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ARTICLEINFO ABSTRACT

Eeywords: Multi-Wall Carbon Manowmbes (MWCHNTz) were analyzed on crystalline zilicon substrates (type P) under optimal
‘-'cnimlmlia_mdmbmnmmhﬂ temperature conditions, using different synthesis times (2, 3, 4, 5, 10, 20, 30, 60, 120, and 180 min) in order to
S"“’ﬂ’ﬁr examine the effect on the structural quality and length of the CNTz produced by ultrasonic spray pyrolysiz, using
Well pure toluene amd ferrocene as precursor solubons under argon flow. Structural, optical, and

differences of the MWCHNT: grown were analyzed. Raman zpectroscopy evidenced the MWCNT:' high quality,
noted by the In/Tg (from 0.41 to 0.68) and Ip/T; intensity mtios around 0.75. Morphological differences of the
the thicknezs of CNTE' layers. High-Rezolution Transmission Electron Microscopy (HRETEM) technique was used
to determine the diameters of CHTs, which were found from 15 to 140 nm_ X-Ray Diffraction (XRD) showed two
characteristic peaks around 26° and 447, which corroborated that the MWCNTz were well-graphitized. The in-
fuence of the time in theze CNT:s demonstrated that the final length of these nanotubes could eazily reach mi-
crometers. The alienation was better az time increased, and the graphitization extent iz good in most cazes

compared to other more expenzive synthesiz methods.

1. Introduction

Ca:buuismclunmtthatcmhchybridim:dinsp.,apz,urxpgfnrms.
In recent decades, new crystalline forme such az graphene, fullerenes,
and carbon nanctubes have attracted attention. The CNTs, representing
an allotropic form of carbon, have been studied extensively sinee they
were discovered mn 1991 [1]. Besides, carbon nanotubes come in two
major types: single-wall and multi-wall Both structures have been
applied to different branches of soience and engineenng. In electromcs
fields, it 1z reported the development of different devices such as
chemical sensors [2], photoveoltaie devices [3], memory devices [4],
field effect transistors [5], printed electronics, supercapacitors, ultra-
light composites [6-2], owing to the different CNT propertics such as
mechanical, electric, thermal and chemical Moreover, the combination
of these composites can help to improve the properties of the materials,
and the nanotubes are potential candidates to be employed in the for-
mation of composites. For example, Ali et al. [2] have revised how
carbon nanotubes have been employed to create composites that can

improve the required characteristic for a specific application as nano-
particle integration into an epoxy matrix and itz fiber-reinforeed com-
posites [10]. This property 1= one of the main studies in the last decade,
and therefore, composites fabrication eould be applied in electronics,
enginesring plastics, energy storage, and the energy harvesting industry.
These carbon structures are built using different carbon-based pre-
cursors and metallic catalyzers, and such structures are obtained
through several methods which allow CNTz synthesiz, such as electrol-
weiz, hydrothermal method, ball milling, laser ablation, are discharge,
chemical vapor deposition (CVD) [2]. With thesse methods, we find
conventional DC or AC are discharge [11] or a method modified by
applying a magnetic field [12], but the principle iz the same, and it
consiste of applying a potential between two graphite rod electrodes
until evaporating one of the carbon rods [11,12]. With this method, it 1=
poesible to obtain high-quality CNTs, though the main dizadvantage is
the high temperature needed for synthesiz, besides the fact that an
additional purification process iz required. Another suitable method 1z
laser ablation, which comsists in the sintering of a graphite target
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containing cobalt or nickel, even a mixture of both [13]. Howewer,
production iz imited to the lab scale, and final purification processes are
alzo necessary. Chemical vapor deposition (CVD) and 1tz modifications
[14-12] are considered one of the best approaches for large-seale pro-
duction, according to Teung et al. [19]. This method uses several carbon
sources for growth, such as acetylens, ammonia, carbon meonoxde, or
ethylene. The CNTs are grown on different substrates or metal films that
work as catalysts. The substrates or metal filme used are nickel, cobalt,
molybdenum, ron, ete. This method, which works at lower tempera-
tures (<800 “C), is manageable and cheap with high purity, large-gcale
production, and suitable to grow aligned CNTs.

Howewver, with the CVD method, the CNT: could mnclude some de-
fectz, and they usually synthezsize MWCNTE, and much more, there iz a
constant risk with the atmosphere used in the furnace. Nowadays, CVD
ie still being used for the production of CNTs, but this method can be
simplified and used for large-scale production, and thiz thanks to
injecting metallocene-hydrocarbon solutions into a heated quart=
reactor, catalyst particles and carbon nanotubes can be formed simul-
taneously [20].

On the other hand, spray pyrolysiz (5F) has widely been used to
obtain transparent conductive oxide filme (TCOs) [21] and thin filme of
metals [27]. Recently, this method has gained attention and importanees
because carbon structures (graphene or carbon nanctubes, for instance)
have been obtained on a commercial seale [23-228]. Moreover, with SP,
the CNTs have been obtained with different lengthe, certam alienation,
and continuous growth [23-28]. This techmique 1z like CVD, but there 1z
no rick of using dangerous atmospheres. KEamalakaran et al. [25] have
explained the synthesiz mechanizms of these CNTs. Previously, metal
cluster particles were deposited on the substrate surface, acting as car-
bon traps, leading to CNTs srowth. However, an important character-
istic is the adhesion between the substrate surface and the metal catalyst
particle since the metal particle can stay in the base or tip or even along
the nanotube during the growth, as claimed by Kamalakaran et al [26].
structural characterizties of the synthesis of MWCNTE by SP concerning
deposit time. Also, we have shown that this technique is strasghtforward
and can be apphied to grow MWCNTE: with high quality and long lengths
aligned =300 pm.

2. Material and methods

The CNT=: were prepared by the experimental set-up shown in Fiz. 1
(similar to the reported set-up in the hterature [23-25], but with some
modifications). The set-up consisted of ultrasonic equipment operating
at 800 EHz to obtain a mist of tiny drope of hydrocarbon/catalyst, an
electrie furnace equipped with a quartz tube (8.8 cm internal diameter),
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two collector trape, and silicon substrates placed in the quartz tube. A
constant amount of ferrocene (35 g) was dissolved in pure toluene vol-
ume (1000 ml). The quartz tube was first fAlushed with Ar to eliminate
any oxygen present and also was used as a carrier gas to generate the
ferrorene/toluene mist in the nebulizer. The quartz tube was heated by a
cylindrical furnace at 780 “C. After 45 min, when the furnace had just
reached the steady state temperature, the ultrazonic cavitation process
began, and a constant Ar flow at a rate of 2 ml/min during all the ex-
periments was fixed. After the time vanation, the precurser supply was
terminated, and the reaction chamber was cooled gradually, keeping a
constant Ar flow until room temperature (RT). Times of 2, 3, 4, 5, 10, 20,
30, 60, 120, and 180 min were evaluated (zamples labeled as M2, M3,
M4, M5, M10, M20, M30, M60, M120, and M]180, respectively) on the
structural, morphological and functional propertiee of MWCNT:
obtained.

Different characterization techniques to evaluate the influence of
synthesiz time were used. Raman spectroscopy was performed by
Renichaw Invia Raman spectrometer. At ambient condifions, an argon
Ar" laser of 532 nm and 30 mW as an excitation source operated at 5%
power was applied to excite the sample through a 50+ objective lens. In
addition, the samplez were analyzed by HR-TEM, JEOL JEM-3000F,
operated at 300 kV to corroborate the formation of nanctubes. All
the zilicon substrate, dispersing and sonicating in pure acetone for 60
min, and depositing a drop of the solution in a carbon-coated copper
charactenize the samples’ morphologies, size, and structure using a FEI
TENEQ Scanning Electron Microscope in cross-section. The XRD was
obtained by Panalytical X'Pert 30 operated at 40 Ev using a CuKa ra-
diation (1.54°) from 20 to 607 In 28.

3. Results and discussion

By Raman spectroscopy, the MWCNT:' growth with time was eval-
uated. Fiz. 2A and B show the Baman spectra of the MWCNT: depoeited
on silicon substrates at different synthesiz imes. Az can be seen from the
graphe, the three main characteristic bands, the D-band, G-band, and
2D-band, are evident in all samples. The D-band peak at 1343 em™!
could be related to defects and lattice dizorders in the sp -hybridized
carbon and/or amorphous carbon, as seen in [22-32]. Another possible
origin proposed by Rao et al [33] 1z that the D band mtensity may also
be due to polarization effects within aligned CNTs' bundles and not
necegsarily  arise only from disorder. The G-band around 1570
cm 'mnmdshﬂl:tangmﬁalaﬁclﬂ:jﬂg mode of carbon atoms in
the graphene wall of MWCNT [34]. However, Zou et al argue that the G-
bandisdu:maumb:rucfspzhybcrid{:ubuuabums [22]. Henee, it iz not

Sample

Exhaust gas exit

tube N

Jto traps

Exit to

I furnace

atmosphere

Iremperaure controller

Ultrasonic Mass flow
equipment meter

containing Compressed
the solution Argon

Fig. 1. Schematic illustration of the experimental zet-up used to obtain MWCNTs.
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Fig. 2. Raman specita of CNT: grown on silicon substrates A) for 2, 3, 4, 5 and 10 min B) 20, 30, 60, 120, and 180 min

clear what the ongin of thiz band 15, which iz also a key research topic.
The 2D-band peak at 2679 cm 'isamihcdtutb:highﬂtupﬁ:a]btam:h
phonons near the K point at the Brillouin zone boundary [22]. The ratio
of the integrated intensity of the D band to that of the G band (Ip/lg) iz a
good indicator of graphitization in the samples [22,35]. Zou et al
pointed out that the relative intensity ratio of 2D and G can be used to
estimate the layers' number for graphene [22]. The integrity intensity
ratioe lop/l; > 2, lapdl; > 1-2, and lap/l; < 1 correspond to single-
layered, double-layered, and multlayer graphene, respectively, ae-
cording to the Literature [22,35,37]. Therefore, these ratios could be
applied to estimate the layers’ number of CNTe grown in our experi-
ments. Raman spectra and the ratios caleulated are shown in Fiz. 2, and
Table 1, respectively.

The intensity Ip/l; ratio is similar to the MWCNT: grown at short
synthesiz times (¢ = 20 min} with values lower than 0.6. In the case of
higher synthesis imes (f > 30 min), the graphitization value 1= higher
than 0.6, except for the sample at £ = 180 min, which presents the lowest
graphitization walue. The average of graplitization for all samples 1z
0.54, which indicates that the quality in these samples is good and the
amount of amorphous earbon could be considered low. In fact, Tan =t al.
[32] reported similar values Ip/lg = 0.43 for CNT: prepared by the are
discharge technique. This showe that ultrasonic spray pyrolysis is a
suitable, easy, and cheap method for CNTs synthesiz with a high
graphitization extent. Nevertheless, the relation lon/l; ended up as <1,
which suggests that the number of walls could be high. Remarkably, all
samples present the Iop/l; ratio around 0.73 £ 0.1 mmplying a similar
number of layers in the CNTs.

On the other hand, it could have been possible to obhserve a weak D/-
band or shoulder around ]ﬁlEmlinaJ]sampl:,B,asisn:purb:din
[32-41]. This 1z atinbuted to disorder induced m the carbon due to
particle size distribution or lattice distortion [42]. This shoulder is more
evident in the samples M120, M60, and M30, corresponding to the

samples with the worse graphitization extent abowe 0.6. Therefore, this
shoulder could be ancther option for knowing the quality of the samples.

If we divide the samples into two groups, we can find a correlation
between the intensity ratios of D/G and growth time. For example, the
synthesized samples from 2 to 10 min have reduced the ratio, iInereazsing
the sraphitization extent. Therefore, as the synthesis time Increases, the
ratio decreases. Afre et al [23] argue that the decrease in the ratio 15
attributed to a large amount of amorphous carbon present in the grown
films. Howewver, the decrease 1z attributed to the inerease of sraphiti-
zation in the camples; it means the D band iz smaller than the G band due
to small ratios between these two bands [22,35,28 and]. While the ratios
of iIntensities are small or the D-band iz small, there will be a high extent

For the second group with the synthesis times, 20, 30, 60, 120, and
180 min, the ratio increases (except for the M180 sample), indicating
that the graphitization extent decreases, given the M120 sample’s worse
graphitization extent Howewer, the M180 sample showed the best
graphitization extent, which could be due to the perfect formation and
alisnment of CNT: in comparizon with other samples. This will be dis-
cussed later.

Finally, the ratio of 2D/G did not present a relation like D/G, but the
ratioe found in the samples demonstrated that the CNT: are formed by
multi-walls. Even that emall difference between the ratios can chow the
difference in the diameter of the CNT acecording to the number of gra-
phene sheete wrapped. All the samples generally had a 2D/G ratio < 0.8,
predicting the CNTs formation with multilayers of graphene.

SEM micrographs of vertical cross-sections of CNT: grown on the
siicon substrate are pointed out iIn Fiz. 2A to 2). In the images, it 1z
poezible to obeerve vertical columnes though some are more vertical than
others. These arrays consist of countless nanotubes self-organized Into a
fiber-like structure. Az can be seen in Fig. 3C to 3J, a fiber-like structure
ie evident, contrary to the CNTE arrangement exhibited in Fig. 3A, and B,

Table 1
Raman zpectroscopy of CHTs: G, D), and 2ID peak intensity ratio.
Sample M180 M120 M50 M30 M0 M1D M5 M4 M3 M2
Ratio 041 068 065 065 050 0.4 051 0.51 0.52 0.55
To/la
Ratio 078 072 078 o7 0.7z 0.74 073 071 0.78 0.73

Lo/l
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Fig. 3. FESEM cross-section of CNTs grew on silicon substrates varying the growth times: (A) 2 min, (B) 3 min, (C) 4 min, (D) 5 min, (E) 10 min, (F) 20 min, (G) 30

min, (H) 60 min, (I) 120 min, and (J) 180 min.

which show structural arrangements not well-defined. It is interesting to
note this disorder since it can lead to a presumable relation between the
structural disorder and the growth time parameter. We emphasize that
this disorder is more evident in Fig. 3B, even though some nanotubes
neither grew in a well-defined vertical way nor took a curved form
(Fig. 3A and B).

According to the SEM pictures, we tried to get the CNTs' layer
thickness measured from the substrate base to the top tip of CNTs; in
some cases, it was not easy due to the not well-defined arrangement
found (Fig. 3B). However, some measurements vary approximately from
17.5 3.1 mupto389.5 10.3 m.In Table 2, the length of CNTs is
shown. Such variations originated due to the different growth times
used. On the other hand, the use of silicon substrates as supports results
advantageously since on the surface of silicon, there is always a native
SiO layer, which plays the role of strong support, where the catalytic
activity together with the carbon atoms helps nanotubes to grow longer
[43]. Starting from Fig. 3C up to 3 J, a very flat surface of the film is
shown, which allows us to observe that the length of aligned nanotubes
varies. Moreover, something to note is that from Fig. 3F until 3 J, the
lengths of CNTs start to be the same, indicating a saturation in the
carbon nanotube length. Another point of interest is that some films
showed different deformations (crushed structure or non-adherence on
the substrate, for instance) generated perhaps during the deposit process
or while the films were manipulated in the measurement stage.

The ordered packing of CNTs from the effect of the Van der Waals
interaction results in the CNTs' alignment formation. In the literature,
several works report the growth of CNTs on silicon substrates using
different methods, but few of them speak of the effect of varying time
from short to long times in the growth process.

Afre et al. observed that the growth process of CNTs takes place
preferentially on the bottom side of the substrate rather than on the top
side [23]. However, an interesting feature can be observed in Fig. 3H
where the growth process does not occur preferentially as Afre et al.
observed [23]. The CNTs grew on different sides of the substrate,
including on the edge, creating a problem since we had to scratch its
edges to measure and identify the silicon substrate.

The slow flow of the solution's vapor is responsible for this growth, as
only one Fe particle is necessary to start the growth, which facilitates
this effect on the silicon substrates. On the other hand, something
interesting is the CNTs' growth density, as this density increases as time
increases due to the density of catalytic Fe particles deposited on the

silicon substrate. Looking at Fig. 3D) through 3 J), the CNTs density is
higher than in other samples. Table 2 shows the CNTs layer thickness
estimated.

We believe that irregularities found in Fig. 3A and B could be due to
the mechanism of CNTs growth from solution drops in the mist fed to the
reaction chamber. After the typical reaction of pyrolysis on catalyst/
hydrocarbon mixture drops, particles of Fe and amorphous graphite are
formed, and after that, these nanoparticles reach the surface of the sil-
icon or incorporate into CNTs which are already growing. Even the
irregular CNT walls become aligned during the synthesis due to the
temperature. Hence, with the short times, the sufficient amount of
particles to saturate the substrate surface is not reached, and the sub-
strate does not stay the necessary time at the optimal temperature,
resulting in the CNTs not well-aligned like the one shown by the samples
with longer times. In other words, the thickness and the alignment of the
CNTs depend strongly on the synthesis time, which means there is an
alignment for t 4 min while the growth temperature is maintained.

According to Table 2, from 20 min to 180 min, the length almost
stays constant. This effect could be due to the formation of an additional
layer of carbon on the tip-growth (Fig. 3H and I), producing a discon-
tinuity in the growth and avoiding the increase in the length like that
shown in Fig. 3F, G, H and L. Another alternative to explain this behavior
is the high density in the sample, as the tips of CNTs start to agglomerate
and take a fiber-like structure, and the tips are closed or bent, preventing
new iron seeds for continuous growth. On the other hand, different
growth mechanisms exist where nanotubes are formed, and more than
one mechanism might be functional during this stage. Chen and Zhang
[44] proposed a mechanism of three steps. First, a precursor is formed on
the surface of the metal particle. Second, the CNT is rapidly formed by
the metastable carbide particle. Lastly, there is slow and continuous
graphitization.

Another growth mechanism for CNTs was postulated by Sinnot et al.
[45]; they infer that metal particles are supported on the substrate or are
introduced as floating particles. If the particles are spherical or pear
shape, the deposition of these particles will take place on only half of the
surface. Then the carbon diffuses along the concentration gradient and
precipitates onto the opposite half, around and below the bisecting
diameter. However, it does not precipitate from the apex of the hemi-
sphere, which accounts for the hollow core that is characteristic of these
filaments [45]. For supported metals, filaments can form either by
‘extrusion or root-growth in which the fiber grows upwards from metal

Table 2

Thickness of CTNs layer with cavitation times evaluated.
Time cavitation process (min) 180 120 60 30 20 10 5 4 3 2
Labeled sample M180 M120 M60 M30 M20 M10 M5 M4 M3 M2
CNTs layer thickness ( m) 389 23 377 20 355 15 344 18 334 10 142 5 80 8 78 6 29 3 16 1
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particles that remain attached to the substrate, or the particles detach
and move at the head of the growing fibers, labeled ‘tip-growth [45].
According to Fig. 4, it is observed that the majority of metal particles
were found on the substrate (that indicates a good adherence between
the substrate and the particles, and the zoom-in image can appreciate
the iron particles deposited), and some particles were found along the
CNTs. Therefore, the metal particles work as a base for the growth of
CNTs, and the extrusion or root-growth model fits this synthesis process.
The inset in Fig. 4 shows the particle size and some CNTs grown. R.
Andrews et al. [46] have suggested that the catalyst particle size de-
termines the size of the CNT. In the TEM images, this hypothesis will be
assessed.

Fig. 5 shows the TEM images of CNTs synthesized at 780 C with
Ferrocene/Toluene. As can be seen, it consists of a fiber-like structure
containing metal nanoparticles and not any amorphous carbon. The
particles are distributed mainly on the top of the CNTs, but sometimes it
is possible to find these metal particles inside of the CNTs. These
nanoparticles sometimes show a diameter bigger or smaller than the
nanotube (Fig. 5A, B); hence the hypothesis by Andrews et al. [46] could
not be acceptable to all. This is due to the samples are composed of fi-
bers. Noticeable iron particles can be seen inside the fibers, which are
made up of many carbon nanotubes. The iron particles can be removed
by liquid-phase oxidation using HNOs or HoSO4:HNOj3; However, the
problem is the reaction with the CNTs themselves, which can cut and
even open the walls and insert functional groups. Also, HCI as non-
oxidative acid, has been used with good results in the purification of
CNTs. However, these nanoparticles can help for the formation of
composites as fiber reinforced, which has been a feature very studied in
the last decades, as we mentioned previously in the introduction [47].

On the other hand, in Fig. 5 it is possible to observe two formations of
CNTs' In Fig. 5B many CNTs are entangled and bending, which makes
agglomerates of these nanotubes. These agglomerates can produce the
effect observed in the Raman measurements as a high intensity in the
spectra. Fig. 5C can be appreciated well-defined nanotubes without
agglomerates nir fibers; Fig. 5D shows nanotubes with the biggest di-
ameters around 70 nm; this corresponds to the sample with the longest
synthesis time (180 min). In this last sample, fibers could not be iden-
tified as in other samples due to the high graphitization extent. More-
over, metal particles were found in the tip and inside of the nanotube.
The diameter of the nanotubes increases as time increases, being able to
be related to the metal particle size. The particle size rules the smallest
nanotubes, but as time increases, the metal particles create agglomerate,
and the diameter increases. The particles found inside nanotubes could
be floating debris that were introduced during the synthesis process.

Fig. 6 shows the HRTEM images, and the inset images correspond to
the diffraction patterns of a CNT or a metal particle. HRTEM images
confirm that CNTs are formed by many graphene sheets following the
parchment model, corroborating the 2D/G intensity ratio as the CNT
formation by many graphene layers. It could be observed that these
CNTs are inside each one, causing the increase in the diameter (Fig. 6B).
The perfect alignment and parallelism among the graphene sheets are
evident, which indicates a high graphitization extent of the samples.

Fig. 4. Planar view of iron particles and aligned CNTs on the silicon substrate.
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Moreover, Fig. 6C presents the metal particles covered by carbon. In
general, the MWCNTs are closed structures, and for that reason, the
metal particle is covered. However, as could see in the images of low-
magnification, these particles can be present along the CNT or at the
end of the nanotube. With most of the growth times, the particles are like
spheres, but sometimes, a slight agglomeration among the particles ex-
ists and causes deformation. The smallest particles form bigger ag-
glomerates, producing CNT with diameters above 20 nm of a like-fibers
structure due to entanglement among these nanotubes. Moreover, as the
2D/G intensity ratio showed, the CNTs are composed of many layers of
graphene; Fig. 6A can corroborate that at least there are 5 graphene
layers for the thinnest nanotubes and 20 graphene layers for concen-
tric nanotubes that form little fibers (Fig. 6B).

On the other hand, for the diffraction patterns, all samples present
continuous rings and diffused halos. It is well-known that the continuous
rings indicate a random orientation of neighboring crystallites, and
diffused halos indicate an amorphous background, which could be due
to the presence of amorphous carbon in the thin layer that covers the
CNT.

XRD patterns of some samples of MWCNTSs are shown in Fig. 7. Some
patterns displayed an intense diffraction peak around 2 26 in
orientation (002); also, a low intensity was shown in 44 with prefer-
ential orientation (100). In the literature, other peaks around 53 and
78 are reported [44]. However, these diffraction peaks could not be
found in the samples. Besides, these results confirm that MWCNTSs are
well graphitized [48]. Therefore, this corroborated the high graphiti-
zation extent observed from Raman spectra and HRTEM images.
Moreover, XRD showed a slight shoulder around 43 due to the metal
particles, but the intensity of this peak was extremely low. Hence, this
indicated that the amount of these metal particles was reduced
compared with CNTs, as observed in the HRTEM, and thus, these metal
particles preferred to stay attached and anchored on the silicon sub-
strate. These results showed that a purification process is not necessary.

4. Conclusions

Carbon nanotubes were obtained successfully by ultrasonic spray
pyrolysis using Ferrocene/Toluene precursor solution and at low-
temperature (780 C) synthesis. CNTs were grown perpendicularly on
silicon substrates; for some cases, these nanotubes were highly aligned,
as the SEM images corroborate. Something important that could be
noted is that for times above 20 min, the length of these arrays almost
kept constant (~350 m). The Raman spectra show the three charac-
teristic bands, and the ratios between D-band and G-band intensity
revealed a high extent of graphitization, which is comparable with other
more expensive methods. Additionally, the 2D-band and G-band ratios
and HRTEM images have confirmed that the CNTs are formed by some
graphene layers. The SEM images show a high alignment and a fiber-like
structure and reveal the thick layer of the CNTs. SEM images exposed a
better alignment from 5 min to 180 min samples than the 2, 3 and 4 min
ones, but times 20 min except 180 min demonstrated the better
graphitization extent according to the Raman measurements. Some
closed variations indicate that the growth times do not affect the
diameter of CNT very much.

Further, metal particles were observed at the end of the CNT and
inside the CNT. The metal particle size adhered on the silicon substrate
was around 30 nm (according to SEM images), but the TEM images
showed that these particles can or cannot create agglomerations
resulting in bigger or smaller particles inside the CNT. TEM images in
high magnification revealed the multi-walls of the CNTs, their perfect
alignment, and parallelism among them. Furthermore, it is possible to
observe some graphene sheets forming the CNTs following the parch-
ment model. The diffraction patterns obtained by TEM images showed
rings demonstrating the crystallinity and diffused halos indicating
amorphous background like amorphous carbon. The XRD diffracto-
grams supported the good graphitization extent previously discussed
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Flg. 5. TEM images of CNT: at low magnification at different times: () 4 min, (b} 10 min, (¢} 20 min, (d) 180 min.

Fig. 6. TEM images of CNT: at high magnification at different times: (a) 4 min, (b) 10 min, (c) 20 min, (d) 180 min.

266°(002)  |——M180

44° (100)

Iil.....“

s - i [——Ms0 ]
= : } .
7 g ]
& : :
E i L.ra L i '] i | | i i
£ j i |——M30 -
& Ig- ™ 'l ™ .’ i ™ i .
: 10

. ] & [ P |
35 40 45 50 55 60
20

Fig. 7. XRD patterns of MWCNT: for different growth times 180 min, 120 min,
60 min, 30 min, and 10 min.
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according to Raman spectra and TEM images. Longer growth times
demonstrated that reaching lengths around the micrometer scale is
possible, with a good alienation and even a high graphitization extent.

In conclusion, this work shows the great opportumties of ultrazonic

spray pyrolyeis for the CNTs industrial production since it is easy, cheap,
and generates high-quality CNTs.
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