that were synthesized at the various temperatures.
Concomitantly as this wavenumber shi occurred the
morphology of these products changed from tubes (most crys-
talline) to chain-like structures (least crystalline) and back to
tubes which were compartmentalised (intermediate crystallinity).

Shis in laser Raman peaks, in relation to the % N incor-
porated into a carbon network, have been reported to have
taken place due to charge-transfer from the nitrogen dopants to
the carbon.41 However, in contrast to the results in our study Liu
et al. have noted a shi to lower wavenumbers in the G-band as
the % N incorporated into the graphene structure increased.34

Three possible explanations could be postulated for this vari-
ance: the rst is that Liu et al. performed their experiments at
a xed temperature (while the reaction temperature was varied
in our study and did not reach 950 �C); the second is that
ethylene and melamine were used in their study (while only
melamine was used in our study); the third was that varying
masses of melamine were used in their study (while a xedmass
of melamine was used in our study).

The thermal stabilities of different types of carbon nano-
materials can be evaluated using TGA in oxygen. Fig. 8 is a TGA
derivative prole of the various NCNTs that were grown at
different temperatures from CFA. Here it was observed that the
NCNTs that were grown at 850 �C started decomposing at
a lower temperature, followed by the NCNTs synthesized at 900
and 800 �C respectively.

The data obtained from the TGA revealed that as the % N
incorporated in the NCNTs increased (i.e. from 1.1% to 3.16%),
the decomposition temperature at which these materials
burned decreased (i.e. from 520 �C to 440 �C). This observation
was consistent with Villalpando-Paez et al., who showed that the
decomposition temperature of NCNTs decreased when the % N
incorporated in these materials increased.42 In contrast with the
NCNTs grown from CFA, where only one major decomposition
peak was observed (between 440 and 520 �C) in the TGA
Fig. 8 TGA derivative profiles of NCNTs grown from CFA at: (a) 800
�C, (b) 850 �C and (c) 900 �C.
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derivative proles, in the case of NCNTs grown from Fe@CaCO3

two separate decomposition peaks were observed. The rst was
for the NCNTs (between 450 and 550 �C) and the second for the
CaCO3 support (between 700 and 750 �C) which burnt off at
a signicantly higher temperature (S8†). Unlike the NCNTs
grown from CFA, the peaks in the TGA derivative proles for
NCNTs grown from Fe@CaCO3 shied to higher temperatures
as the % N incorporated in these materials increased.

Conclusions

The decomposition of melamine on the surface of raw CFA, in
the presence of nitrogen gas under CVD conditions, to form
useful nitrogen-doped carbon nanomaterials was presented in
this study. Here the reaction temperature was varied (from 800
to 900 �C) where it was observed that the mass of NCNTs formed
increased with increased reaction temperature. It was also
demonstrated that the reaction temperature inuenced the:
morphology, crystallinity and the wt% of N incorporated into
the NCNTs. The data revealed through laser Raman spectros-
copy, TGA and elemental analyses, that NCNTs synthesized at
850 �C were the least crystalline and contained the most
nitrogen. On the other hand, NCNTs synthesized at 800 �C were
shown to be the most crystalline and contained the least wt% of
N, followed by NCNTs synthesized at 900 �C. NCNTs grown from
CFA were noted to have been formed by tip-growth at the
various synthesis temperatures. Furthermore this study has
shown that the quality of the NCNTs grown from the waste CFA
and synthesised Fe@CaCO3 catalysts was similar. However, two
main variances were noted when the CFA and Fe@CaCO3

catalysts were used. The rst was that NCNTs grown from
Fe@CaCO3 were predominantly the same kind, irrespective of
reaction temperature, with a narrow diameter distribution. The
second was that different types of NCNTs were formed when
CFA was used as a catalyst and in particular chain-like NCNTs
could be grown which were not observed when Fe@CaCO3 was
used. This latter observation has shown that CFA could be
a more versatile catalyst, should different types of NCNTs be
required for various applications. Although large-scale
synthesis of NCNTs using this procedure has not been fully
demonstrated, this study has opened up the eld to the use of
waste solids (like CFA) as catalysts in the lower-cost synthesis of
such materials.
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