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the dual growth of carbon nanotubes and nanorods
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In this paper, we report a low temperature technique and new strategy for the dual growth of carbon
nanotubes (CNTs) and nanorods (CNRs) with alumina nanoparticles to avoid the high temperature
required for CNT and CNR production and their assembling behaviour. In this trend, X-ray diffraction and
thermal analysis indicated that the porous system of aluminium species was prepared and saturated with
the crystalline structure of ammonium nitrate to act as a solid explosive composite and caused alcohol
decomposition inside a pressurized vessel at 250 °C. TEM images and the Raman results confirmed that
the CNTs had grown at 250 °C through the decomposition of methanol inside the boehmite structure.
Also, the TEM images revealed that the growth of CNTs depended on the ratio between the methanol
and the solid explosive. By calcination at 600 °C, the Raman results indicated that the CNTs became
more ordered and had fewer defects. In the case of changing methanol to ethanol, the results indicated
that methanol was more favorable than ethanol for growing CNTs by this technique. Also, it indicated

that ethanol was a good source for producing carbon nanorods. Finally, we concluded that this was
Received 17th June 2019 bably the first time that carb tub ds had b d at 250 °C and thei
Accepted 12th September 2019 probably the first time that carbon nanotubes or nanorods had been prepared a an eir
aggregations prevented through their dual growth with alumina nanoparticles. This dual growth

DOI: 10.1035/c9ra04532e approach is a very promising strategy for building homogeneous nanocomposites based on carbon
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Introduction

Carbon nanotubes (CNTs)' and nanorods (CNRs)*> possess
three-dimensional nanostructures and have attracted extensive
attention because of their potential applications.>® These
applications are due to their amazing properties, such as high
thermal conductivity, excellent mechanical properties and high
electrical conductivity.*® As a result, their applications have
been extended to include composite materials and catalysts,*”
field emitters and sensors,'™* conductive films and tips for
scanning probe microscopy,'*"” biomaterials,'® energy storage
media'?® and nano-electronic devices.*"*?

In the case of CNTs, they could be produced by various
synthesis techniques: chemical vapour deposition (CVD),*
flame synthesis,** laser ablation® and arc discharge." CVD uses
a catalyst to produce CNTs through the decomposition of
hydrocarbons in the temperature range of 700-1200 °C.** Arc
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discharge depends on two electrodes without any metal catalyst.
In laser ablation, an intense laser beam is used to produce
CNTs.

The principal drawback of these conventional techniques is
the need for high temperature or high consumption of energy to
produce the CNTs. In addition, very expensive arrangements are
required with these methods, such as electrodes, laser beams
and catalysts. Furthermore, the produced CNTs have strong
intermolecular interactions, which lead to the formation of
strong aggregates, reducing their accessible surface area and
limiting their applications.?

Several researchers®> have attempted to disperse CNTs or
CNRs in an alumina matrix to enhance the fracture toughness
of structural ceramics only by the direct mixing of CNTs or
CNRs with alumina powder. However, no-one has succeeded in
growing CNTs with CNRs during alumina preparation because
the growth of CNTs or CNRs needs a temperature higher than
700 °C and the alumina species start to grow below 400 °C.
Therefore, achieving alumina nanocomposites with a uniform
dispersion of CNTs or CNRs is difficult because of the basic
features of CNTs, such as their assembling behaviour. These
features cause inhomogeneous dispersion and a weak rein-
forcing effect in the final product. Furthermore, severe
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treatment conditions for the CNTs or CNRs to avoid heteroge-
neous dispersion, such as high energy milling, acid treatment
and continuous sonication, lead to damages and a deterioration
of the properties of the produced composite.*

In order to improve the distribution of CNTs in the alumina
matrix, Calvert® used the direct mixing of CNTs with alumina
powder without a non-aqueous medium. Kong et al’™
prepared CNTs on alumina powder using a CVD technique. Liu
et al.** induced appropriate charges on CNTs and alumina by
colloidal processing for optimal dispersion. Bi et al.** dispersed
functionalized CNTs in an aluminium nitrate solution. Nguyen
et al.**** added CNTs to the boehmite structure. Martin et al.
and Che et al.*™®" modified the surface of the CNTs by acid and
surfactant treatments before adding into the alumina matrix.

Therefore, there is a need for a novel strategy to prepare
CNTs or CNRs during the preparation of aluminium oxide
species at low temperatures to avoid the drawbacks of the above
techniques.

Some researchers®>° have used unusual techniques for
producing nanoscale materials. Kroke et al.*® prepared CNTs
using a detonative decomposition method. Lu et al.*"** used
picric acid, which is considered an explosive material to
synthesize homogenous CNTs. Utschig et al.** studied the effect
of transition metals and the degree of confinement of the
explosive decomposition of an energetic precursor on the
formation of carbon nanotubes through ignition by a piezo-
electric spark generator. Wang et al.** investigated the effect of
sulphur on the growth of carbon nanotubes using detonation-
assisted chemical vapour deposition. Recently, Zhao et al.***®
fabricated carbon nanotubes by a gaseous detonation method
through the ignition of a mixed gas consisting of ferrocene
vapour, methane and oxygen. In the same year, Huber et al.*’
used the high explosive detonation of composition B-3 (40%
TNT, 60% RDX) for producing novel nanocarbons.

Those researchers indicated that detonation and explosive
detonation can be considered as useful techniques to reduce
the high external energy required for producing CNTs.
Although, these researchers used gaseous and liquefied explo-
sives, they did not succeed when the temperature was decreased
below 300 °C. Also, they did not solve the problem of the
aggregating behaviour of CNTs. Therefore, we intended to
synthesize CNTs and CNRs at a lower temperature avoiding
their aggregating behaviour through a new strategy. This
strategy depended on the dual growth of CNTs and CNRs with
alumina nanoparticles through the confinement of solid
explosives inside the porous structures of alumina species.
Alumina nanoparticles can prevent the aggregation of CNTs. At
the same time, the porous structure of alumina will act as
a confined space to increase the effectiveness of explosive
reactions to produce CNTs and CNRs at 250 °C.

In the present study, a crystalline explosive material was
prepared inside the porous structure of boehmite. The explosive
material in the presence of methanol and alumina species can
act as a composite solid propellant, which is extensively used in
military missions. A dual growth of CNTs and CNRs with
alumina nanoparticles was thus studied for the first time
through the decomposition of methanol using a composite
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solid propellant. Also, the effect of methanol as a source of
carbon and as a fuel for the explosive reactions was investigated
by traditional nanomaterial characterization tools, such as
scanning and transmission electron microscopy and Raman
spectroscopy. Moreover, X-ray diffraction, infrared spectroscopy
and thermal analysis were used to confirm the dual growth of
CNTs and CNRs within the alumina structure. Furthermore, the
growth process of CNTs and CNRs was studied by changing the
source of carbon from methanol to ethanol.

Results
Production of explosive solid composites

The X-ray diffraction diagram of the prepared gel is shown in
Fig. 1a. The XRD diagram shows sharp reflections at 20 = 17.9°,
22.5°, 28.9°, 32.9° 37.8°, 39.9°, and 40.2° agreeing with the
spacings at 0.493, 0.395, 0.308, 0.272, 0.248, 0.226 and 0.225 nm
for the crystalline phase of ammonium nitrate in the JCPDS file
no. 47-0867.

No peaks were observed for the aluminium species. This
implies that the dried gel, produced from the reaction of
ammonium bicarbonate with aluminium nitrate, consisted of
the amorphous form of aluminium hydroxide and the crystal-
line structure of ammonium nitrate, as indicated in the
following reaction:

AI(NO3); + 3NH,HCO; — 3NH,NO; + A(OH); + 3CO,

Thermal analysis of the dried gel was used to determine the
saturated amount of ammonium nitrate inside aluminium
hydroxide. Differential thermal analysis (DTA) and thermal
gravimetric analysis (TGA) of the dried gel are shown in Fig. 1b.
The DTA curve shows five endothermic peaks, agreeing with the
five phase modifications of ammonium nitrate. The first three
endothermic peaks with temperatures at 39 °C, 69.9 °C and
130.1 °C, respectively, verified that there were three phase state
transitions of ammonium nitrate, as reported in the literature.*”
The fourth endothermic peak at 166.5 °C represented the
absorption of heat for the melting of ammonium nitrate. The
fifth endothermic peak at 261.4 °C showed the heat absorption
for the gradual decomposition of ammonium nitrate and the
dehydroxylation reaction of aluminium hydroxide. After this
temperature, there was a sharp exothermic peak for the
complete decomposition of ammonium nitrate. The corre-
sponding TG curve showed 77.7% weight loss at 299 °C. Above
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Fig. 1 The prepared gel: (a) X-ray diffraction patterns; (b) thermal
analysis.
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299 °C, crystallization of aluminium oxide was observed
through the presence of one broad exothermic peak and a small
weight loss of 4%. Finally, the residual weight reached 18.3%.
This suggests that aluminium hydroxide was saturated with
three times its weight of ammonium nitrate, agreeing with the
above reaction.

A composite solid propellant, which is extensively used in
military missions, is composed mainly of a crystalline oxidizer,
binder and metallic fuel.*® Therefore, the prepared dried gel
could act as a composite solid propellant. Aluminium oxide
hydroxide is used as a binder and can also act as a fuel in certain
conditions.”® Ammonium nitrate, which is the principal
component of most industrial explosives, could be used as
a solid propellant oxidizer in the presence of alcohol.*>**

Growth of carbon nanotubes

SEM analysis of ACNT-1 showed that aggregates of carbon
nanotubes were obtained by the reaction of 100 g of the
prepared gel with methanol, as shown in Fig. 2a and b. The
formation of carbon nanotubes was confirmed by the TEM
images. Fig. 2c and d reveal a large amount of CNTs with the
dispersed nanoparticles. Also, individual carbon nanotubes
could be observed in the TEM images.

The X-ray diffraction pattern showed that the sample ACNT-1
had clear peaks, matching well with the standard diffraction
peaks of the boehmite structure (JCPDS card no. 74-1895) as
shown in Fig. 3a. It is known that the boehmite structure is one

oo nm

Fig. 2
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(a and b) SEM and (c and d) TEM images of the sample ACNT-1.
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of the species of aluminium oxide, with the ideal form of
AIOOH. Boehmite has layered deformed octahedral structures
with aluminium ions near the centre. These layers are con-
nected together through the hydrogen bonds among the
hydroxyl ions. Also, the sample showed the characteristic
reflections of boehmite at 26 = 14.4°, 28.3°, 38.4°, 48.9°, 55.1°
and 64.2° agreeing with the d-spacings of 0.61, 0.32, 0.23, 0.18,
0.17 and 0.14 nm, respectively, as shown in Fig. 3a. Also, the
broad weak peak at 20 = 26.1° was due to the CNTs."** The
weakness of the CNT peak in the diagram is related to the
homogeneous distribution of CNTs inside the matrix of the
boehmite. The XRD results concluded that aluminium
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Fig. 3 The sample ACNT-1: (a) X-ray diffraction pattern; (b) Raman
spectra.
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hydroxide was dehydrated forming aluminium oxide hydroxide.
At the same time, methanol was decomposed to build CNTs.

Carbon nanotubes have been widely characterized by Raman
scattering.”” Two main groups of bands were observed in the
Raman spectra of ACNT-1, as shown in Fig. 3b. Radial breathing
modes (RBMs) were observed from 100 cm ™" to 400 cm ™. The
frequencies of these modes change inversely with the tube
diameters.*>**

As shown in Fig. 3b, RBM was observed at 393 cm ™. In the
interval from 1100 cm ™ to 3400 cm ™, the second-order Raman
spectra of CNTs could be observed. The Raman spectra showed
first-order bands of CNTs, which are labelled as D and G peaks.
The “D” band is a sign of defects in nanotubes or disorder in the
graphitic lattice. It was observed at 1200-1300 cm ™. The “G”
mode was found in the 1500-1600 cm™ " range. This was due to
the tangential stretching modes of the tubes, indicating the
ordering of the CNTs. As shown in Fig. 3b, the overlap between
the D and G bands are focused at 1338 cm ™! as a broad band,
corresponding to a lower degree of graphitic ordering of
CNTs.**** This overlap is due to the hybrid structure between
the CNTs and aluminium oxide, as Inbaraj et al.*® reported that
the characteristic Raman peaks of aluminium oxides could be
observed at 1373 cm™ ' and 1403 cm ™ '. This means that the D
and G bands of CNTs are adjacent to the alumina bands and
almost merged with them to show a broad band at 1338 cm ™.
Second-order bands of Raman spectra were observed in the
region between 2400 cm ™' and 3400 cm™"'. They showed two
bands attributed to the overtone of the “D” and “G” modes (2D
and 2G). Therefore, at the high frequencies of the Raman
spectra of ACNT-1, two Raman bands at 2778 cm ' and
3562 cm™ ' can be observed in Fig. 3b. Also, the Raman spec-
trum of aluminium hydroxide was observed at 635 cm ™.

By calcination at 600 °C, Fig. 3b shows the disappearance of
the disorder mode (2D). At the same time, the overlap between
the D and G bands is shifted to be focused at 1494 cm ?,
indicating that the CNTs became much ordered and possessed
significantly lower defects because the calcination temperature
converted the amorphous and unstable carbon to carbon
dioxide.*®

By using Gaussian functions, the D and G bands of CNTs
were split and observed at 1322 cm™ ' and 1494 cm ™ '; respec-
tively. The origin of the D band could be explained as disorder-
induced features due to the lattice distortion. The D band is
frequently referred to as the defect band. Its intensity relative to
the G band is often used to determine the quality of nanotubes.
The Ip/Ig ratio of pure CNTs is 0.8 to 0.9.*° In the case of the
nanocomposite ACNT-1, the Ip/l; ratio was 1.6, indicating
a lower degree of graphitic ordering of the CNTs. After the
thermal treatment at 600 °C, the Ip/I; ratio became 0.85, con-
firming that the CNTs had become more ordered and possessed
significantly lower defects.

Infrared spectroscopy is a helpful technique to further
confirm the growth of CNTs inside the boehmite structure. The
FT-IR spectrum of ACNT-1 is shown in Fig. 4a. The bands at
3371 and 1646 cm ™' were assigned to the O-H stretching and
bending vibrations, respectively. Also, the C-C vibration was
confirmed by the two bands at 1412 and 1293 cm ™ *.>® At the low
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Fig. 4 Sample ACNT-1: (a) infrared spectrum; (b) thermal analysis.

frequencies, the valence and strain vibrations of O-Al-O were
detected by the bands at 775 and 605 cm ™', respectively.®*

Fig. 4b shows the TGA and DSC curves of ACNT-1. Five
weight losses were observed in the TGA curve. The initial weight
loss was 6%, corresponding to the removal of the adsorbed
water. The second weight loss was 12%, indicating the oxidation
of the unstable carbon. The third and fourth weight losses
occurred in the range of 200-500 °C, and were 5% and 12%,
respectively. These weight losses converted ACNT-1 to a nano-
composite through the dehydroxylation of the boehmite struc-
ture. Above 500 °C, 5% of the weight was slowly lost up to
1000 °C because of the decomposition of the carbon species.
Agreeing with the results of Cho et al., they reported that the
decomposition of some kinds of CNTs started at slightly above
600 °C.* The residue was 60% of the sample. In the DSC curve,
three endothermic peaks could be observed at 100 °C, 482 °C
and 863 °C, confirming the removal of the adsorbed water, the
dehydroxylation process and decomposition of the carbon
species; respectively. Also, the DSC curve showed one
exothermic peak at 209 °C, agreeing with the second weight loss
and confirming the oxidation of the unstable carbon.

Development of the growth process of the carbon nanotubes

In order to develop the dual growth process, ACNT-2 was
prepared by lowering the amount of the dried gel to a quarter of
the beginning amount. Field emission scanning electron
microscopy (FESEM) observations were made to give a general
view of a large region of the sample, permitting one to prove
that there were CNTs in ACNT-2.

FESEM images of the ACNT-2 sample, coated by a thin layer
of platinum, are displayed in Fig. 5a and b. Clear images of
CNTs could be seen. Fine particles were also observed in the
nanoscale. These results were confirmed by transmission elec-
tron microscopy. The TEM images revealed the network struc-
ture of the alumina nanoparticles containing a uniform
distribution of CNTs, as shown in Fig. 5c and d. In the same
trend, CNTs could be clearly observed by the calcination of
ACNT-2 at 600 °C.

It can be seen that the carbon nanotubes were surrounded by
alumina nanoparticles, as shown in Fig. 6b. This indicated that
there was an interaction between the CNTs and alumina parti-
cles, which indicates that the dual growth of CNTs and alumina
nanoparticles created a hybrid structure between them. This

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a and b) FESEM and (c and d) TEM images of the ACNT-2 sample.

structure led to the formation of a homogeneous and inter-
esting network structure of nanocomposites, as shown in
Fig. 6a. By magnification, Fig. 6d showed that the CNTs were
multi-walled carbon nanotubes with an outer diameter of
10 nm. Also, it displayed opening rings of the nanotubes.

Energy-dispersive X-ray analysis (EDX) confirmed the formation
of the ACNT-2 nanocomposites through the observation of clear
peaks of aluminium, oxygen and carbon, as shown in Fig. 7a.
Also, noting that the copper in the EDX pattern was due to the
substrate. Fig. 7b shows the XRD diagrams of ACNT-2 before

Fig. 6 TEM images of the sample ACNT-2 after thermal treatment at 600 °C.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) EDX analysis and (b) X-ray diffraction pattern of the ACNT-2
sample.

and after calcination. At low 20, there is a strong broad peak,
indicating a mesoporous structure. At high 26, no diffraction
peak of ACNT-2 could be observed, suggesting an amorphous
structure of aluminium oxide. After the calcination of ACNT-2 at
600 °C, two weak peaks were observed at 37.6° and 45.8°,
matching with the main peaks of gamma alumina (JCPDS card
no. 1-1303), as shown in Fig. 7b. These results agreed with the
SEM and TEM observations.

The Raman spectra of the calcined and the uncalcined ACNT-
2 are shown in Fig. 8a. The uncalcined ACNT-2 revealed the radial
breathing mode at about 151 cm™". This peak position depends
on the tube diameter and varies in the range of 130-400 cm™*.**
The main band, which reveals the electronic structure of the
CNTs, was observed at 1490 cm ™", combined with a broad band
located at 1306 cm ™, as shown in Fig. 8a. This broad peak has
been associated with the sp® carbon hybridization and is used as
proof for the disorder of the aromatic system of 7 electrons.*”*
The broadness of this peak may be due to the hybrid structure
between CNTs and alumina nanoparticles in addition to the
impurities of the carbon nanorods.

The peak intensity of this disorder mode disappeared and was
shifted to 1481 cm™" by calcination at 600 °C, as shown in Fig. 8a.
The peak at 1481 cm ™" was due to the C-C stretching Raman-
active G mode, confirming the presence of CNTs. Also, the
broadness of the G-band may be due to the presence of
aluminium oxides combined with carbon nanotubes. The
second-order Raman spectrum, observed between 2400 and
3400 cm™" for the uncalcined ACNT-2 and attributed to the
overtone of the disordered band (2D), disappeared following the
thermal treatment. The D and G bands of CNTs of the uncalcined
ACNT-2 were observed at 1306 and 1490 cm ™' using Gaussian

481
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619
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151 625
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Fig. 8 (a) Raman and (b) infrared spectra of the ACNT-2 sample.
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functions. The I,/I; ratio was 1.4, indicating that the CNTs had
a high degree of defects. After the thermal treatment, the I/l
ratio of ACNT-2 decreased to 0.98, confirming that the calcina-
tion temperature improved the quality of the produced CNTs.

Agreeing with the results obtained from the Raman spectra,
the IR spectrum of the calcined ACNT-2 confirmed the presence
of CNTs, showing the C-C vibration band at 1408 cm ™, as seen
in Fig. 8b. The bands located at 3464 and 1638 cm ' were
assigned to the O-H stretching and bending vibrations of the
adsorbed water and alumina structure. Fig. 9 presents the
thermal analyses of ACNT-2 as determined by thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC). The TG diagram shows that ACNT-2 lost 38 wt% of its
mass through three stages by heating up to 600 °C. These mass
losses were confirmed by two peaks in the DSC diagram. The
first endothermic peak, which occurred at 98 °C, was due to the
dehydration reaction, while the exothermic peak around 450 °C
could be assigned to the oxidation of the unstable carbon.
Finally, there was a broad exothermic peak at 504 °C corre-
sponding to the crystallization of alumina.

Effect of alcohol on the growth of the carbon nanotubes

By changing the source of carbon from methanol to ethanol,
CNTs and CNRs could be observed in Fig. 10. This shows the
morphology of ACNT-3 before and after calcination. Large
aggregates of alumina nanoparticles could be observed, as
shown in Fig. 10a. Also, Fig. 10a shows that the CNTs and CNRs
were homogeneously distributed through alumina nanoparticle
aggregations. Following calcination at 600 °C, Fig. 10b revealed
that the CNTs became clearer. An individual dispersion of these
tubes was observed through the structure of alumina. The XRD
patterns of ACNT-3 before and after calcination are displayed in
Fig. 11a, which revealed the amorphous structure of the
aluminium oxide species before calcination. After calcination at
600 °C, weak peaks of gamma alumina were observed. Fig. 11b
shows the Raman spectra of ACNT-3 before and after
calcination.

The CNT spectrum showed an overlap between the D and G
modes. The maximum intensity was observed at 1301 cm ',
corresponding to the D mode, indicating the defects and disorder
of CNTs. The second-order Raman spectra were also observed as

TG 7% 0.0
R
30% 2
Q
—
150
480 °C
DSC .
0 500 . 1000

Temperature, "C

Fig. 9 Thermal analysis of the ACNT-2 sample.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 TEM images of the ACNT-3 sample: (a) before calcination and (b) after calcination.

weak peaks between 2500 and 3500 cm ™. After calcination, the
second-order Raman spectra disappeared. Also, the G peak,
which was related with the C-C stretching mode of CNTs, became
clear at 1501 cm ™, representing their crystalline order. The Ip/Ig
ratio of the D and G bands, which was spilt out by Gaussian
functions, decreased from 1.7 to 0.94 after calcination, confirm-
ing the crystalline order of the CNTs.

It is noteworthy that the radial breathing mode was not observed
in the ACNT-3 sample. This indicated that carbon nanorods were
the major components in this nanocomposite. This means that
ethanol is not favourable for producing CNTs by this technique.

To explain the effect of alcohols on the quality of CNTs, we
applied the heat of enthalpy of each alcohol. The standard heat
of enthalpy of gas-phase methanol is —201.0 k] mol ", while for
ethanol it is —235.0 k] mol™".*° It is reasonable to assume that
the standard heat of enthalpy affects the growth rate of CNTs
because an alcohol molecule having a lower absolute value for
its standard heat of enthalpy is more easily decomposed. This
means that methanol is more favourable than ethanol for
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Fig. 11 (a) X-ray diffraction pattern and (b) Raman spectra of the
sample ACNT-3.

This journal is © The Royal Society of Chemistry 2019

producing longer tubes of CNTs. Consequently, the outer
diameter of the methanol-based CNTs may be different from
that of the ethanol-based CNTs.**

Fig. 12 shows the thermal analyses of ACNT-3. The DSC curve
revealed two endothermic peaks at 100 °C and 480 °C, con-
firming the removal of water and the formation of gamma
alumina in addition to the decomposition of the unstable
amorphous carbon, respectively. Two mass losses were
observed in the TGA curve, thus agreeing with the DSC results.
Above 480 °C, the mass loss continued at a low rate up to
1000 °C, indicating the decomposition of the CNTs.

Mechanism of carbon nanotube growth

Several carbon sources have been used in the chemical vapour
deposition technique for producing CNTs, such as hydrocar-
bons and alcohols.®* Maruyama et al.** reported that alcohol is
the best carbon source for the growth of CNTs on semi-
conductor materials. Although, the authors titled their research
the low-temperature synthesis of CNTs, this low temperature in
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Fig. 12 Thermal analyses of the sample ACNT-3.
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their research was 550-700 °C. Alcohols are considered as
attractive sources because they produce CNTs with low impurity
and are safe to handle. The generation of OH radicals during
alcohol decomposition was thought to be the reason for the
improved purity.* The majority of the reported results on CNT
production showed that CNTs could be prepared using CVD and
alcohol as carbon sources at high temperatures of 600-900 °C.>

In this research, we reported a new strategy to employ
a composite solid propellant with a low temperature of 250 °C in
the growth of CNTs inside a confined matrix in order to avoid the
high temperature of CNT production and their assembling
behaviour. Also, the confined space increases the effectiveness of
the explosive reactions. In addition, the boehmite matrix partic-
ipates in the explosive reaction producing a homogeneous
nanocomposite. A composite solid propellant is a heterogeneous
mixture of a hydrocarbon/synthetic-based fuel/binder, a crystal-
line oxidizer, and a metallic fuel.** In our study, methanol or
ethanol was used as a synthetic-based fuel and also acted as
a binder to hold all the ingredients together.>> The crystalline
oxidizer was ammonium nitrate. This is the main component of
most industrial explosives.*® Several compositions of ammonium
nitrate are well-known explosives, such as ammonium nitrate
fuel oil. The use of ammonium nitrate in propellants is limited
because of their low burning rate. Thus, it could be used in gas
generators for the turbo pumps of liquid propellant rocket
engines or in emergency starters for jet aircrafts.’” Metallic fuels,
like aluminium hydroxide gel, assist in a more energetic and
aggressive combustion of the propellant.*® This means that
ammonium nitrate with aluminium hydroxide is considered
a strong source for the detonation process.

The proposed mechanism for this type of CNT or CNR
growth depended on two points. The first point indicated that
the porous structure of the boehmite support introduced
active nucleation sites for starting the growth process of CNTs.
Also, aluminium oxide species catalyzed the decomposition of
hydrocarbons.* The second point indicated that the thermal
decomposition of the explosive compound provided an envi-
ronment for the decomposition of methanol to produce CNTs.
However, auto-ignition and the explosion of ammonium
nitrate may take place inside the confined spaces of the porous
structure of alumina species. Obviously, no single mechanism
can explain the thermal decomposition of ammonium
nitrate.> When ammonium nitrate is heated from 200 °C to
230 °C, exothermic decomposition occurs as follows:

NH4NO3 - 2N2 + NO + 2H20
Above 230 °C, the decomposition occurs as per the following
exothermic reaction

NH4N03 - 3/4N2 + 1/2N02 + 2H20

The reaction pathway has been suggested when ammonium
nitrate undergoes an explosion.
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8NH4NO3 - 5N2 + 4NO + 2N02 + 16H20

In our study, aluminium had a strong destabilizing effect on
the thermal decomposition of ammonium nitrate.>® Therefore,
aluminium hydroxide strongly promoted the thermal decom-
position of ammonium nitrate at 250 °C. At the same time, the
molecules of the alcohol were rapidly decomposed because of
the energy that was generated from the detonation process of
ammonium nitrate. The following consecutive steps take place
during the explosion process to produce CNTs:

1. Formation of carbon species by the decomposition of
alcohol over the boehmite structure during the explosion
process.

2. Diffusion of carbon species through the porous structure
of boehmite.

3. Precipitation of carbon in the form of CNTs from the
saturated porous structure of boehmite with the carbon species.

The decomposition reactions of the first step may be cata-
lyzed by aluminium species to produce hydrogen radicals and
carbon species. These carbon species diffuse and are confined
inside the porous structure of boehmite to attain the saturation
level. At this moment, the carbon species directly assemble to
form CNTs, while H,O molecules, which were produced by the
hydrogen radicals, effectively prevent the oxidation of carbon
species and enhance the stability of solid carbon.

The unstable carbon species or CNRs may be formed
because of the unusual variation in the heat, which is essentially
supplied from the energy released from the exothermic
decomposition of the explosives and decreases sharply after the
detonation process. Also, this is probable due to the formation
of the structural defects of CNTs.

It is important to note that the chemical and physical
conditions produced from the detonation method for the
growth of CNTs are not similar to those of the other methods,
such as in CVD. In the current process, the environment
produced by detonation is relatively complex; where, the carbon
species needed for the formation of CNTs are supplied on
a microsecond time-scale at a high gas pressure (tens of MPa).*

This mechanism agrees with the results reported by Nepal
et al.®* They studied a catalyst-free detonation method using
ethylene as the hydrocarbon source and oxygen as the explosive
gas. They reported that the high temperature produced from the
detonation process was the main reason for the graphenic
nature of the carbon produced. In addition, they hypothesized
that the hydrocarbon precursor was completely decomposed by
the detonation process to produce carbon atoms or ions, which
quickly combined to form graphene or its products.

Experimental
Materials and methods

Preparation of the explosive materials. The crystalline
structure of ammonium nitrate was prepared inside the matrix
of aluminium hydroxide by the sol-gel method. It was carried
out using cetyltrimethyl ammonium bromide (CTAB) surfactant
as a template. An aqueous solution of CTAB (0.3 x 10~* mol)

This journal is © The Royal Society of Chemistry 2019
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Table 1 Different components of the sample preparation

Sample Dried gel Alcohol
ACNT-1 100 g Methanol
ACNT-2 25 ¢ Methanol
ACNT-3 25 ¢ Ethanol

was mixed with 0.06 mole of aluminium nitrate Al(NO3);-9H,O.
Under vigorous stirring, an aqueous solution of ammonium
bicarbonate was added drop by drop to the above solution until
the gel formed. Then, the stirring was continued for 1 h after
which the gel was aged for 48 h. The white gel was filtrated and
dried in vacuum for 5 h at 80 °C.

Growth of the carbon nanotubes. An appropriate amount of
the dried gel prepared in the first step was mixed with 150 mL of
alcohol (methanol or ethanol). Then, the mixture was placed in
a stainless steel vessel with a controller unit for controlling the
temperature and pressure (Autoclave). The thermal reaction was
achieved under supercritical conditions (pressure = 100 bar and
temperature = 250 °C). The thermal reaction occurred with
ammonium nitrate, which was embedded with the alcohol
molecules inside the matrix of aluminium hydroxide. The
temperature of the mixture in the pressurized vessel was ramped
up to exceed the critical temperature. Consequently, the pressure
increased to be higher than the critical pressure. In order to get
a dry product, the solvent vapours were released by gradually
controlling the valve of the autoclave. The autoclave was fluxed
with an argon gas when the pressure in the autoclave became
close to the atmospheric pressure.

To study the effect of both the gel and alcohol on the growth of
CNTs, two different amounts of the dried gel and two different
kinds of alcohols were used in this process, as shown in Table 1.

Characterization techniques. X-ray diffraction analysis
(XRD) was carried out using a Bruker-AXS system (Karlsruhe,
Germany) with Cu-Ka radiation (A = 0.154 nm). Energy-
dispersive X-ray spectroscopy was carried out using an elec-
tron probe micro analyser JED 2300. Fourier transform infrared
spectroscopy was recorded on a PerkinElmer Spectrum 400.
Thermal gravimetric analysis was carried out on a TA ther-
mogravimetric analyser (series Q500). Differential scanning
calorimetry (DSC) analysis was carried out using TA series Q
600, with a heating rate of 10 °C min~'. Scanning electron
microscopy was performed on a JEOL, JSM-6330F system (15 kv/
12 mA). Transmission electron microscopy (TEM) was carried
out at room temperature on JEM 2100F with an acceleration
voltage of 200 kV. Raman spectroscopy measurements were
performed using a LabRAM HR Evolution system (Horiba-Jobin
Yvon Technology), with a laser 633 ULF and the grating groove
density was 300 grooves per mm.

Conclusions

The present research had a dual aim for developing a new
strategy for CNT growth at low temperature and producing

This journal is © The Royal Society of Chemistry 2019
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homogeneous nanocomposites of alumina nanoparticles doped
with CNTs or CNRs. In this way, aluminium species were
prepared and saturated with ammonium nitrate to treat inside
a pressurized vessel at 250 °C. Ammonium nitrate is an explo-
sive compound and was used as a composite solid propellant in
the growth of CNTs inside the confined matrix of the alumina
species. In the case of using methanol as the source of CNTs,
the SEM and TEM images revealed large aggregates of CNTSs
with dispersed nanoparticles. The XRD results confirmed that
these nanoparticles had the boehmite structure of alumina
species. The Raman results indicated that the CNTs became
much ordered and possessed significantly lower defects after
calcination at 600 °C. By changing the ratio between the
methanol and the composite solid propellant, the growth of
CNTs increased, as confirmed by the TG curves. Also, the TEM
images showed that the CNTs became clearer. Following calci-
nation at 600 °C, the Raman results indicated that the CNTs
became more ordered because the high temperature removed
the unstable CNTs. In the case of using ethanol instead of
methanol, the CNRs were clear. After calcination at 600 °C, the
TEM images showed large aggregates of alumina nanoparticles
combined with CNTs and CNRs. This means that methanol is
more favourable than ethanol for growing CNTs by this tech-
nique. Also, ethanol is a good source for producing CNRs.
Finally, it could be concluded that the growth of CNTs or CNRs
was possible at 250 °C by using an explosive solid material
confined in a porous structure. Also, we introduced a novel
strategy for building homogeneous CNT- or CNR-based nano-
composites to meet the special requirements of the catalysis
and water purification markets.
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