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Abstract: This study was focused on the growth of multi-walled carbon nanotubes (MWCNTs) on
iron chloride-functionalized silica microspheres. In addition, the microwave absorption potential
and the subsequent heat production of the resulting structures were monitored by means of infrared
thermometry and compared with pristine commercially available MWCNTs. The functionalized silica
microparticle substrates produced MWCNTs without any amorphous carbon but with increased
structural defects, whereas their heat production performance as microwave absorbents was com-
parable to that of the pristine MWCNTs. Two-minute microwave irradiation of the SiO2@CNTs
structures resulted in an increase in the material’s temperature from ambient temperature up to
173 ◦C. This research puts forward a new idea of charge modulation of MWCNTs and sheds light
on an investigation for the development of bifunctional materials with improved properties with
respect to efficient microwave absorbance.

Keywords: microwave irradiation; carbon nanotubes; chemical vapor deposition; nanostructured
powders; Raman

1. Introduction

Currently, reduction, recycling and reuse are crucial parameters in order to tackle
waste problems and to move from linear economic processes and systems towards a more
circular economy [1]. Therefore, material development methods progressively lean towards
green synthesis procedures, aiming at recycling strategies as well as the reusability of raw
materials. Furthermore, in the industries related to composite and coating manufacture,
there is a growing demand for reclaimable materials, which opposes a serious challenge
due to the permanent nature of the bonding between the matrix and reinforcing material [1].
For many years, the term “debonding” has been addressed as a form of material failure,
where loss of adhesion occurs between the matrix and filler [2]. On the other hand, recent
studies propose alternatives for the fabrication of coatings where debonding-on-demand is
being described as a mechanism to separate the two phases of a composite material or a
coated surface via the application of an external stimulus. From the chemical perspective,
such strategies include the synthesis of crosslinked polymers utilizing photo-initiators for
triggering mechanisms [3–5]. In addition, the use of nanoparticles (NPs) could potentially
address this challenge due to their unique intrinsic properties [6–8].

Notwithstanding, CNTs have attracted significant attention as filler materials because
of their unique physical properties [9]. One of the most important properties of CNTs
is their response to microwave irradiation by producing heat. Imholt et al. previously
described the emission of light as well as the production of intense heat when single-
walled carbon nanotubes (SWCNTs) were exposed to microwave irradiation [10]. For
these reasons, several vibration analyses have been performed related to the number of
walls of the nanotubes. In the work of Strozzi et al., linear vibrations of triple-walled
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carbon nanotubes were investigated in order to determine the effect of the geometry and
boundary conditions on the natural frequencies of the nanotubes [11]. In the study of
He et al., it was found that the van der Waals interaction influences the radial vibration of
small-radius multi-walled carbon nanotubes (MWCNTs) [12]. Moreover, the mechanical
behavior of MWNTs as single entities, as well as their effectiveness as load-bearing entities
in nanocomposite materials, was investigated by Pantano et al., focusing on the use of bent
MWNTs of different diameters and numbers of walls [13]. Although the exact mechanism of
microwave absorbance is still under vigorous research, its interaction is also being studied
in terms of microwave-assisted synthesis, functionalization or purification, whereas in all
cases examined, the production of heat is a common aspect [14].

Purification of MWCNTs includes several steps and can be performed via a variety
of procedures that emphasize the removal of the catalytic particles which are important
for the growth of CNTs. These particles are transition metal nanoparticles, in most cases
iron oxide nanoparticles. In the work of Wadhawan et al., the microwave absorption of
purified and unpurified SWCNTs was examined. The outcome of their study revealed an
increase in heating in the unpurified sample compared to the purified one. They also found
that the unpurified SWCNTs also emitted light, a result that clearly denoted the evidence
of heat production after microwave irradiation, as well as the hypothesis that iron oxide
nanoparticles contribute to microwave absorption [15]. The exceptional properties of CNTs
are attributed to their defect-free graphene layers, including microwave absorption; the
defect-free surface, however, renders the material chemically inert and therefore opposes
a challenge towards practical applications such as homogenous dispersions of CNTs in
thermoplastic matrices [16].

On the other hand, silica nanoparticles produced by the Stöber process, can be sur-
face functionalized in order to be homogenously dispersed in a variety of media [17].
In the work of Wang et al., a core–shell three-dimensional hierarchical structure based
on Fe3O4 was fabricated in a multi-component glass system that was able to exhibit
effective microwave absorption [18]. In addition, Green et al. produced doped silica
nanoparticles, which, according to their findings, exhibited excellent microwave absorption
performance [19]. From the aforementioned research outcomes, it is evident that both silica
and iron oxide have potential microwave absorption properties.

In this study, silica nanoparticles were fabricated and surface functionalized with
iron chloride to provide substrates/catalytic particles for the growth of carbon nanotubes.
The CNTs’ growth was studied morphologically (and qualitatively) by scanning electron
microscopy (SEM), quantitatively by means of thermogravimetric analysis (TGA) and
qualitatively utilizing Raman spectroscopy to identify the Id/Ig ratio. The as-produced
nanomaterials were subsequently microwave irradiated, and their heat production was
estimated by incorporating infrared thermometry. The added value of this work lies in the
fact that the individual properties of each component, namely, surface functionalization
and microwave absorption for silica nanoparticles and MWCNTs, respectively, render
this hybrid material a potential debonding agent in the composite and coating industries.
The resulting hybrid structures present both microsilica properties (high surface area,
surface functionalization/chemical affinity with polymer matrices) and heat production
via microwave absorption due to the MWCNT counterpart and therefore can be considered
a novel material in the composite and coating industries.

2. Materials and Methods
2.1. Materials

Absolute ethanol 99.5% and ammonium hydroxide were purchased from Acros Or-
ganics, whereas tetraethyl orthosilicate (TEOS) and iron chloride (II) tetrahydrate 99%
were purchased from Sigma Aldrich (Saint Louis, MI, USA) and used without any fur-
ther purification. For the chemical vapor deposition (CVD) experiment, acetylene was
used as the carbon source, whereas argon and hydrogen were used as inert and reduc-
ing agents, respectively. Finally, apart from the laboratory synthesis of MWCNTs, pris-



Fibers 2021, 9, 81 3 of 12

tine commercial MWCNTs were also purchased from Hongwu International Group Ltd.
(Guangzhou, China).

2.2. Synthesis of SiO2@CNTs

The synthesis of MWCNTs on the surface of colloidal silica, SiO2@CNTs, was ac-
complished by a three-step process: (i) formation of colloidal silica by means of sol-gel
(Stöber method) [17], (ii) functionalization of the hydroxyl groups of colloidal silica with
iron chloride and iii) heat treatment of the functionalized SiO2 at 700 ◦C under an oxygen
atmosphere to calcinate the sample and form iron oxide nanoparticles, with subsequent
reduction under H2 flow in the presence of acetylene as a carbon source to initiate the
growth of carbon nanotubes.

Briefly, 100 mL of ethanol, 11 mL of H2O, 6 mL of TEOS and 8 mL of ammonia
as a catalyst were placed in a 250 mL round-bottom flask. The mixture was left under
vigorous stirring for 5 h to produce silica microspheres with average diameters of 350 nm.
Subsequently, centrifugation and rinsing with deionized water followed. The as-received
white powder was left to dry in a desiccator.

Functionalization of the hydroxyl groups of colloidal silica was conducted with iron
chloride aqueous solution by means of electrostatic interaction. The mechanism of the
electrostatic interaction is realized by the interaction of the negatively charged hydroxyl
groups of silica with the positively charged Fe+ ions. This technique was demonstrated in
our previous work utilizing negatively charged polymethacrylic acid nanoparticles and
silver ions [20].

The silica nanospheres were dispersed in an aqueous solution of 10 mM iron chloride
tetrahydrate 99% for 2 h in order for Fe+ ions to electrostatically attach to the hydroxyl
groups of silica. Centrifugation and rinsing followed, and the as-received orange powder
was dried in a desiccator.

After the functionalized nanospheres were dried, they were grinded into a fine powder
and placed on top of a silicon wafer. Then, the wafer was placed inside a horizontal CVD
furnace that was set to 700 ◦C under an oxygen atmosphere to calcinate the sample and
form iron oxide nanoparticles. Subsequently, a reduction process followed under H2
flow (220 sccm) for 10 min, and then under acetylene flow (300 sccm) for 10 min as a
carbon source inserted into the system to initiate the growth of MWCNTs on the colloidal
silica surface. Further purification (removal of the iron oxide nanoparticles by chemical
oxidation) of the as-produced MWCNTs was not realized in order to avoid introducing
further defects in the MWCNTs.

2.3. Characterization

The materials’ surface morphology was estimated via scanning electron microscopy
(SEM) using a PHILIPS Quanta Inspect (FEI Company, Hillsboro, OR, USA) microscope
with a W (tungsten) filament 25 KV equipped with a EDAX GENESIS (Ametex Process
& Analytical Instruments, Pittsburgh, PA, USA). Micro-Raman measurements were per-
formed using a Renishaw inVia spectrometer working in a backscattering configuration and
equipped with a near-infrared diode laser emitting at 530 nm. The spectra were recorded
by focusing the laser beam on the sample surface and adjusting the light power so that
1 mW was provided for a spot of about 1 µm diameter. Thermogravimetric analysis (TGA)
was performed on a TGA Netch STA 449 Jupiter. Samples were heated from ambient tem-
perature to 900 ◦C with a heating rate of 10 ◦C/min under an O2 atmosphere. A Malvern
Zetasizer nano zs apparatus was utilized for measuring the size, polydispersity and surface
charge of the silica microsphere by dynamic light scattering (DLS). In addition, a Cary
630 FT-IR Spectrometer was utilized to perform the FT-IR measurements. Each sample was
grinded into a powder and mixed with KBr to form pellets for the measurements in the
range of 400 to 4500 cm−1.

Microwave absorption of materials is a complex scientific field that requires a well-
established profile of the electromagnetic properties of the tested material in order to be



Fibers 2021, 9, 81 4 of 12

assessed with precision. This work was focused on the synthesis and characterization of a
novel material with potential microwave absorption properties; the method applied for the
microwave absorption is straightforward, and the presented results serve as an indication
and not as absolute values. The microwave absorption was measured utilizing a microwave
instrument (magnetron 700 W operating at 2.45 GHz), whereas the heat produced was
assessed utilizing an FLIR C3-X thermal camera. For the microwave absorption assessment,
4 samples were tested: an empty vial as a control, plain silica microspheres, pristine
commercial MWCNTs, with a mass corresponding to a 20% mass percentage of the hybrid
structures, and the final hybrid structure, which, from this point on, will be referred to as
SiO2@CNTs.

3. Results and Discussion
3.1. Morphological Characterization

The morphological evaluation of SiO2@CNTs was accomplished via SEM, whereas
DLS was used to correlate the size results with SEM analysis; the results are exhibited in
Figures 1 and 2, respectively. Figure 1a depicts the pristine silica microspheres with an
average diameter at 350 nm; these results are in agreement with the size measurements
obtained from DLS, Figure 2a, which reveal an average hydrodynamic radius of 400 nm.
The 50 nm difference can be attributed to the strong negative charge of silica microspheres
(−40 mV), as seen in the zeta potential measurement in Figure 2b. Furthermore, the
formation of iron oxide nanoparticles on the surface of silica microspheres prior to the
growth of the MWCNTs is demonstrated in Figure 1b,c. It can be seen in Figure 1c that
iron oxide nanoparticles with a diameter range from 15 to 21 nm were grown on the silica
microspheres, after functionalizing the latter with iron chloride and subsequent thermal
oxidation at 700 ◦C. However, the aforementioned observation is not evident for all the
silica microspheres since the electrostatic attachment is of a dynamic nature, affected by the
surface charge of the silica particles, the concentration of iron chloride and the experimental
conditions such as the temperature and stirring time. Energy-dispersive X-ray analysis
(EDS) was performed on the silica microspheres prior to the growth of MWCNTs; the
results are illustrated in Figure 3. It can be observed that the elemental analysis affirms the
presence of elemental iron at 6.3 and 0.7 keV. However, it should be mentioned that the
presence of carbon and gold is attributed to the SEM sample preparation: carbon due to the
use of carbon tape for sample adhesion, and gold due to the gilding process in order for
the sample to become more conductive. Therefore, carbon and gold were excluded from
the elemental quantification and the corresponding calculation of the atomic percentages
that are illustrated in Figure 3.

Figure 1d–f exhibit the surface iron oxide-functionalized silica microspheres after
the growth of MWCNTs. Starting from smaller magnifications, Figure 1d, moving to
larger ones, Figure 1f, the growth of MWCNTs with a random orientation and an average
thickness of 50 nm can be observed. As in the case of iron oxide nanoparticles, some
silica microspheres do not present any MWCNT growth, Figure 1e,f. This outcome can
be potentially attributed to partial functionalization of the initial silica microspheres due
to the dynamic nature of the electrostatic bonding of Fe ions to the negatively charged
microspheres [21,22]. Nevertheless, both the iron oxide nanoparticles and the as-produced
MWCNTs exhibit an extremely narrow nanoparticle size and MWCNT thickness distribu-
tion, thus further supporting the effect of the catalytic nanoparticle size in the growth of
MWCNTs [21,23].
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Figure 1. SEM images of (a) silica microspheres; (b,c) silica microspheres with iron oxide nanoparticles at different
magnifications; and (d–f) SiO2@CNTs at different magnifications.

Figure 2. Dynamic light scattering of silica samples: (a) hydrodynamic radius; (b) zeta potential.
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Figure 3. EDS analysis of the Fe+-functionalized silica microspheres.

3.2. Structural and Thermal Analyses

Raman and TGA analyses were performed for the quantitative determination and qual-
itative identification, respectively, of the structural defects of MWCNTs on the SiO2@CNTs
hybrid structures. Figure 4 presents the results of the TGA analysis. It is shown that
at approximately 100 ◦C, a minor mass increase can be observed (0.8 wt.%), which is
attributed to the initial oxidation. According to Mansfield et al., amorphous carbon thermal
degradation occurs between 200 and 400 ◦C. Therefore, taking into account that no mass
loss can be seen in this temperature range, it can be assumed that the SiO2@CNTs sample
has no amorphous carbon [24,25]. The thermal degradation of the sample initiates at 463 ◦C
and ends at 670 ◦C, having lost 20 wt.% of its total mass. From there on, the mass remains
constant up to 900 ◦C, where the measurement is finished. This mass loss is attributed to
the thermal oxidation of MWCNTs, which occurs above 450 ◦C in air [26]. According to
the literature, above the aforementioned temperature under an oxygen atmosphere, the
graphite layers of MWCNTs become unstable and begin to degrade; this outcome has
been observed during the heating of MWCNTs at various heating rates [27]. Evidently, the
TGA measurements revealed a 20 wt.% MWCNTs content with minor to no amorphous
carbon content.

Figure 4. TGA curve of the thermal decomposition of SiO2@CNTs.

Although the SiO2@CNTs were free of amorphous carbon, Raman analysis (Figure 5a)
revealed significant structural defects in the carbon structures judging by the calculation of
the Id/Ig ratio (Id/Ig = 2.0). In addition to the D and G bands, the 2D (or D’) band is also
present, along with the D + G band, thus further justifying the presence of MWCNTs in
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the sample. On the other hand, the Raman spectrum of the pristine commercial MWCNTs,
Figure 5b, presents the same bands; however, the D band at approximately 1350 cm−1,
which is correlated with defects in the CNTs’ graphitic structures, is significantly lower
in area compared to the SiO2@CNTs spectrum, Figure 5a, as well as the Id/Ig ratio (0.6),
whereas the 2D band is notably stronger. It is evident, from the Raman analysis, that the
commercial MWCNTs sample exhibits a more refined structure in terms of defects in the
graphitic layers.

Figure 5. Raman shift of (a) SiO2@CNTs and (b) pristine commercial MWCNTs.

To further support the presence of MWCNTs on the as-produced silica surface, XRD
measurements took place in order to identify any crystal structures present on the sample
as evidence of MWCNTs; the results are presented in Figure 6. The XRD spectrum exhibits
one broad and one sharp peak located at approximately 25 degrees and 43 degrees, respec-
tively. According to the literature [28], amorphous nano-silica exhibits a broad peak with
a center at approximately 25 degrees, which agrees with our findings since in the TGA
measurements, it was shown that the sample consists primarily of silica (80%). Neverthe-
less, MWCNTs exhibit two main peaks, the first one located at 23 degrees and the second
one at 43 degrees, responsible for the diffraction of the crystal graphitic planes (002) and
(100), respectively [29,30]. Although the first peak is most likely overlapped by the strong
diffraction of the amorphous silica, the second peak at 43 degrees is a sharp peak with a
strong intensity, clearly denoting evidence of crystal structures in the SiO2@CNTs sample.

Figure 6. XRD spectrum of SiO2@CNTs.
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According to the literature, the catalytic activity for the growth of MWCNTs is pro-
vided by transition metal particles—in our case, elemental iron [31,32]. For this reason,
after the functionalization of the hydroxyl groups of colloidal silica with iron chloride
aqueous solution by means of electrostatic interaction, the produced iron oxide nanoparti-
cles undergo reduction to elemental iron during the reduction process with H2 at 700 ◦C.
FT-IR analysis was performed on the pristine silica microspheres and on the silica mi-
crospheres after the functionalization with iron chloride and their calcination at 700 ◦C
(Fe+—functionalized silica microspheres). The results are illustrated in Figure 7. Figure 7a
exhibits the FT-IR spectrum of the pristine silica microspheres; the absorption band at
810 cm−1 is attributed to Si–O–Si stretching. The absorption bands at 1070 cm−1 and
950 cm−1 are assigned to the siloxane vibration, whereas the bands at 3200–3500 cm−1

and at 1625 cm−1 are attributed to the O–H stretching band of either the hydroxyl groups
of the silica microspheres or the water molecules present in the sample [33]. Figure 7b
depicts the FT-IR absorption spectrum of the silica microspheres after the growth of iron
oxide nanoparticles. The spectrum exhibits all the previously observed bands of the silica
structure with the addition of one more peak located at 570 cm−1, which, according to the
literature, is an indication of the vibration of Si–O–Fe–O [34]. The aforementioned results
in relation to the EDS analysis (Figure 3) clearly denote the presence of iron oxide on the
surface of the silica microspheres.

Figure 7. FT-IR spectra of (a) pristine silica microspheres and (b) Fe+—functionalized silica microspheres.

3.3. Microwave Absorption Evaluation

The triggerable properties of the produced microparticles were estimated via mi-
crowave absorption evaluation. Figure 8 illustrates the samples tested (top) and the results
of the microwave absorption and the subsequent heat production of each measured sample,
as identified by the IR thermo-camera (bottom). Four measurements took place: (a) an
empty vial as a control, (b) silica microspheres, (c) pristine commercial MWCNTs and
(d) SiO2@CNTs. Each sample was microwave irradiated for 2 min, and the temperature
was measured inside the oven directly after microwave irradiation came to a halt; sub-
sequently, the oven was left to cool for 5 min before starting the next measurement. On
the top left of each image, the measured temperature is highlighted, whereas on the right
side of each image, the temperature scale bar is presented. The bright yellow-red area
observed in the background, which is present in all pictures, is the area directly below the
microwave source.
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Figure 8. Photographs of the samples prior to (top) and after their microwave irradiation (bottom): (a) an empty vial as a
control; (b) silica microspheres; (c) pristine commercial MWCNTs; (d) SiO2@CNTs.

Taking into account the obtained results, it can be observed that the silica spheres
exhibit a slightly increased temperature (59.2 ◦C) compared to the control sample, whereas
the pristine commercial MWCNTs and the SiO2@CNTs exhibit elevated temperatures,
209 ◦C and 173 ◦C, respectively. Furthermore, it can be seen that there is an increase in the
temperature scale bar limits, from the control to the rest of the samples, from 33.4–189 ◦C
up to 64–280 ◦C, indicating that the silica microspheres, pristine commercial MWCNTs
and the hybrid SiO2@CNTs contribute to heat production. On the other hand, it may be
remarked that despite the fact that the SiO2@CNTs contain the same amount of MWCNTs
as the pristine commercial MWCNTs, there is a difference in the observed temperature
(~30 ◦C). This variance in temperature can be attributed to the difference between the Id/Ig
ratios of the MWCNTs, as observed in the Raman analysis (Figure 5). It has been previously
reported that morphological factors such as structural defects, aspect ratio, specific surface
area and purity are prevailing factors that dictate the microwave absorption of carbon
nanotubes [35]. In addition, considering that defect-free SWCNTs have been previously
microwave irradiated in a similar manner and their heat production was significantly
higher, the above hypothesis can be further supported [10].

3.4. The Outcome Analysis

It can be seen that three different materials were used. Taking the literature into
account, in a previous study, Argawal et al. utilized the floating catalyst approach (xy-
lene/ferrocene mixture) to grow MWCNTs on silica microspheres of various sizes [36].
Their results demonstrated that the size of the silica microspheres has an impact on MWC-
NTs’ growth, whereas smaller values of the Id/Id ratio were obtained for microspheres with
sizes larger than 490 nm. In addition, Zhou et al. functionalized silica nanoparticles with
iron chloride, using methane as a carbon source, and produced SWCNTs; for silica spheres
larger than 500 nm, the SWCNTs spanned across different silica spheres, as also described
in our work (Figure 1), whereas for larger silica spheres, SWCNTs engulfed the surface of
their individual silica microspheres [37]. Nevertheless, Wei et al. modified silicon wafers
with planar silica micro-discs and produced MWCNTs with ordered, preferential growth
on the surface of the silica discs, utilizing the floating catalyst approach (xylene/ferrocene
mixture) [38].

Evidently, the obtained results in the presented work agree with the above-mentioned
research outcomes, further supporting the hypothesis that the growth of CNTs on silica
microparticle substrates is affected by the size and the available surface area of the substrate.
Silica microparticle substrates larger than 500 nm produce MWCNTs with fewer structural
defects (judging by the Id/Ig ratio), whereas the appropriate selection of the carbon source
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and catalyst, with either a floating catalyst (xylene/ferrocene mixture) or a supported
catalyst (Fe+—functionalized silica microspheres with methane or acetylene as a carbon
source), yields CNTs with ordered and random growth, respectively. In our case, the
functionalization conditions, such as the weight percentage of the silica microspheres
and the iron chloride concentration in the functionalization medium, were crucial for
the functionalization of the entire population of silica microspheres and the homogenous
growth of MWCNTs on each microparticle. Table 1 tabulates the physical and chemical
properties of the three different materials that were used in our work.

Table 1. Tabulated values of physical and chemical properties of the used materials.

Commercial
MWCNTs SiO2 SiO2@CNTs

Physical Properties

Size (nm) 25–35 (tube diameter) 350 (sphere) -
Zeta potential (mV) - −40 -

Thermal degradation (◦C) 450–600 [39] stable 463–670
Id/Ig 0.6 - 2.0

Heat production (◦C) 209.0 59.2 173.0

Chemical Properties

Surface functionalization inert Fe; –OH –OH

Composition (wt.%) 94.1–C; 5.9–O 49.2–O; 48.0–Si;
2.8–Fe

37.0–C; 31.5–O;
30.3–Si; 1.2–Fe

Regarding the microwave absorption of similar materials, according to the litera-
ture, the study of Hekmatara et al. investigated the microwave absorption properties of
Fe3O4/MWCNT materials coated with silica. The results revealed increased microwave
absorption compared to the uncoated sample (Fe3O4/MWCNT) [40]. In the work of Xi-
ang et al., MWCNT-fused silica composites were fabricated, demonstrating enhanced
microwave attenuation properties [41]. Barron and his team performed experiments on the
modification of ceramic particle surfaces with carbon nanotubes and silica. The exposure
of the produced hybrid materials to a microwave source resulted in heating the carbon
nanotubes [42]. In another study, Yuan et al. evaluated the microwave attenuation perfor-
mances of SiO2-MWCNTs matrix composites. It was proved that the obtained materials
had increased microwave absorption [43].

Taking into account the aforementioned results regarding microwave absorption, it
may be remarked that the comparison of our results with the literature could possibly lead
to misinterpretation. The reason is that, in our study, the applied method for microwave
absorption was used to compare the hybrid material (SiO2@CNTs) with the reference
(MWCNTs) in order to approximately estimate the application performance.

4. Conclusions

Silica microspheres functionalized with iron chloride were fabricated and used for
the growth of MWCNTs on their surface. The obtained hybrid structures consisted of
80 wt.% silica and 20 wt.% MWCNTs, with an average diameter of 50 nm and an average
degree of structural defects. The SiO2@CNTs structures after 2 min microwave irradiation
(magnetron 700 W operating at 2.45 GHz) produced enough heat to increase the material’s
temperature from ambient temperature up to 173 ◦C, compared to the pristine commercial
MWCNTs, which exhibited a measured temperature of 209 ◦C. By correlating these results
with similar research in the literature related to the growth of CNTs on silica microspheres,
it can be assumed that the size of the silica microspheres, the functionalization process with
iron chloride and the selected carbon source are key variables for the physical characteristics
of the resulting MWCNTs in terms of morphology and structural defects. Evidently, these
hybrid structures can be tailored by modulating the aforementioned variables in order to
produce structures with specific microwave absorption potential, whereas the silica part
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has the potential to be further functionalized in order to provide chemical affinity with
polymer resins, contrary to the chemical inertness of pristine MWCNTs. The results from
this study could greatly benefit polymer technology and the coating industry.
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