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Abstract

The unique properties of graphitic carbons have gained widespread attention towards their development and application. Carbon
materials can be synthesized by thermal decomposition and, more specifically, carbon pyrolysis from polymer precursors. The
paper shows the pyrolysis process of polyacrylonitrile (PAN) in the presence of multi-walled carbon nanotubes (MWCNTs)
according to different manufacturing process conditions. The electrospinning process of the PAN-MWCNTs solution on multi-
plates collectors was firstly analyzed. The morphology and the particles arrangement of the electrospun fibers was studied under
scanning and transmission electron microscopes. Moreover, the composite fibrous mats were characterized by RAMAN spec-
troscopy to identify the effects of a mechanical tension application during the thermal stabilization phase performed before the
pyrolysis treatment to obtain carbon fibers from the precursor polymer. The results show that the graphitization of the pyrolyzed

fibers is enhanced by the combination of MWCNTs and a mechanical stress applied during the thermal treatment.
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1 Introduction

Polymer fibers are used for diverse applications. According to
the last estimates, the world consumption of fibers is reaching
60 million tons per annum [1, 2]. Polymer nanofiber networks
are being considered as filters, scaffolds for tissue engineer-
ing, protective clothing, reinforcements in composite mate-
rials, and sensors [3-5]. Although some of these applications
are in the development stage, a few have been commercially
exploited [6]. Carbon-based materials have gained interest for
the attractive electronic and structural properties and the in-
trinsic electrochemical stability useful for a variety of techno-
logical applications. A carbon fiber (CF) is defined as a fiber
containing at least 92 wt% of carbon, while a fiber containing
at least 99 wt% carbon is usually called a graphite fiber [7].
Almost all CFs are produced from pyrolysis of precursor fi-
bers. The current carbon fiber market is dominated by poly-
acrylonitrile (PAN) carbon fibers, while the rest is related to
pitch carbon fibers and a very small amount of rayon carbon

P4 Paola Serena Ginestra
paola.ginestra@unibs.it

' Department of Mechanical and Industrial Engineering, University of

Brescia, V. Branze 38, 25123 Brescia, Italy

Published online: 11 May 2020

fiber textiles [8, 9]. The optimization of the pyrolysis process
of the PAN precursor fibers would ideally result in enhanced
performances of the resulting CF [10, 11]. Pyrolytic carbon
fibers are chemically stable and exhibit a wide potential win-
dow but require post-processing to be effective especially in
sensing applications. Nanoparticles can change the structural
and physical properties of the fibers as reinforcement agents.
The most used nanoparticles to reinforce nanofibers are car-
bon nanomaterials and especially nanotubes and graphene
[12]. The growing expansion of new carbon materials resulted
in an expansion of the theoretical research on the correlation
between the microstructural changes induced by these nano-
particles and the synthesis of carbon-enriched materials [13,
14]. Carbon nanotubes (CNTs) and graphene nanosheets have
been studied in the last two decades and a lot of research has
been focused on these two carbon allotropes combined with
polymer nanocomposites [15]. However, the production of
carbon-based materials with tailorable properties has still to
be fully understood despite their continuous industrial use. On
the other hand, the production of carbon substrates, such as
electrodes, is challenging due to the expensive costs of the
fabrication. Moreover, the relationship between the synthesis
and structure of new carbon materials is still uncertain despite
their widespread use in industry. Anyhow, CFs possessing
high degree of preferred orientation of the graphene layers
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are known to exhibit optimal properties in terms of electrical
and thermal conductivity and promising mechanical
properties.

Here, the authors demonstrate how the effects of a mechan-
ical treatment can significantly enhance the precursor fibers
graphitization by the specific rearrangement of the organic
material in relation to CNTs. The aim of the study was to
understand whether PAN fibers may be graphitized at a lower
pyrolysis temperature compared to the commercially available
PAN-based CFs [16], challenging the present approaches
concerning the graphitization of polymers. Carbon composites
have extensively been developed using PAN fibers heat-
treated to temperatures between 1000 and 2500 °C [17]. The
overall structure of PAN-based carbon fibers remains that of a
hard carbon, thus non-graphitic, till 2000 °C, and the transfor-
mation of the structure into a graphitic carbon, usually derived
from soft carbon, is achieved above 2500 °C. The reduction of
the temperature required to obtain graphitic carbon from a
polymer precursor is therefore crucial to spread the application
of this technique. The graphitization of organic precursor has
been attributed to their chemical and physical properties that
can prevent the formation of graphitic planes without a rear-
rangement of the carbon atoms in the fusion phase occurring
during the heat treatment. Subsequently, alternative strategies
are being investigated to induce graphitization in polymer
precursors [18]. In this work, the electrospinning process of
PAN enriched with multi-walled CNTs was used to enhance
the orientation of the precursor’s chains that was preserved
with the application of a mechanical stress during the thermal
stabilization prior to pyrolysis. The extent of graphitization of
PAN-CNTs fibers is found to be dependent on the fibers-
nanoparticles interactions [19]. Previous works already fo-
cused on the characterization of PAN-CNTs electrospun fi-
bers. The glass transition temperature (T,) of PAN fibers can
be modified by 3 °C with the insertion of CNTs due to the
reduction of mobility of the PAN chains [20, 21]. In particular,
an increase of the Tg of PAN-CNTs fibers has been observed
by incorporating 0.75 wt% of CNTs into the PAN matrix but
the Tg increasing trend is reduced at higher CNTs contents
due to a progressive lower interaction between the nanoparti-
cles and the polymer chains. Moreover, the chemical compo-
sition, before and after carbonization, of PAN-CNTs fibers has
been deeply investigated [22] showing that the addiction of
CNTs contributes to orient the crystallization of the PAN mo-
lecular chains during the spinning process leading to a higher
crystal perfection of the PAN polymer in the PAN-CNTs com-
posite. These results highlighted the potential role of the CTNs
as a template to maintain the polymer extended chain config-
uration during carbonization [23].

The nanoparticles arrangement was evaluated under EDS,
TEM (HRTEM; FEI Titan 80-300 kV S/TEM), and RAMAN
spectroscopy (Renishaw InVia Raman Microscope), while the
effects of the mechanical tension during thermal stabilization
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prior to the pyrolysis treatment were analyzed and characterized
by RAMAN spectroscopy and SEM (Hitachi Regulus 8230
ultra-high resolution SEM).

2 Electrospinning and pyrolysis

The first step for the production of the electrospinning solution
is the suspension of 1% MWCNTs (diameter of 110—170 nm,
length 5-9 um) in dimethylformamide (DMF) followed by
sonication for 1 h at 35 °C. Three homogeneous solutions of
8 wt% of PAN (150,000 g/mol) were prepared by adding the
polymer to the MWCNTs solution as previously reported [24,
25]. The MWCNTSs-PAN solution was then stirred for 48 h at
30 °C. The electrospinning tests were carried out with the
newly formulated solutions and the collected fibers were char-
acterized to analyze the interaction between the nanotubes and
the polymer. The electrospinning was carried out by applying
a flow rate of 0.8 ml/h to a 10-ml syringe equipped with a 21
Gauge needle. The voltage applied between the needle and the
collector was 12 kV and the distance between the needle tip
and the collector was kept at 210 mm. Furthermore, two dif-
ferent copper collectors were used: one single square collector
and a multi-plates collector. The geometry of the collector can
have a strong influence on the deposition of the fibers accord-
ing to the direction of the electrical field. In this context, a
multi-plates collector allows the alignment the fibers along
one parallel direction by the generation of an ordered electric
field towards the plates [26, 27]. On the other hand, the fibers
are randomly deposited on the square collector due to the
uniformity of the electrical field on the grounded collector.
The process was run for 30 min and the tests were performed
at ambient conditions of 25 °C and relative humidity of 40%
[1]. The obtained fibers were then thermally stabilized prior to
the carbonization (Fig. 1). Since the heating rate determines
the evolution rate of volatile components from PAN fibers and
consequently affects the performance of the carbon fibers, a
temperature of 280 °C was applied for 6 h. The samples sta-
bilized are then submitted to carbonization in a nitrogen envi-
ronment at an approximate flow rate of 4600 sccm in order to
remove all the non-carbon elements and obtain fibers made by
pristine carbon [28]. The temperature and the time of exposure
in this step are as fundamental as for the stabilization.

The temperature, starting from 20 °C (room temper-
ature), is increased for 60 min until it reaches 300 °C,
so the ramp is 4 °C/min. Then, the temperature is main-
tained for 60 min at 300 °C to complete the preliminary
stage of the process of the pre-carbonization. At this
point, the temperature is increased again until the tem-
perature achieves 1050 °C: the ramp in this case is
2.5 °C/min [29]. During this step, the second and the
final stages of the process of the pre-carbonization are
carried out.
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Fig. 1 Schematic illustration of
the micro fabrication process of
the pyrolyzed electrospun fibers
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When the temperature reaches 1050 °C, the process of
carbonization takes place and the temperature is kept constant
for 60 min in order to finish the process. All the analyses
presented in the following sections have been carried out on
pyrolyzed samples.

2.1 MWCTNs-PAN fibers

The elemental composition of the MWCNTs-PAN samples
obtained on the square collector was analyzed with SEM-
EDS mapping as shown in Fig. 2.

The quantitative elemental composition of the MWCNTs-
PAN fibers before (Fig. 2a) and after (Fig. 2b) pyrolysis re-
veals the presence of oxygen due to the chemical reactions
occurring during the stabilization of PAN as a carbon fiber
precursor [30]. The variation of the nitrogen content can be
attributed to the polyacrylonitrile composition (C3H3N), that
is carbonized by pyrolysis carried out in a controlled nitrogen
atmosphere.

The distribution and arrangement of the MWCNTs was
analyzed under TEM operating at 300 kV. Figure 3a shows

that MWCNTs-PAN samples have no porosity or other de-
fects, except for a small surface roughness. The examination
of the lattice fringes in the micrographs shows the effects of
the carbon microstructures on the fibers developed by the
electrospinning process. The MWCNTs-PAN selected area
of the diffraction pattern, taken from a thin area of the fibers
network, shows concentered circles that are formed from mul-
tiple sets of six-fold-symmetrical spots (Fig. 3b). This pattern
is due to multi-layers of sp2 hybridized carbon planes (from
MWCNTs and/or grown carbon crystals) with random orien-
tation with respect to the incident electron beam. MWCNTs-
PAN fibers present a multi-layer wall of the carbon nanotube
and some initial ordering in the shell region near the surface of
the nanofiber. This can be better noticed from Fig. 3¢ in which
a detail of the fiber’s microstructure is shown.

Close to the surface (a), it is possible to distinguish the
orientation of the fringes that indicates a good alignment of
the MWCNTs along the fiber axis, while in the core (b), the
crystals are randomly oriented. This demonstrates the well-
known distinction between the core and shell regions on
PAN-precursor nanofibers. The distance between the fringes

Fig. 2 EDS spectrum and c Spectrum 4
chemical composition of
MWCNTSs-PAN fibers before (a)
and after (b) pyrolysis
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Fig. 3 Bright field images of the
MWCNTs-PAN samples (a, b).
Detail of the microstructure of the
MWCNTSs-PAN nanofiber (¢)

indicates the distance between the different layers. The aver-
age crystallite thickness L. resulted in 15.1 £4.9 nm.

In particular, PAN is a non-graphitized polymer and the
structure of the pyrolyzed PAN is indeed disordered and
randomly curled [18]. In this case, the MWCNTs-PAN
samples exhibit aligned carbon fringes stacked together
and generally well-oriented especially on the shell region
of the fibers while the graphene planes become imperfect
in the core region of the electrospun fibers. With the addi-
tion of CNTs, the nanostructure of pyrolyzed PAN fibers
appears more graphitic.

RAMAN spectroscopy allows the quantification of the de-
gree and the uniformity of graphitization of the material. The
positions, shapes, and intensities of the RAMAN peaks can
provide fundamental information about the structural charac-
teristics of the carbon fibers. Three spectra were acquired and
averaged across each replica to evaluate the graphitic quality
of the resulting carbons. The typical RAMAN spectrum
(Aexcitation = 532 nm) collected across the electrospun
MWCNTSs-PAN carbon fibers is shown in Fig. 4.

The G peak, centered on 1560-1610 cm ', is related to the
in-plane vibrations of pairs of sp* hybridized carbon atoms.
The reason for this is that graphite is composed of sp>-bonded
carbon in planar sheets in which the bond energy of the sp*
bonds pushes the vibrational frequency of the bonds and
hence the frequency of the band in the Raman spectrum. As
a result, the intensity and sharpness of the G peaks are signi-
fying the presence of crystalline graphitic phase in the synthe-
sized material. The D peak at 1300-1400 cm™ ' is related to the
deviation from a perfect graphitic microstructure and thus in-
dicates the level of disorder in graphitic sp” structures. The
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nature of this peak is related to one-phonon elastic scattering
and it is interpreted as a measure of the quantity of sp> or
dangling sp” bonds that are causing structural disorders. In
this case, the prominent D band in relation to the G band
can be attributed to the MWCNTSs, given the multi-layer con-
figuration, and indicates a certain degree of disorder in the
structure.

The quality of graphitization can be evaluated by the D/G
peaks ratio. In particular, a low D/G ratio corresponds to a
high level of graphitization within the carbon. Moreover, a
uniform RAMAN mapping of the carbon fibers is related to
an enhanced graphitization throughout the nanofibrous mats.
From Fig. 4, it is possible to see that MWCNTs-PAN samples
present a G-peak higher than the D-peak and it can be seen
that in certain points, the value of D/G ratio is around 0.5: this
means that the presence of MWCNTSs helps the graphitization,
raising the intensity of G-peak, and the order of the carbon
phase, lowering the D-peak. On the other hand, the typical G’
peak (>2600 cm ') is not visible in the graph, reasonably due
to the overlapped multilayers of disordered graphene and pos-
sible oxygenated functional groups. In fact, the G’ peak cor-
responds to a two-phonon band allowed in the second-order
Raman spectra of graphene without any kind of disorder or
defects [31].

2.2 Single square vs multiple plates collector
The samples MWCNTs-PAN-SQ and MWCNTs-PAN-MP

differs according to the collector used during the
electrospinning for each sample: MWCNTs-PAN-SQ is
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obtained with the square collector; MWCNTs-PAN-MP is ob-
tained with the multi-plates collector (Fig. 5).

Hence, the sample MWCNTs-PAN-SQ shows randomly
oriented fibers (Fig. 6a) and the sample MWCNTs-PAN-MP
shows fibers oriented in a preferential direction (Fig. 6b). The
direction of the alignment corresponds to the normal direction
to the axes of the plates.

3 Stress induction during thermal
stabilization

The precursor carbon fibers are thermally stabilized un-
der ambient air pressure to acquire infusible and
nonburning characteristics prior to the carbonization
stage. During the thermal stabilization stage, the PAN-
CNTs fibers are characterized by a reduction in fiber
diameter together with color changes from white to

(b) collectors. The insets of the
lower corners show the optical
microscope images of the as
electrospun MWCNTs-PAN
fibers on the square and multi-
plates collectors

Fig.5 Square (a) and multi-plates |\b E
¥
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Fig. 4 RAMAN spectrum and D/G ratio mapping of MWCNTs-PAN fibers
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reddish brown [32]. Since the application of mechanical
tension during the thermal stabilization is crucial in order
to prevent the polymer chains from relaxing and losing
their orientation, two ways of mechanical stretching of
samples were designed for each sample. Firstly, a com-
pression stress has been applied to the mats and then a
tensile stress was chosen to evaluate the effects of this
stress on aligned fibers. To allow the application of a
compression stress, the MWCNTs-PAN-SQ and
MWCNTs-PAN-MP fibrous mats were detached from
the collectors and placed between two washers main-
tained by two clamps to obtain a compression of 15%
(Fig. 7a). On the other hand, the MWCNTs-PAN-MP
fibrous mats were also subjected to a uniaxial tensile
stress applied by a vise to obtain an elongation of 20%
in the longitudinal direction (Fig. 7b).

A summary of the experimental tests and applied condi-
tions is reported in Table 1.
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Fig. 6 SEM images of MWCNTs-PAN-SQ (a) and MWCNTs-PAN-MP
(b) fibers. The average diameter of the fibers is 132.2 + 15 nm (porosity =
5.03%) for the MWCNTs-PAN-SQ sample and 169.2 +40 nm
(porosity =21%) for MWCNTs-PAN-MP sample

3.1 Compression stress application effects: single
square collector

Three samples of MWCNTs-PAN-SQ fibers randomly orient-
ed on the square collector were subjected to a compressive
stress during the thermal stabilization prior to pyrolysis and
then pyrolyzed. The comparison between unstressed
MWCNTs-PAN-SQ and stressed MWCNTs-PAN-SQ-CS fi-
bers is reported in Fig. 8 (SEM) and Fig. 9 (RAMAN).

As shown in Fig. 8, the compression does not affect the
orientation of the fibers. It is possible to conclude that the
applied load is not causing a re-orientation of the fiber.

Fig. 7 Washers for the
application of the compression
stress (a) and vise for the
application of the uniaxial tensile
stress (b)
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Table 1 Summary of the electrospun mats subjected to stress-induced
thermal stabilization

Test name Collector Applied stress
MWCNTs-PAN-SQ-CS Square Compression
MWCNTs-PAN-MP-CS Multi-plates Compression
MWCNTs-PAN-MP-E Multi-plates Tensile

Thus, the fundamental supramolecular structure of the PAN
nanofibers is established during the electrospinning process.

Figure 9 presents the RAMAN shifts for a specific point of
the samples MWCNTs-PAN-SQ and MWCNTs-PAN-SQ-
CS.

In both the spectra, the D-peak and the G-peak are present.
The G-peak is higher than the D-peak in both the samples due
to the presence of MWCNTs in the mat, but in the MWCNTs-
PAN-SQ-CS sample, the D-peak is lower than the D-peak of
the sample MWCNTs-PAN-SQ. This may depend on the me-
chanical treatment at which sample MWCNTs-PAN-SQ-CS is
subjected during stabilization: the applied stress prevents the
polymer chains from relaxing and losing their orientation.
That means that the microstructure is more ordered: the D-
peak lowers and the G peak is clearly visible on the spectrum.
The reduction of the intensity of the disorder-associated peak
reveals a possible increase in the graphitic structure of the
mechanically treated samples. Moreover, broader RAMAN
peaks are related with a higher level of disorder and defects
in the graphitic material. In this case, it is possible to remark a
reduction of the areas of both G and D peaks.

Figure 10 shows that the average value of the D/G ratio of
sample MWCNTs-PAN-SQ ( 0.5) is lower than the one of
sample MWCNTs-PAN-SQ-CS, but the punctual value of
D/G ratio reaches lower values in sample MWCNTs-PAN-
SQ-CS. This effect can be attributed to the application of a
mechanical tension during stabilization that can enhance the
microstructural order of the fibers. The average D/G ratio for
sample MWCNTs-PAN-SQ-CS is around 0.8 (ranging from
0.6 to 1). This value can be attributed to an incomplete disper-
sion of the MWCNTs in the polymer solution.

RARARARARRAARRY:
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Fig. 8 Comparison between SEM images of MWCNTs-PAN-SQ (a) and
MWCNTs-PAN-SQ-CS (b) fibers. The average diameter of the fibers is
132.2 £15 nm (porosity =5.03%) for the MWCNTs-PAN-SQ sample
and 168 + 30 nm (porosity =4.38%) for MWCNTs-PAN-SQ-CS sample

3.2 Compression stress application effects: multiple
plates collector

Three samples of MWCNTs-PAN-MP fibers deposited on the
multi-plates collector were subjected to the compressive stress
during the thermal stabilization prior to pyrolysis and then
pyrolyzed. As shown in Fig. 9, the compression seems en-
hancing the orientation of the MWCNTs-PAN-MP-CS fibers
accordingly to their direction given by the multi-plates collec-
tor (Fig. 11).

It can be concluded that the application of a compression
stress is more effective on the already oriented fibers collected
on the multi-plates configuration.

The RAMAN spectrum in Fig. 12 shows similar D and G
peak intensities compared to the spectrum in Fig. 9b indicat-
ing that the compressive stress is not influencing the degree of
graphitization of the fibers in relation to their orientation.

Considering the mapping of sample MWCNTs-PAN-MP-
CS, reported in Fig. 12, the average value of D/G ratio results
to 0.6 ranging from 0.2 to 0.8. As the stress is uniform on the
mat, it is possible to consider the D peak constant and thus that
the lowest values of D/G ratio are found in correspondence to
the MWCNTs that raise the G-peak.
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Fig. 9 Comparison between RAMAN spectra of MWCNTs-PAN-SQ (a)
and MWCNTs-PAN-SQ-CS (b) fibers

The average value of the D/G ratio is lower in the
MWCNTs-PAN-MP-CS sample if compared to the one relat-
ed to the MWCNTs-PAN-SQ-CS sample. This local reduction
of'the D/G ratio can be attributed to the enhanced alignment of
the fibers that gives more orientation to the microstructure of
the MWCNTs-PAN composite helping the increase of the
graphitization degree.

3.3 Compression vs tensile stress: multiple plates
collector

Considering the results of the application of the compression
stress on the aligned fibers, a controlled vise was used to
subject the MWCNTs-PAN-MP fibrous mats to an elongation
of €=20%.

Figure 13 shows that the sample MWCNTs-PAN-MP-E
presents a similar orientation of the fibers compared to the
MWCNTs-PAN-MP-CS sample but in this case, it can be seen
that the stretching in sample MWCNTs-PAN-MP-E induces
more tension on the fibers. The applied tension causes more
stress along the fibers’ axes resulting in shorter fibers and
randomly distributed cracks. Figure 13c¢ reports the transition
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Fig. 10 Comparison between the
D/G ratio mapping of MWCNTs-
PAN-SQ (a) and MWCNTs-PAN-
SQ-CS (b) fibers
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Fig. 13 Lower (a) and higher (b) magnification SEM images of
MWCNTSs-PAN fibers. The average diameter of the fibers is 183 +
32 nm (porosity = 16.9%). Bright field images of the MWCNTs-PAN-
MP-E samples (c)

the D-peak is abruptly lowered due to the tensile tension ap-
plied during stabilization that seems to help lower the micro-
structural disorder. The sharpness of the G peak is indicating
that the bonds are more uniform due to the formation of rela-
tively larger nanocrystallines with the mechanical treatment.
Both the evolution of the areas of the G and D peaks and the
lowered intensity of the D peak are indicating a substantial
reduction of the level of disorder and an increase of the graph-
itization degree. Moreover, the G’ peak intensity is still lower
than the G peak intensity, but the G’ peak increase is probably

attributed to the higher stacking order of the graphene layers.
The G’ peak shift in graphite (2700 cm ™) is a result of inter-
actions between the stacked graphene layers which result in a
tendency to shift the bands to higher frequency (Fig. 14).

The average D/G ratio value for the MWCNTs-PAN-MP-E
sample is 0.4 ranging from 0.1 to 0.7. The difference between
the ratios observed for the MWCNTs-PAN-MP-CS sample
leads on the high difference between the D peak values that
in this case is lower due to the application of a different stress
state.

From these results, it is possible to conclude that the typical
crosslinking phase of precursors occurring when heated to
300 °C is partially followed by a fusion phase in which the
molecular structure is not totally fixed and the carbon atoms
can rearrange themselves allowing the formation of graphitic
planes that are more thermodynamically stable [33]. The re-
sults highlighted that the use of CNTs is not modifying the
graphitization of the carbon fibers obtained by the pyrolysis of
the PAN. On the other hand, the graphitization degree can be

GI

041 .

021 .

gy 1 1 1

1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Fig. 14 RAMAN spectrum and D/G ratio mapping of MWCNTs-PAN-
MP-E
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enhanced by the implementation of a mechanical treatment in
the direction of the alignment of the electrospun fibers that
causes the reduction of the relative intensity of disorder of
the graphitic material.

4 Conclusion and future trends

This paper reports the characterization of carbon fibers de-
rived from the pyrolysis of PAN precursor electrospun fibers.
A certain percentage of MWCNTSs was added to the polymer
solution to study the effects of the presence of nanoparticles
on the final orientation and graphitization of the pyrolyzed
fibers. The aim was to understand whether PAN fibers may
be graphitized at lower pyrolysis temperature compared to the
current commercial processes followed for graphitizing poly-
mers [16].

The results show that a multi-plates configuration of the
collector can lead to a preferential direction of the fibers but
has no effects on the degree of graphitization of the fibers. The
MWCNTs-PAN-aligned fibers were subjected to a compres-
sion load equally distributed on the fibrous mats to try to
preserve the polymer chain alignment. In this case, the D/G
ratio mapping showed an interesting difference compared to
the previous results, indicating a lower degree of disorder of
the carbon phase within the fibers. A tensile stress was then
applied to the MWCNTs-PAN aligned fibers and the SEM
images showed that the stressed fibers maintained their orien-
tation despite of an over tension state effect occurred due to
the stretching. In this final case, the RAMAN spectrum and
D/G ratio mapping showed remarkable differences compared
to the previous results. It can be concluded that, in this case, a
lower disorder degree of the carbon phase of the pyrolyzed
MWCNTs-PAN fibers, and subsequently, a higher degree of
graphitization, was achieved. These results on the pyrolyzed
fibers properties indicate that it is possible to tailor the carbon
fibers microstructure according to the specific requirements.
In particular, this analysis demonstrates that the graphitization
of PAN-derived carbon fibers can be correlated to the condi-
tions imposed during the stabilization of the precursor poly-
mer. The combination of electrospinning, addition of carbon
nanotubes and mechanical tension applied has been demon-
strated to promote the molecular rearrangement during the
heat treatment of PAN precursor enhancing its graphitization
at reduced pyrolysis temperature. In particular, the MWCNTs
added to the PAN solution influence the dielectrophoretic
forces during the electrospinning process producing an align-
ment of the polymer molecular chains. Although the graphiti-
zation of organic precursors is a complex mechanism that still
needs to be fully understood, this work demonstrates that the
treatments applied can have a strong influence on the micro-
structures of a polymer turned into graphitic carbon providing
a promising route to explore new applications of the

@ Springer

graphitization of PAN electrospun fibers. Accordingly, the
future research will be focused on the study of the electro-
chemical performances of electrospun structures made of py-
rolyzed MWCNTs-PAN fibers for sensing and tissue engi-
neering applications. In particular, the response of the treated
PAN-MWCNTs seems to be increased both as hydrogen per-
oxide and iodine sensors as well as when applied for electro-
chemical sensing platforms without requiring additional post-
processing to functionalize the carbon electrodes [34].
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