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Abstract: Background: The addition of nanoparticles to cellulose paper can improve its mechanical
strength, chemical stability, biocompatibility and hydrophobic properties. Silica nanoparticles are
known to be inert, hydrophobic, biocompatible, biodegradable and have a good distribution being de-
posited on surfaces. The main characteristics of 20 nm SiO, nanoparticles are good chemical and ther-
mal stability with a melting point of 1610-1728°C, a boiling point of 2230°C with a purity of 99.5%.

Objective: To carry out the hydrophobization of paper based on Kraft cellulose and on cellulose ob-
tained from soybean husk with 20-nm size SiO, nanoparticles and to study hydrophobicity, morpholo-
gy and topography of the prepared composites.

Methods: The ground and roasted soybean husk was treated with a NaOH, washed and dried. Hydro-
phobization of paper was carried in aqueous medium by SiO, addition in weight ratios “paper-SiO, ”
0f 0.01-0.05 wt.%, stirring, filtration and drying. The obtained cellulose sheet composites were charac-
terized by scanning electron microscopy (SEM), transmision electron microscopy (TEM), FTIR-
spectroscopy, Mullen proofs of hydrophobicity, and contact angle measurements.

Results: The mechanical properties of paper nanocomposites (tensile strength and compression) in-
creased considerably by varying the concentrations. The tensile strength increased by 41-46% and the
compressive strength increased by 55-56%. The existence of fiber nanofoils, good adhesion of 20-nm
Si0, nanoparticles to the paper surface, and their homogeneous distribution were observed.

Conclusion: Cellulose was successfully obtained from soybean husk, applying the alkaline-based ex-
traction method. A good reinforcement of cellulose fibers is observed due to the outstanding character-
istics of the silicon dioxide nanoparticles.

Keywords: Spray pyrolysis, carbon nanotubes, phthalocyanines, Raman spectroscopy, TEM, SEM.

1. INTRODUCTION

For the carbon nanotubes (CNTs), since their formal re-
discovery in 1991 by lijima [1], a number of device applica-
tions, such as field-effect transistors, full-color displays, and
molecular computers have been envisioned [2,3]. These ap-
plications are highly dependent on the electronic properties
of the CNTs, which can be tuned by their diameter, helicity,
and presence of defects. In the last 2 decades, novel strate-
gies have been devoted to modify physical properties of the
CNTs by surface modification with organic, inorganic, and
biological species, leading to carbon nanotubes having a
number of unique properties. Most of the tubes are semicon-
ductors, but there are excellent conductors (in particular,
better than silver) and even insulators.

*Address correspondence to this author at the Universidad Auténoma de
Nuevo Ledn, Ave. Universidad s/n, Ciudad Universitaria, San Nicolas de los
Garza, Nuevo Leon, C.P. 66455, México; E-mail bkhariss@hotmail.com
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Methods for carbon nanotubes synthesis are described
and reviewed elsewhere, in particular, in a review [4], and
generalized in Fig. (1). Among them, we note the high-
pressure large-scale CNTs synthesis in a autoclave [5], arc
discharge [6], electrospinning [7], electrospray deposition
[8], and especially various common types of Chemical Vapor
Deposition (CVD) methods, in particular radio-field-induced
self-bias hot-filament CVD method [9] and a relative plas-
ma-enhanced CVD [10]. The spray pyrolysis [11, 12], as a
branch of the CVD, results slightly magnetic CNTs due to
presence of nanoparticles of Fe, Ni and other metals, whose
compounds-precursors (for example ferrocene FeCp, in the
spray pyrolysis method of CNTs synthesis at 800°C) are used
as catalysts for CNTs growth. This synthesis method can be
scaled up and can use carbon-containing industrial wastes,
for example, tires [13, 14]. At the same time, a permanent
search of other possible catalysts for CNTs formation could
lead to their unexpected properties and further applications.

© 2019 Bentham Science Publishers



2 Recent Patents on Nanotechnology, 2019, Vol. 13, No. 0

Such possible catalysts could be nitrogen-rich metallated
macrocycles, for example, porphyrins and phthalocyanines.
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Fig. (1). Currently used methods for CNTs synthesis.

Phthalocyanine-based macrocycle systems (H,Pc) and
their metal complexes (MPc) are promising candidates not
only for classic applications, such as, fuel and solar cells,
pigments, catalysts, gas sensors, semiconductors, corrosion
inhibitors, optical and electronic devices, liquid crystalline
materials, but also for nanomaterials design [15, 16]. Their
surface chemistry [17] is a relatively young and growing
field of research, caused by the versatility of these macro-
molecules and their metal complexes. MPc are formed with
most metallic elements of the Mendeleev’s Periodic System
and enormous variations in reactivity, electronic and magnet-
ic properties and biological functionality can be found de-
pending on the type of metal center. The phthalocyanine
macrocycles are thermally very stable up to 500-800 K, so
their thin films can be easily prepared by organic molecular
beam epitaxy in a vacuum. These macrocycles possess the
conjugated m-extended system and, therefore, share the abil-
ity of strong absorption of light in the visible range.

Exploiting the intrinsic optic, electronic, and spintronic
properties of novel low-dimensional molecular materials, it
is required that the electronic coupling with the supporting
substrate is kept as low as possible. In this context, metal-
supported ultra-thin insulating films on phthalocyanine basis
have attracted great interest as substrates to study the intrin-
sic properties of organic and inorganic nanostructures. It is
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also known that several phthalocyanines are capable to form
composites with graphene [18] and carbon nanotubes [19], as
well as to destroy completely CNTs [20]. Their possible ap-
plication as metal precursors for CNTs formation could lead
to carbon nanotubes containing N-defects on their surface
and, as a consequence, other structural and electric proper-
ties. However, metal phthalocyanines have not practically
been used as catalysts for carbon nanotube formation [21,
22]. In any case, there are no systematic investigations in this
field. Metal phthalocyanines have been reported as compo-
nents for formation of composites [23] with carbon nano-
tubes to be further used as catalysts [24, 25] and sensors
[26]. So, the main goal of this work was the in situ study of
the formation of thin films from the toluene-phthalocyanine
system by spray pyrolysis, characterization of products and
search of possible novel applications.

2. EXPERIMENTAL PART

Metal phthalocyanines MPc (M = Cu, Ni, Mg, Zn; 97%
purity) were purchased from Sigma-Aldrich Company and
used as supplied. Ethanol and toluene were purchased in
CTR (Monterrey, Mexico). Electron microscopy images
were obtained in SEM and TEM equipment at The Universi-
ty of Texas at Arlington (USA). IR-spectra were measured in
ThermoScientific Nicolet equipment. Raman spectra (DXR
Raman Microscope ThermoScientific, The University of
Texas at Arlington) were collected using an excitation wave-
length at 785 nm (1.58 eV).

Using MPc (M = Cu, Ni, Mg, Zn) as metal catalyst pre-
cursors, carbon thin films were prepared by a spray pyrolysis
technique using the MPc powders, dispersed in 1) a mixture
of toluene and EtOH or, for comparison, 2) ferrocene solu-
tion in a toluene-ethanol mixture. The MPc concentration in
each sample was in the range of 0.05 wt.%, 0.5 wt.% and 1
wt.%. Solvent (20 mL, toluene and alcohol, 1:1 vol. mixture)
and MPc or solvent (20 mL), ferrocene (0.5 wt.%) and corre-
sponding amounts of MPc were injected to the system at a
rate of 1 mL/min in a preheater set to 200°C while nitrogen
gas is supplied at a ratio of 1 L/min. After the preheater, the
gas passed into a quartz tube, collocated in an oven heated at
760°C. The details of the pyrolysis process are shown in the
Supplementary Material. This quartz tube contained borosil-
icate glass substrates, where thin nanofilms were deposited
by 20 min (Fig. 2). Ferrocene in additional experiments was
used for comparison with the MPc experiments only. It is
known that FeCp, is a classic catalyst for CNTs formation,
meanwhile, MPc could have a double function: it can be a
metal catalyst precursor for the formation of CNTs or other
carbon nanoparticles and donor of nitrogen for creation of N-
defects on CNTs surface.

The samples were characterized by infrared and Raman
spectroscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The electrical
measurements were carried out using the technique Kelvin-4
points (4-wires). Special connecting clips (called Kelvin
clips) were made to facilitate this kind of connection across a
subject resistance (Fig. 3).
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Table 1. Deposition parameters and the result of thin film thickness.
Precursor Concentration (wt.%) Temperature of Deposition (°C) Time of Deposition (min) Thickness (nm)
10 1050
481
MePe 0.5
0.05 175
1.0 3458
1037
NiPc 0.5
0.05 420
o 760 20 39
158
CuPc 0.5
0.05 12
1.0 854
857
ZnPc 0.5
0.05 48

3. RESULTS AND DISCUSSION
3.1. Solvent-MPc Mixtures as Precursors

As a result of experiments, the nanometric layers of car-
bon nanoparticles were deposited on quartz glass due to the
catalytic action of the metal nanoparticles, formed from cor-
responding phthalocyanines by their decomposition. These
films were analyzed by scanning and transmission electron
microscopy. First, the effect of the mixture of toluene and
EtOH with different concentration of dispersed MPc in each

sample (0.05 wt.%, 0.5 wt.% and 1 wt.%) was analyzed. As
observed in SEM images (Fig. 4), the morphology and
thickness of the thin films vary (Table 1).

The SEM and TEM data (Fig. 4) show that the MgPc
blends allow obtaining the nanoparticles of 5-20 nm sizes
(Fig. 4B) for 0.5 wt.% precursor concentration. The morphol-
ogy of the deposited particles at concentrations of 0.5 wt. %
and 1.0 wt.% is shown in Fig. 4D. The morphology of the
particles of larger sizes (22-37 nm) is present in the samples
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Fig. (4). SEM and TEM images of samples prepared using the following metal phthalocyanine precursors: A) SEM (precursor MgPc 0.5
wt.%); B) TEM (precursor MgPc 0.5 wt.%); C) TEM (precursor MgPc 1.0 wt.%); D) SEM (precursor MgPc 1.0 wt.%); E) SEM (precursor
NiPc 1.0 wt.%); F) EDS (precursor ZnPc 1.0 wt.%); G) SEM (precursor NiPc 0.5 wt.%); H) SEM (precursor NiPc 0.05 wt.%); I) SEM (pre-
cursor ZnPc 0.05 wt.%); J) TEM (precursor ZnPc 0.5 wt.%); K) TEM (precursor NiPc 1.0 wt.%); L) SEM (precursor ZnPc 1.0 wt.%).

with ZnPc for concentrations 0.05 wt.% (Fig. 4J) and in-
creases to 285-857 nm for the concentrations of 1.0 wt.%
(Fig. 4M). According to the obtained results, different poly-
morphic phases of thin carbonaceous films were observed.
Structural and morphological changes were found to be de-
pendent on the nature of MPc. SEM data (Fig. 4) show that
MgPc-derived nanoparticles have sizes from 10 to 25 nm
(Fig. 4B) and 20 nm (Fig. 4A), respectively. In the image
profile of the sample of 0.5% NiPc as a precursor (Fig. 4G),
it is shown how the nanoparticles are joined to the surface of
the borosilicate glass substrate. They have a size of 10-12 nm
of the sample of 0.05% NiPc as a precursor (Fig. 4H). The

diameter of nanoparticles, in case of CuPc used as a precur-
sor, is 15 nm (Fig. 4A). The thickness of the thin film of the
sample was measured to be in the range of 20-1000 nm in case
of homogeneous deposition (samples NiPc, CuPc and MgPc);
however, in case of the sample Fig. 4E (ZnPc as a precursor),
the deposition was not homogeneous and the thickness varies
up to 3400 nm (Table 1). The TEM data reveals (Fig. 4 y Fig.
5) that the precursors containing NiPc and CuPc allow obtain-
ing nanoparticles of sizes 5-10 nm (Figs. 5A and 4H) for
concentrations of 0.05 wt.%, 0.5 wt.% and formation of car-
bon nanotubes (SWCNTs) with the diameter of 1.25 nm
(Fig. 4L y Fig. 5B) for concentrations of 1.0 wt.%.
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Fig. (5). TEM images of samples prepared using the CuPc precursors: A) TEM (precursor CuPc 0.5 wt.%); B) TEM (precursor CuPc 1.0 wt.%).

7\Iasaer3 532nm G 1598 cm-! A
4004 Slit width: 50 ym
~ Ni 0.125wt% D 1332cm’
¢ Ni 0.0419wt%
8 300
3
<
2
§ 200- & 2s0em
£
§
£
& 100
RBM
/‘—\L
0'| T T T T T T
350 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Raman intensity (Absorbance)

700 Opening hole: 50 ym

N
1300 cm'! 960 cm™t !
%0 1600 om > / |
cm )
G M mg]

500

400

300 Niasaer: 532nm

(Eraser: 7€V)

302 cm'1/§ RBM;

(=]

200

T T T T T+
3500 2000 1500 1000 500

Wavenumbers (cm-1)

T T
3000 2500

Fig. (6). Raman spectra of thin films: a) comparison of NiPc-derived composites at different concentrations; b) comparison of samples ob-
tained by pyrolysis using different MPc as precursors at 0.5 wt.%. (RBM is Radial Breathing Mode 140<v<350 cm™) and IFM (intermediate
frequency modes IFM™= 750 cm™, IFM'= 960 cm™). The features marked with "*' at 248, 521 and 962 cm™ are from the Si/SiO, substrate and

are used for calibration of the nanotube Raman spectrum [28]).

The Raman spectra of the samples are shown in Fig. (6).
The radial breathing mode (RBM) at 140<v<350 cm™ are
characteristic for SWCNTSs; they are clearly present in all
samples, together with other carbon nanostructures. The tan-
gential G band at 1600 cm™, whose profile indicates the me-
tallic or semiconductor character of the CNTs, and the bands
D at 1332 cm™ (disorder-induced) and G' at 2650 cm™ (over-
tone D) are also observed. The band D is indicative of the
presence of defects in the walls, so the ratio of intensities of
the D and G bands can testify about the number of defects
[27]. In the Raman spectrum of samples, in addition to the
bands G, D and G', a group of very intense bands centered at
200 cm’ was observed, which are characteristics of
SWCNTs (140<v<350 ¢m™) corresponding to the character-
istic respiratory mode in radial direction (radial breathing
mode RBM) of SWCNTSs and inverse linearly depending on
the CNT diameter, since the radial breathing mode frequency
vrpm depends linearly on the reciprocal nanotube diameter d,.
They can also correspond to other second-order vibrations as
IFM (intermediate frequency modes) at 960 cm™ (weaker
bands). The first band D appears at ~1300 cm™, indicating the

disorder of graphite. A strong increase of the band G is seen
at 1600 cm™ (vibration mode A1G). In the case of NiPc use
(Fig. 6a), a band at ~2700 cm™' confirms the stacking of gra-
phene la;/ers. The G-band is highly sensitive to strain effects
in the sp~ system and thus can be used to probe modification
on the flat surface of graphene.

3.2. Solvent-MPc-ferrocene mixtures as precursors.

The obtained products differ from those observed in the
section above. Thus, in their SEM images, the following
nanoparticles are observed: magnesium nanoparticles (Fig.
7A) with a size of 2.0-2.5 um, zinc nanoparticles (Fig. 7B)
with a size of 0.2-0.4 um, and copper nanoparticles (Fig. 7C)
with size from 0.2 pm to 0.55 pm. In case of the image with
Zn nanoparticles (Fig. 7B), wire- or tube-like formations are
seen, which were later confirmed as carbon nanotubes with a
thickness of 25-27 nm and length of 360-400 nm. In a TEM
image of the sample ferrocene-CuPc (Fig. 7D), a thin layer of
possible graphene in a corrugated form is observed, which is
not totally extended on the sample surface but rather presents
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Fig. (7). SEM (A-C) and TEM (D-E) images of the samples, obtained from: A) ferrocene + toluene + MgPc (0.05 wt.%); B) ferrocene + tolu-
ene + ZnPc (0.05 wt.%); C) ferrocene + toluene + CuPc (0.05 wt.%); D) ferrocene + toluene + CuPc (0.05 wt.%); E) ferrocene + toluene +

MgPc (0.05 wt.%); F) ferrocene + toluene + NiPc (0.05 wt.%).

small waves in the form of valleys and ridges. The TEM
image of the sample prepared from ferrocene plus MgPc
(Fig. 7E) indicates a cross-sectional view of a layer of multi-
wall carbon nanotube with internal diameter of 8.33 nm. The
TEM image of the sample prepared from ferrocene plus NiPc
(Fig. 7F) shows an MWCNT with an internal diameter of
11.66 nm and external diameter of 33.3 nm and the TEM
image of the sample prepared from ferrocene plus ZnPc

(Fig. 8) shows an MWCNT with an external diameter of
12.50 nm. In addition, the formation of aligned carbon nano-
tubes was observed using the glass of optical fiber and metal
phthalocyanines as precursors. Fig. 9 shows the vertical
growth of carbon nanotubes. The growth speed of MWCNTs
can be controlled by exposition time and is in the range of
175-340 nm/s.
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Fig. 10 shows the Raman spectra for the samples, derived
from ferrocene and MPc, indicating that they contain slight
differences in comparison with those shown in Fig. (6). In
relation with band intensities (Fig. S1), we note the follow-

C)
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ing. The intensity ratio between the Ip/Ig bands is observed
with a higher intensity for the sample, derived from ferro-
cene + ZnPc (0.74), being compared to ferrocene + NiPc
(0.42), ferrocene + MgPc (0.70) and ferrocene + CuPc (0.70)
which indicates the presence of dopant material (MPc) pre-
sent in carbon nanotubes. The intensity ratio changes are
directly related to decrease or increase the amount of nitro-
gen over the CNTs. The presence of bands in an RBM range
(140 < a < 350 cm™) allows us suppose SWCNTs presence,
confirmed by the group of very intense bands centered at 200
em™, which are characteristic of single-wall carbon nano-
tubes.

In the Raman spectrum of the CNTs, according to the
characteristic bands of these materials and to the intensity
ratio between the D and G bands, the degree of graphitiza-
tion of the walls of the nanotube can be evaluated, as well as
the presence of defects in the network of the same. The vi-
bration band G, characteristic of the CNTs, is located at
~1580 cm™ and corresponds to the fundamental vibration
(first-order) of tangential elongation and the vibration mode

Fig. (9). a) Transversal cutting of the optical fiber, b) inset of the selected section of the Fig. 9a, where a vertical growth of CNTs are seen,

¢) front view of the optical fiber.
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Fig. (10). A comparison of Raman spectra of the samples, obtained from ferrocene and MPc.

E»g. The band D is attributed to the defects and impurities
which the nanotube contain in the network; this band is lo-
cated at ~1330 cm™ and corresponding to the A, vibration
mode, while the G band, located at ~2660 cm™, corresponds
to an over-tone of the mode D. The first band D appears at
approximately 1350 cm™, which indicates the disorder of the
graphitic structure. There is a strong increase in the G band
at 1600 cm™'; this band is corresponding to the vibration
mode Ajg. In the ferrocene + NiPc-derived sample and in the
ferrocene + MgPc-derived sample (Fig. S1), a band appears
in 2633 cm' related to the integrity of the carbon structure,
in which confirms the stacking of graphene layers.

3.3. Results of Kelvin (4 Wire Sensing) Measurements of
Samples, Obtained from Ferrocene and MPc in Tolu-
ene+EtOH

Voltage measurements against the current to a very small
scale of the order of nanoamperes in DC were made. The
slope of the graph obtained in each of the samples being re-
sistance is in the range of kilo-ohms, is achieved (Fig. 3).
The summary of the readings taken with the technique Kel-
vin (4 wire sensing) is shown in Table 2. It was observed that
there are three possible scenarios when depositing nanome-
ter-thin layer of material on the substrate borosilicate glass as
follows: 1) the nanometer-scale material is deposited on both
sides of the substrate, 2) the material is deposited only on
one side of the substrate, and 3) the nanometer material is
not deposited on any side of the substrate. This depends
largely on the location of the substrate within the quartz tube,
that is, if nothing is deposited in the terminals, but deposited
in the center, it will melt due to the high temperatures han-
dled in the pyrolysis technique. It is recommended to place
the substrates at a distance of 15 cm from the outside in the
tube. Comparing the measurements of the samples in Table
2, we found that using only NiPc and MgPc in percentages

0.5 wt.% and 1.0 wt.%, the resistance is relatively very high
(from 25 kQ to 75 kQ) having a very high current, small but
effective from 7.9 nA to 20.6 nA being sufficient to operate
MEMs.

3.4. Kelvin (4 Wire Sensing) Measurements of Samples,
Obtained from Ferrocene and MPc in Toluene+EtOH

Direct current measurements were made by the Kelvin
technique (4 tips) finding a current on a small scale of the
order of the microamperes. The slope of the graph obtained
voltage vs. current in each of the samples was found to be in
a range of 15.99 Q up to 24.77 kQ and indicates the re-
sistance of the same. The summary of measurements is
shown in Table 3. It can be observed that the greatest re-
sistance is present in the sample that contained the only fer-
rocene as a precursor (24.77 kQ) and that it decreases with
the presence of MPc (M = Zn, Mg, Ni or Cu), added to the
ferrocene in each sample. It was confirmed that copper is one
of the best elements for conduction and transmission of the
electric current since it presents the least resistance (only
15.99 Q) compared to the other metals used in this investiga-
tion.

Comparing the measurements of the samples in Table 3
against the measurements of the Table 2, we found that using
only metal phthalocyanines with toluene, the resistance is
relatively very high (from 30 kQ to 75 kQ) having a very
high current small but effective from 7.9 nA to 20.6 nA be-
ing enough to operate a MEMS. On the other hand, using the
MPcs + toluene + ferrocene, a remarkable improvement in
the resistance is observed since the latter tends to decrease to
24.77 kQ at 15.99 Q, with a current greater than 54.38 pA at
513 pA. The graph and table corresponding to each meas-
urement can be seen in Fig. S2, where it is appreciated that
all the samples have a straight line with a certain slope which
indicates the resistance of the nanometric material.



Phthalocyanines as Catalyst Precursors for MWCNTs

Recent Patents on Nanotechnology, 2019, Vol. 13, No. 0 9

Table 2. Summary of the measurements of four points for the samples, obtained by pyrolysis of MPc dispersion in toluene.
. C trati Initial Volt: Final Volt
Toluene with oncentration, nitla’ voltage tnal Voltage Initial Current nA | Final Current nA | Resistance, kQ
wt.% pVolts mVolts
0.5 320 2.79 16.64 100 29.681
MgP
e 1 226 2.25 20.60 100 25477
0.5 558 61.1 9.40 1000 61.156
NiP
e 1 393 7.39 7.96 100 75.972
ZnPc 0.5 428 2.47 14.23 100 17.356
CuPc 0.5 341 7.01 21.45 1000 15.34
Table 3.  Kelvin (4 wire sensing) measurements of samples, obtained from ferrocene and MPc in toluene.

Toluene with MPc Concentration, wt.% | Initial Voltage, pv | Final Voltage | Initial Current, pA | Final Current, pA | Resistance
Ferrocene + CuPc 0.05 442 15.56 pv 54.38 1 15.99 Q
Ferrocene + MgPc 0.05 431 42.16 pv 17.75 1 4248 Q
Ferrocene + NiPc 0.05 240 102.12 pv 5.61 1 102.45 Q
Ferrocene + ZnPc 0.05 397 83v 261.53 1 11.251 kQ

Ferrocene 0.50 547 10v 513 917 24.77 kQ
CONCLUSION goal of the catalysis search is the decrease of this value to at

Carbon nanoparticles and nanotubes, both SWCNTs and
MWCNTs, can be obtained via spray pyrolysis from metal
phthalocyanines as precursors of metal particles, playing the
role of catalyst for the formation of carbonaceous nanostruc-
tures. The presence of ferrocene contributes to the formation
of tubular nanostructures. The growth speed of aligned
MWCNTs can be controlled by exposition time and is in the
range of 175-340 nm/s. SWCNT monolayers have diameters
of 1.45 nm. The G, D and G' characteristic bands of
SWCNTs were confirmed by Raman spectroscopy, as well
as other intense bands in the range of 140 to 350 cm™ corre-
sponding to RBM (radial breathing mode) and a less inten-
sive band intermediate frequency modes (IFM) 750 cm™,
960 cm™ corresponding to the IFM™ and IFM". Thin layers of
nanomaterials, deposited on borosilicate glass, were found to
conduct in nanoamper scale, allowing their further use in
MEMs devices. Comparing our results with recent other data
on other organometallics as catalyst precursors, for example
ferrocene and M(CO);(fBuNC) (M = Mo, W) as catalyst
precursor and toluene as carbon precursor [29], we note that
the use of MC does not require temperatures above 760°C,
high-cost chemicals and sophisticated equipment. Indeed,
this area is not well developed starting from the beginning of
this century [30].

CURRENT & FUTURE DEVELOPMENTS

Spray pyrolysis method is currently one of the most
common techniques in the synthesis of carbon nanotubes and
it needs further development. In particular, a search of new
catalyst precursors, rather than commonly used ferrocene, is
one of the routes in the investigations in this field. Typical
temperatures in these processes are 700-900°C, so the main

least 500°C or lesser (in some industrial applications, the
pyrolysis can start even at 250°C), that could be very useful
for scaling up this technique. In addition, the production of a
more variety of carbon nanotubes depending on reaction
parameters (reactor temperature, gas-flow rate and catalyst-
carbon precursor ratio) is needed. The formed carbon nano-
tubes could vary in lengths, wall thickness and internal
channel diameters. Successful management of these process-
es can lead to a cheaper fabrication of distinct types of car-
bon nanomaterials, from pure hydrocarbons or several low-
cost wastes containing them (for instance, used tires, carbon
residues in oil refineries, pyrolytic oil and pyro-gas).
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