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Abstract: Magnetite nanoparticles were synthesized using the green chemistry technique; ferric chloride
was used as a precursor agent and Moringa oleifera extract was used as a stabilizer agent. A black powder,
characteristic of magnetite, was obtained. X-ray diffraction was performed on the synthesis product and
identified as magnetite (Fe304). Scanning electron microscopy characterization shows that nanoparticles
have a spherical morphology, with sizes ranging from 15 nm to 35 nm. The synthesis of carbon
nanotubes was carried out by the pyrolytic chemical deposition technique, from which multiwalled
carbon nanotubes were obtained with diameters of 15-35 nm and of varied length. The decoration was
carried out using the wet and sonification technique, where a non-homogeneous coating was obtained
around the nanotubes. The thermal decomposition for both decorated and undecorated nanotubes
presents two mass losses but with different slopes, where the activation energy for the decorated carbon
nanotubes was 79.54 k] /mol, which shows that the decoration gives more stability to the nanotubes
since the activation energy of the undecorated nanotubes is 25.74 k] /mol.

Keywords: thermal stability; decorated carbon nanotubes; magnetite nanoparticles; kinetics analysis

1. Introduction

Carbon nanotubes are allotropes of carbon, such as diamond, graphene, or fullerenes;
these nanotubes are formed by hexagonal arrangements of carbon that originate small
cylinders that usually have a diameter within the range of the Armstrongs to a few tens
of nm [1,2]. Carbon nanotubes (single or multiwalled) have become one of the most
valuable one-dimensional (1D) nanomaterials due to their superior electrical, physical, and
mechanical characteristics. Multiwalled carbon nanotubes (MW-CNTs) possess unique
electrical properties resulting from the conjugated electron system between their carbon
atoms and nearly 1D shape [3,4]. Carbon nanotubes have many applications due to the
diversity of properties they present; however, applications in electronics, coatings, and
batteries in fuel cells, super capacitors, sensors, and energy storage devices require that these
nanotubes withstand high temperatures due to the overheating that these applications can
present [3]. Recently, researchers have been increasingly interested in doped and decorated
carbon nanotubes as they present better properties and a wide variety of applications due to
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the unique properties they acquire [5-9]. Metal and non-metal doping are used for carbon
nanotubes to regulate their thermal, physics, and electronic characteristics. For instance,
substitutional doping is promising because dopants regulate the mechanical and electronic
characteristics, leading to better response time, better sensitivity, a more compact size, and
a low operating temperature, as studied for several use cases like biosensors, mechanical
test, bactericidal agents [5,6], electronic instruments, and drug delivery [9-12]. Different
techniques have been implemented to decorate carbon nanotubes; however, none have
managed to achieve complete decoration, as there is always an uncovered surface. However,
using a chemical method to deposit metals onto the oxidized nanotube surface results in
a rather even distribution of the metals on the surface, but the density of decoration is
low in many cases [13]. Even when elements/compounds with low surface tensions are
melted onto the nanotube surface, the wetting of the surface is incomplete. The tube surface
in all these cases does not catalyze the deposition of the metal/metal compound. This
results in random deposition throughout the solution, not only on the surface of tubes.
Nowadays, carbon nanotubes are being used in various areas where they are subjected
to high temperatures. Numerous studies have shown that carbon nanotubes can either
act as combustion catalysts alone or be applied as composites with metal compounds in
composite solid propellants [14]. For examples, a number of carbon nanotube-encapsulated
ferrocenes and transition metal compounds were fabricated recently by ultrasonic treatment,
and these nanocomposites exhibited excellent combustion catalytic properties for organic
compounds (AP, RDX, FX300, etc.), such as thermal decomposition [15-20]. The applications
of carbon nanotubes at high temperatures are increasing every day (batteries in fuel cells,
super capacitors, sensors and energy storage devices, among other applications), so it is
important to understand their behavior and stability. In addition, it is important to improve
their thermal properties and increase their stability at high temperatures. Due to the limited
information on the thermal stability of carbon nanotubes decorated with metallic particles,
in the present work, the synthesis of carbon nanotubes and magnetite nanoparticles was
carried out, the decoration was carried out, and, in addition, a kinetic analysis of the thermal
decomposition of said carbon nanotubes was performed before and after decoration.

2. Experimental Methodology
2.1. Synthesis of Magnetite Nanopartitles Using Moringa Oleifera Extract

The Moringa oleifera extract was obtained following the methodology of Altaf et al.,
2021, from which 20 g of healthy leaves was weighed, washed with plenty of deionized
water, dried at room temperature in a desiccator, and, once dry, they were added to a reactor
at 85 °C for 20 min. Then, they were allowed to cool, filtered to remove excess solids, and
finally centrifuged at 2000 rpm for 10 min to obtain a completely clean solution. Moringa
oleifera extract was used as a reducing agent of ferrous chloride to Fe3O4 nanoparticles
since it is an economical and environmentally friendly method, and particles smaller than
50 nm were obtained. Four syntheses of magnetite nanoparticles were carried out using
the extract of Moringa oleifera. In addition, 0.1 M of ferric chloride and 0.05 M of ferrous
chloride were used as precursors, and both were of reagent grade. A total of 1 M of sodium
hydroxide was used as a pH stabilizer in 100 mL of the extract. Each of the syntheses
was under constant magnetic stirring of 1200 rpm; the synthesis temperature was 55 °C.
At the end of each experiment, a black powder was recovered, which was the magnetite
nanoparticles [21].

2.2. Synthesis of Carbon Nanotubes

For the synthesis of nanotubes, a source solution was prepared with the following
percentages: 5% ferrocene, 2.5% ethanol, and 92.5% toluene [22]. The synthesis conditions
were 20 mL of source solution, temperature of 850 °C, 1380 mL/min of argon, and 20 min
of synthesis. The synthesis procedure was as follows: The oven was heated to the synthesis
temperature, Ar was allowed to flow for 15 min, 1 mL of source solution was injected
into the nebulization chamber every minute, ultrasonic nebulization was started, and the
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synthesis time was counted. Once the synthesis was complete, Ar was allowed to flow for
30 min and then the temperature of the furnace was lowered with natural cooling to room
temperature. The synthesized material was recovered from the tube, identified, and stored.
Scheme 1 summarizes the synthesis of carbon nanotubes.

Prepare the source Assemble the Preheat the oven to -
i — i Let flow Ar for 15 min.
solution. experimental system. = 850°C. —’| et flow Ar Tor 1o min

Start ultrasonic Inject ImL of source
Coolnaturally to room - nebulization and A L
temperature. H Let flow Ar for 30 min. “— synthesis counting at 20 i @==={ solution into the misting
min chamber every minute.

Retrieve from the tube,
identify and save the
synthesized material.

Scheme 1. Methodology for the synthesis of carbon nanotubes.

2.3. Decoration of Carbon Nanotubes

For the decoration of the carbon nanotubes with the magnetite nanoparticles, the
technique reported by Hamouda et al. (2021) [23] was carried out, which is known as wet
decorated, which consists of placing the carbon nanotubes in an ethanol solution under
ultrasound for 30 min, and during this time, the magnetite nanoparticles are added drop
by drop until there is an impregnation on the surface of the nanotubes [23]. The solution
is then centrifuged at 4000 rpm for 5 min and the solids are recovered, which will be the
carbon nanotubes decorated with magnetite nanoparticles.

2.4. Characterization

To verify the presence of carbon nanotubes and magnetite nanoparticles, X-ray diffrac-
tion was performed (Bruker D8 powder diffractometer, Billerica, MA, USA with Ni-filtered
radiation from a Cu anode, k1 = 1.5406 A; 40 kV and 35 mA). Diffraction patterns were
recorded in the angular range 26 of 10-90° with a step size = 0.01° and a step time = 3 s. For
thermal characterization, thermogravimetric analysis was carried out on a Mettler-Toledo
TGA /DTA 851e (Greifensee, Switzerland). The experiments were performed with a heating
of 10 K min~! using air with a flow of 666 x 1073 m3 s~

2.5. Methodology to the Thermal Decomposition Kinetics

The kinetic analysis was carried out isothermally using the method known as “time
to a given fraction”. The mass fractions of each of the temperatures used in each mass
loss ramp were determined. For each of the stages, 4 temperatures that form part of the
mass loss slope were taken, and the kinetic method known as “time to given fraction” was
then applied to determine the activation energy of each of the mass losses, applying the
Arrhenius equation [24-28].

3. Results and Discussion
3.1. Characterization of Carbon Nanotubes and Magnetite Nanoparticles

By means of X-ray diffraction (Figure 1), the characteristic crystallographic planes of
carbon nanotubes have been identified; these planes are shown at 26° and 44°. The most
intense crystallographic plane is 002; the crystallographic plane is 100, which is less intense,
but it is also characteristic of carbon nanotubes.

The X-ray diffraction spectrum of magnetite nanoparticles is shown in Figure 2, where
the most intense characteristic crystallographic planes are the (311), (200), (400), (511), and
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(440) planes. These crystallographic planes correspond to the crystallographic chart ICDD-
PDF 01-071-6336, which belongs to magnetite, which has been used to decorate carbon
nanotubes. Magnetite has a face-centered cubic crystal structure with a lattice parameter of
8.3578 A and a density of 5.27 g/cm?.

00-058-1683 Carbon nanotubes

(002)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (Degrees)

Figure 1. X-ray diffraction spectrum of carbon nanotubes.

(311)

01-071-6336 Magnetite

Intensity (a.u.)

(220)
(400)

(111)

10 20 30 40 50 60 70 80 90
20(Degrees)

Figure 2. X-ray diffraction spectrum of magnetite particles.

Using scanning electron microscopy, the morphology and size of the magnetite
nanoparticles were determined (Figure 3a). It was observed that they have sizes ranging
from 15-35 nm, which will favor the decoration of the nanotubes since they are similar
in size to the diameters observed in said nanotubes (Figure 3b). The decoration of the
nanotubes occurs superficially. Figure 3c shows how the magnetite nanoparticles surround
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the carbon nanotubes, creating a shell that will allow the nanotubes to withstand higher
decomposition temperatures. The proportion used for the decoration was 1:3 magnetite
nanoparticles/carbon nanotubes. Figure 3d shows decorated nanotubes at 100,000X.
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Figure 3. SEM images of (a) the nanoparticles with diameters of 30 nanoparticles with diameters
of 30 nm; (b) carbon nanotubes with diameters of 25 nm; (c) carbon nanotubes decorated with the
magnetite nanoparticles viewed at 50,000X; (d) carbon nanotubes decorated with the magnetite
nanoparticles viewed at 100,000X.

To confirm that the carbon nanotubes are decorated with magnetite nanoparticles, X-ray
diffraction was performed, which confirmed that both phases are present, as shown in Figure 4.
The characteristic crystallographic planes of both species appear in the diffraction spectrum,
with those of magnetite being more intense due to their high crystallinity. On the other hand,
the less intense planes belong to the carbon nanotubes, thus confirming the decoration.

The differential thermal analysis and its derivative of the carbon nanotubes, observed
in Figure 5a, shows that there are two mass losses: the first loss begins at 80 °C and ends
at 185 °C with a maximum conversion at 90 °C which can be attributed to the presence of
water that has adsorbed the sample; this is due to the high hygroscopicity of the carbon
nanotubes. The first mass loss is 9.2%, so in addition to water, the reagents used during
the synthesis could have decomposed. The second mass loss begins at 185 °C and ends at
800 °C, which is where the experiment ended, so this loss is attributed to the decomposition
of the carbon nanotubes. The maximum conversion of this decomposition occurred at
280 °C. Figure 5b shows the thermogravimetric analysis and its derivative of the magnetite
nanoparticles. This thermogram does not show mass losses since it is a stable oxide and
does not present any stage from room temperature to 800 °C. However, curves are shown
at 200 °C and 600 °C, which are considered noise because the mass loss in these stages
is less than 1%. The thermal behavior of the magnetite nanoparticles will be the same
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throughout the decomposition of the carbon nanotubes since these nanoparticles do not
show a variation in mass as the temperature increases.
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Figure 4. X-ray diffraction spectrum of carbon nanotubes decorated with magnetite nanoparticles.
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Figure 5. (a) Differential thermogravimetric analysis of carbon nanotubes; (b) differential thermo-
gravimetric analysis of magnetite nanoparticles; (c) differential thermogravimetric analysis of carbon
nanotubes decorated with magnetite nanoparticles.
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Figure 5c shows the differential thermal analysis and its derivative of the carbon
nanotubes decorated with magnetite nanoparticles. Here, two mass losses are also observed:
The first loss begins at 230 °C and ends at 500 °C and is attributed to the carbon nanotubes
that are not decorated, which are approximately 5.85%, indicating that a small percentage
of nanotubes have remained undecorated. The second mass loss is 48.7% and is attributed
to the decomposition of the decorated carbon nanotubes. Here, it is observed that the
slope begins at 500 °C and ends at the temperature programmed for the analysis, so the
temperature range is lower than in the second loss in Figure 5a, so it is expected that there
will be a higher activation energy for this stage.

3.2. Thermal Decomposition Kinetics

To determine the activation energy of the thermal decomposition of the carbon nan-
otubes and carbon nanotubes decorated with magnetite nanoparticles, the mass fraction of
the decomposition reaction was calculated with Equation (1):

y= ot )

mo—mf

where y is the mass fraction that has reacted, m is the initial mass, m; is the mass at a given
time, and iy is the final mass that has remained after the experiment has ended [24-26].
Once the mass fraction is obtained, the kinetic model called “time to given fraction” is
applied; with this model, the experimental rate constant is obtained at different temperatures
(four temperatures for each mass loss) for a time (f), whose transformed fraction has been
taken as y = 0.5, with which the activation energy is calculated according to Equation (2).

4 k-f(y) )

The time ¢, to transform a given fraction y = Y is then

=Y
bty = kl/yy_o f )y ®)

where t, is time at a given transformation stage, k is the experimental constant of rate, y is
the transformed material fraction, and f(y) is a function of y.

If the function, f(y) does not change over the temperature range studied and the
integral above has a constant numerical value, and therefore

ty=k! (4)
—E
_ a1 a
ty = wp(RT) 5)
Therefore,
Int,=InA+ E (1 (6)
vy R\T

To determine the value of activation energy, In t, vs. 1/T is plotted, and the resulting
slope is the value of E;/R, and the ordered to the origin is the value of the Arrhenius
constant or the number of coalitions between molecules before the reaction begins [24-26].

In order to carry out the thermal decomposition kinetics, thermogravimetric analysis
(TGA) and differential thermal analysis were performed on the undecorated and decorated
nanotubes. Figure 6a shows the isotherms of the first mass loss of the undecorated carbon
nanotubes, where the activation energy is 6.75 k] /mol (Figure 6b), which indicates that
there is diffusive control since the water in the nanotubes is only desorbed on the surface
and is not structural water, so little energy is required for it to evaporate. Figure 6¢c shows
the isotherms of the second mass loss, which is attributed to the decomposition of the
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carbon nanotubes, which begins at 185 °C and ends at 800 °C. The decomposition loss of
carbon nanotubes presents a long slope (long temperature range), with a constant mass loss;
this means that the increase in temperature is directly proportional to the mass loss. The
temperatures used to calculate the activation energy of the second loss were 300, 400, 500,
and 700 °C; the isotherms at these temperatures were also 10 min. The activation energy
for the decomposition of undecorated carbon nanotubes (Figure 6d) is 25.74 k] /mol, which
indicates that there is both chemical and diffusive control and that both the increase in
temperature and the diffusion of matter are those that control the decomposition reaction
of this second mass loss.
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Figure 6. Kinetic analysis of thermal decomposition of carbon nanotubes. (a) First-stage mass loss
isotherms; (b) calculation of the first-stage activation energy; (c) second-stage mass loss isotherms;
(d) calculation of the second-stage activation energy.

The thermal decomposition of carbon nanotubes decorated with magnetite nanopar-
ticles also presents two mass losses, but the behavior changes compared to undecorated
carbon nanotubes since in this decomposition process, there is no long slope (short tem-
perature range), so it is of a higher value compared to Figure 5a; in addition, there is no
proportionality of the mass loss with respect to temperature since it is a thermally more
stable compound. To determine the activation energy of the first loss, isotherms of 200, 300,
370, and 450 °C were used (Figure 7a), giving an activation energy value of 20.61 kJ/mol
(Figure 7b), which indicates that both the temperature and the diffusion of matter are those
that control the decomposition process of the first mass loss. For the second mass loss,
isotherms of 520, 600, 700, and 800 °C have been used (Figure 7c), and the activation energy
obtained is 79.54 k] /mol (Figure 7d), which indicates that there is a temperature-controlled
decomposition process, which makes the compound more stable, since three times more
energy is required to decompose it compared to undecorated nanotubes. The transformed
mass of carbon nanotubes decorated with magnetite nanoparticles increases as the temper-
ature rises because the temperature range where the largest mass loss takes place is very
short compared to the temperature range of undecorated carbon nanotubes.
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Figure 7. Kinetic analysis of thermal decomposition of carbon nanotubes decorated with magnetite
nanoparticles. (a) First-stage mass loss isotherms of carbon nanotubes decorated with magnetite
nanoparticles; (b) calculation of the first-stage activation energy of carbon nanotubes decorated with
magnetite nanoparticles; (c) second-stage mass loss isotherms of carbon nanotubes decorated with
magnetite nanoparticles; (d) calculation of the second-stage activation energy of carbon nanotubes
decorated with magnetite nanoparticles.

4. Conclusions

Multiwalled carbon nanotubes with diameters ranging from 10 to 30 nm and varying
lengths were synthesized and decorated with magnetite nanoparticles with diameters ranging
from 15 nm to 35 nm and spherical morphology. X-ray diffraction showed that the nanotubes
are made of carbon and magnetite of nanometric sizes. The decoration of the carbon nanotubes
was carried out and verified by scanning electron microscopy, where it was observed that
they were superficially decorated. Thermal decomposition shows that there are two mass
losses for both the decorated nanotubes and those analyzed without decoration; the activation
energy of the first mass loss of the undecorated nanotubes is 6.75 k] /mol, and the second loss
is 25.74 K] /mol, which indicates that the transport of matter controls these mass losses. The
thermal decomposition of the decorated carbon nanotubes also shows two mass losses, of
which the first mass loss has an activation energy of 20.61 k] /mol, which indicates a mixed
control, but this is mostly controlled by the transport of matter; however, for the second
mass loss, this has an activation energy of 79.54 k] /mol, which indicates that the thermal
decomposition of the second stage is controlled by the chemical reaction, which indicates that
the temperature is completely what controls this last process. The decorated carbon nanotubes
present greater thermal stability; this is because the decoration works as a shell that makes
them withstand higher decomposition temperatures and that high energies are required for
said decomposition to take place.
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