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ABSTRACT

This work presents the synthesis and characterization of oriented nanofibers made of polycaprolactone
(PCL) and multiwalled carbon nanotubes (MWCNT) obtained by electrospinning. The preparation of
MWCNT/PCL solutions and electrospinning conditions were studied in order to maximize electrical
conductivity of the composite and fiber alignment. The characterization of MWCNT/PCL solutions and
fibers revealed the occurrence of different dispersion states for MWCNTSs for different loads, which in turn
affected the properties of the electrospun composite, such as its double electrical percolation and the in-
fiber orientation of the PCL crystals. As the same dispersion states of MWCNT were present in both PCL/
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MWQCNT dispersions and fibers, the rheology of the former can be correlated to the final properties of the

latter.

1. Introduction

During the last few decades, interest in electrically conductive
fibers has increased markedly in areas such as medicine, sports,
military, and energy. These fibers have been featured exten-
sively as power and signal transmitters for ECG measure-
ment, ™! strain sensors,”?! devices for electrotherapy,™ pressure
sensors,*! chemical sensors,”™ and photovoltaic devices.!®! The
electrospinning technique is a suitable method for the fabrica-
tion of fibers from melt or solution-processed materials by
means of an electric field applied between a source (usually a
needle) from which the material flows, and a collector.

Polycaprolactone (PCL) has been extensively used alone
and in combination with other polymers for the fabrication of
electrospun fibers.”*/Herrero et al.””) evaluated the main elec-
trospinning parameters using a poly(lactic acid) and polycap-
rolactone mixture: polymer concentration in the injectable
solution, solvents used and their proportion, flow rate, voltage
and distance to collector.”!

Lee et al. studied PCL in combination with 3-polyhexylthio-
phene (P3HT) in order to improve the quality of the fibers
compared to P3HT alone.”? Zhou et al. developed highly
hydrophilic hollow PCL microfibres by the co-electrospinning
of PCL-polysiloxane-based surfactant (PSi) as building ele-
ments to create tissue-mimicking test objects (phantoms) for
validation of diffusion magnetic resonance imaging (MRI).!""!

PCL concentration is a key parameter in the preparation
of fibers by electrospinning. It has been reported that solutions
between 10 wt.% and 15 wt.% of PCL were used to obtain fibrous
structures.' % Different solvents were tested for fiber preparation

by electrospinning process, such as: DMF, chloroform, and solvent
mixtures such as chloroform: methanol.'>"**!

Multiwalled carbon nanotubes (MWCNT) have been
employed along with PCL for the preparation of polymer com-
posites with enhanced mechanical properties, chemical stability
and electrical conductivity. These composites have potential
applications in electro-active devices,'® controlled release and
tissue engineering.'*) Moreover, they have been processed by
electrospinning.!'>'*!

Regarding the dispersion of MWCNTs, many approaches have
been used: covalent modification of MWCNT surfacel'>'®'") or
use of different surfactants such as dodecyl sodium sulfonate,
Pluronics, Triton X-100 and polyvinylpyrrolidone (PVP).['8-2°)
More recently, Ferndndez et al. evaluated the mechanical proper-
ties and fatigue analysis of poly(e-caprolactone)-carbon nanotube
composite scaffolds to be used in tissue engineering.*!! Liao et al.
fabricated aligned poly(L-lactide) (PLLA)/poly(e-caprolactone)
(PCL)/functionalized multiwalled carbon nanotube (F-MWNT)
composite fibrous membranes by electrospinning.*!

The present work shows the relationship between the rheo-
logical behavior of the PCL with different amount of MWCNT
and the final structure of electrospun fiber. The physical, mor-
phological and electrical properties were characterized.
The MWCNT dispersion, alignment and nucleating effects of
MWCNT on PCL were observed. The electrical properties
of the composite fibers were related to the dispersion degree of
MWCNT and thus to their morphological, thermal and spec-
troscopic properties.
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2. Experimental

PCL (Mw 80000, Sigma-Aldrich), polyvinyl pyrrolidone PVP
K30 (Anedra, Argentina), MWCNT (Nanocyl 7000), and DMF
were reagent grade and used straight from the bottle.

2.1. Solutions preparation

Different amounts of MWCNTSs (0-0.7 g) were dispersed in
100 ml of DMF and sonicated at 120 W for 15 minutes, fol-
lowed by magnetic stirring for 15 minutes. After that, equal
mass of PVP (a nonionic surfactant) to that of MWCNTSs was
added. The dispersion was sonicated again for about 20 minutes
in an Omni-ruptor 4000 probe sonicator.

PCL/MWCNT solution were prepared dissolving 4.4 g of
PCL into 20 g of the dispersion under magnetic agitation at
45°C for 4 h. Regarding PCL content, the solution concentra-
tion was 18 wt.%.

Dispersions with different MWCNT contents were electro-
spun: 0, 0.5, 0.9, 1.3, 1.8, 2.2 and 3.0 wt.% respect to total solids
content (MWCNT+PCL+PVP).

2.1.1. Electrospinning conditions

A Y-flow electrospinner 2.2.D-500 was used for electrospin-
ning. Distance between the needle and the collector was 26 cm.
The flow rate of the solution was 1 ml h™' for all samples. A
rotary drum collector was employed in order to produce mats
of aligned fibers. The setup included two high voltage sources:
one at the needle between of +6 and +12 KV and the other at
the collector between of —15 and —17 KV. Preliminary tests
showed that fiber alignment increased with rotation speed.
However, rotation speeds above 1000 RPM induced turbulent
air stream that threw the fibers out of the collector.

2.1.2. Characterization

Viscosity was measured at 25 £ 0.1°C, over a shear rate range
of 0.01-500 s~ ' using a Physica MCR301 oscillatory rheometer
(Anton Paar GmbH) equipped with concentric-cone geometry
(CC27). Viscoelastic properties were evaluated through ampli-
tude sweep test at 10 s~ over a strain range of 0.01-500% on
an oscillatory test equipped with cone-plate geometry (CP50)
at 25 £ 0.1°C.

PCL/MWCNT solution was spun onto interdigitated gold
electrodes of different width to length (W/L) ratio (L = 1-
100 um, W/L = 50-2000) patterned on a Si/SiO, (150 nm) sub-
strate for 15 minutes using a rotary collector in order to align
the fibers perpendicular to electrode fingers. A voltage sweep
from 2 to —2 V was applied between electrodes. Resistance was
calculated from the slope of current vs. voltage plot in the linear
region near zero voltage.

Scanning electron microscopy was performed in a Zeiss Leo
982 Gemini (Carl Zeiss SMT GmbH). Focused Ion Beam (FIB)
experiments were performed in a Helios Nanolab 650 (FEI).
Fiber diameter measurement was carried out by analysis of
SEM images using Image J software.”! Statistics on results
were performed using Minitab software aiming to determine
the diameter distribution and differences between different
content of MWCNT into the fibers. DSC was performed in a
TA Q2000 from —90 to 100°C and from 100 to —90°C at

10°C/min. FTIR experiments were performed in a Shimadzu
FTIR-8300 spectrophotometer in film with a ZnSe attenuated
total reflectance (ATR) cell.

3. Results and discussion
3.1. Rheology of polymer solutions

Viscosity is a key parameter in the electrospinning technique.
Figure 1 present viscosity as function of shear rate of PCL/
MWCNT dispersions with different MWCNT contents. Dis-
persion with concentration greater than 3 wt.% MWCNT could
not be electrospun due to their high viscosity. It is important to
remark that this value is higher than that reported previously
by Saeed et al., which used 2 wt.% for an electrospun PCL/
MWCNT system as maximum content of MWCNT.!?!

The solution without MWCNT showed a Newtonian behav-
ior for the whole shear rates range. The addition of 0.5 wt.%
MWCNT caused an increase of the viscosity while keeping the
Newtonian behavior of the solution. Samples with higher
MWCNT content showed a shear thinning behavior.

The shear viscosity vs. shear rate can also be analyzed by the
Ostwald I method (power-law) in the range of shear rate from
1to100s™".

In(t)=In(a)+ b . In(p) (1)

Where 7 is the shear stress (Pa), y is the shear rate (s™'), a is
the flow consistency index (Pa.s) and b is the flow behavior
index. Table 1 shows values of a and b for all samples. Based on
these parameters, suspensions containing 0 wt.% and 0.5 wt.%
MWCNT presented ideal viscous flow behavior (b = 1), while
for the samples with 1.8 wt.% and 3.0 wt.% MWCNT the value
of b was lower than 1. Moreover, it can be seen that the pseudo-
plastic character of the suspension increased with concentra-
tion of MWCNT (bgy, > bose, > b1.gos > b3.09%)-

Figure 2a shows tan § vs. strain for different PCL/MWCNT
suspensions. At cross-over point (tan § = 1), the system passes
from an elastic solid behavior (G'>G") to a viscous liquid
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Figure 1. Shear Viscosity and Zero Shear Viscosity values of PCL/MWCNT suspen-
sions. The MWCNT load is expressed as fraction of total solids content of each
solution.



Table 1. Power law analysis for samples with different MWCNT contents.

Sample a b R?

0% 4179 0.999 0.999
0.5% 5.184 0.982 0.999
1.8% 12.364 0.815 0.999
3.0% 28.434 0.646 0.987

(G”">G@G'). The value of shear stress where tan § = 1 is known as
flow point, and represents the amount of energy needed to start
flowing. Sample without MWCNT exhibited a viscous liquid
behavior throughout the test (tan § > 1). The incorporation of
MWCNT induced a solid elastic behavior at low deformation
due to the ability of nanotubes to entwine and form a coupled
network that keeps the applied deformation within the elastic
range.**! Figure 2b presents the storage modulus G’ as a func-
tion of shear stress.

Table 2 shows linear viscoelastic (LVE) range, storage modu-
lus at LVE range (GLVE) and flow point values. The LVE range
represents the region where G" and G remains constant under
applied deformation. Typically, storage modulus is the most sen-
sitive to the LVE range, and GLVE symbolizes G’ values where
LVE is exceeded. Finally, flow point indicates the critical level of
stress that must be reached in order to start flowing. The LVE
range moved to lower values with the addition of MWCNT.

Shear thinning behavior of PCL/MWCNT dispersions occur
mostly due to the interaction between the MWCNT them-
selves. This interaction can be evidenced by the appearance of
zero shear viscosity plateau at low shear rate due to the forma-
tion of entanglements in the suspension of MWCNT that is sta-
bilized van der Waals type interactions.'*”

Around zero shear rate, the strain is not enough to alter the
structural network. Moreover, at higher MWCNT content, the
zero shear viscosity plateau decays at lower shear rate. This tran-
sition to shear thinning behavior happens at lower shear rates for
more concentrated solutions, because they are more prone to
greater entanglement. This phenomenon was reported in several
works,?*?! where it is mentioned that increasing the rod-like
nanoparticles content produces stronger shear thinning behavior
and higher zero shear viscosity. The applied shear rate causes dis-
entanglements and disintegration of the agglomerates, and orien-
tation of the MWCNT with the external force.
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Table 2. Rheological analysis data for PCL/MWCNT suspensions. The MWCNT load
is expressed as fraction of total solids content of each solution.

Sample LVE (%) G ve (Pa) Flow Point (Pa)
0% 100.00 0.62 —

0.5% 3254 140.50 64.77
1.8% 0.63 279.90 2.51
3.0% 0.22 421.20 1.34

The increase of G'with MWCNT content can be explained
taking into account two different contributions: on one hand,
the dispersion of MWCNT contributes to the elastic behavior
of the sample and, on the other hand, the ability of MWCNT
as nucleating agent to crystallize PCL.”>”

The occurrence of different dispersion states in both PCL/
MWCNT dispersions and fibers could be verified by different
methods. The decay of LVE with MWCNT content (Table 2)
can be related to the dispersion degree of nanotubes: when
agglomeration degree is higher, their efficiency as nucleating
agent decays. On the other hand, the incorporation of
MWCNT produces an increase of G'1yg caused by the entan-
glements between the nanotubes. Note that Yu et al. claim that
large values of G’ promotes the formation of fibers by electro-
spinning rather than drops.*®) Moreover, an increase in viscos-
ity prevents the occurrence of beaded fibers structures that
form due to the growth of capillary rupture instabilities while
jets solidifies.”*"

3.2. Fiber characterization

Figure 3 shows SEM micrographs of aligned fibers with differ-
ent MWCNT contents. Fibers without MWCNT presented a
smooth surface, whereas those including MWCNTSs showed a
rough surface. This could be due to the interaction of DMF
with the MWCNT surface and to the greater viscosity, hinder-
ing the evaporation of solvent during the fiber formation pro-
cess. Additionally, SEM images reveal that fibers with 1.8 wt.%
MWCNT are less aligned and more irregular than those with
lower and higher MWCNT loads. Considering diameters of
fibers with different MWCNT content, a sharp increase from
0.5 um to 1.2 um at 2.2 wt.% was observed (Table 3). SEM
images with higher magnification allowed to distinguish
MWCNT dispersed within the PCL.
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Figure 2. (a) Tan § values as function of strain of PCL/MWCNT suspensions and (b) Storage modulus G” as function of shear stress. The MWCNT content is expressed as

fraction of total solids content of each solution.
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Figure 3. SEM images of electrospun fibers of PCL/MWCNT with different content of MWCNT: (a) 0 wt.%, (b) 0.5 wt.%, (c) 1.8 wt.% and (d) 3 wt.%.

Figure 4a exhibits partially aligned MWCNT parallel to the
fiber axis, due to the flow of polymer solution through the nee-
dle and the electric field-mediated elongation during the fiber
formation process. Cross sections of fibers with 3 wt.%
MWCNT (Figures 4b and c) reveal the occurrence of two dis-
persion states of MWCNT: well dispersed and evenly distrib-
uted MWCNTSs and aggregates.

SEM micrographs also support the presence of two dis-
persion states. This is in agreement with the results from
strain-controlled tests of polymer solutions, which indicate
that the presence of different dispersion states of MWCNT's
in fibers are mainly due to the presence of the same disper-
sion states in polymer solutions rather than to an aggrega-
tion process during fiber formation. On the other hand, the
presence of voids around MWOCNT aggregates can be
explained by the evaporation of DMF trapped in the
MWCNT aggregates during fiber formation. A cross section
of a PCL fiber without MWCNTs is also shown for compar-
ison purposes (Figure 4d).

Melting temperature (T,,) and heat of fusion (AH,,) were
determined from the DSC first heating runs of the samples.
Crystallization temperature (T.) and heat of crystallization
(AH,) were determined from the DSC cooling runs. Crystallin-
ity was obtained using heat of fusion of pure PCL 139.5 J/g.1*?!
All Results are summarized in Table 4.

T, increased with MWCNT loading. For instance, the sam-
ple with 3 wt.% MWCNT presented a T. value 13°C higher
than that without MWCNT. On the other hand, crystallinity
values did not change significantly among the different sam-
ples. Melting point was not affected by the addition of
MWCNTs until 1.8 wt.%. For higher content (2.2 wt.% and
3 wt.%), the melting point decreased slightly.

Regarding changes in melting point of the fibers, Kim
et al.”>*) showed that PVP can decrease the melting point of
PCL due to its partial miscibility. However, in the present case,
addition of PVP seems to affect slightly the melting point of the
PCL composite fibers. This can be explained by intermolecular
interactions in the ternary system PCL/MWCNT/PVP together
with the dispersion state of MWCNT. A strong preference of

Table 3. Average diameter of electrospun fiber with different MWCNT contents.

MWCNT content [%wt] 0 0.5 0.9 2.2 3.0

Average diameter [nm] 460 & 16 569 & 18 505 & 16 1120 £ 30 1370 + 30

PVP for MWCNTSs prevents the former to interact with PCL
and keeps the dispersion thermodynamically stable. As
MWCNT concentration increases, some aggregates can be
formed (for concentration higher than 1.3 wt.% according to
nucleation efficiency). Beyond 2.2 wt.%, MWCNT surface can
be assumed to be saturated with PVP (the same amount of
PVP and MWCNT was added in each case) and the remaining
PVP interacts with PCL, decreasing its melting point.

Nucleation efficiency (NE) is one of the best ways to quanti-
tatively assess the nucleation capacity of an additive to act as
nuclei for the crystallization of a given polymer compared to
self-nucleation. The self-nucleation scale for PCL/MWCNT
composites was employed as used by Pérez et al.**! The nucle-
ation efficiency can be calculated according to the following
expression:

Tena — Tepcr

NE= %100 (2)

Tc,max - Tc.PCL

where T, n4 is the peak T, value determined in a DSC cooling
run for a sample of the polymer with the nucleating agent
(NA), T, pcy is the peak T, value for neat PCL, and T, ,,,,, is the
maximum peak crystallization temperature determined after
neat PCL has been self-nucleated at the ideal self-nucleation
temperature or T ;4.4 (ie., the self-nucleation temperature that
produces maximum self-nucleation). The values of Ty ;4. and
T, max Were determined according to Trujillo et al.l®! (See sup-
plementary information for experimental details).

Figure 5 presents NE values, which increase with MWCNT
content. Moreover, NE values higher than 100% demonstrate
supernucleation effects.

Supernucleation effects have been already reported for PCL/
MWCNT composites®”! and indicate that the MWCNT surface
is a better nucleation agent for PCL than the PCL crystal itself.
The increasing trend of NE with the addition of MWCNTs can
be explained by the surface area of rod-like nanoparticles,
which promotes the crystallization mechanism.NE rapidly
grows up to 231% for a MWCNT content of 1.3 wt.%. Beyond
this content, NE remains almost constant. This fact can be
attributed to the presence of different dispersion states, as
deduced from rheological and microscopy measurements. For
loads above 1.3 wt.%, MWCNT aggregates begin to form and
thus part of their surface is no longer available for the crystalli-
zation of PCL. Therefore, this eventually leads to a decoupling
between MWCNT load and NE.
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Figure 4. SEM image of (a) PCL fiber with 3% MWCNT; (b,c) Cross sections of PCL/MWCNT fiber; (d) A cross section of a PCL fiber without MWCNT.

Electrospun fibers were also characterized by FTIR
(Figure 6). FTIR spectra show characteristic signals of PCL.
Among them, a strong absorption peak at 1718 cm™' (C=0
stretch) and two bands between 1120 and 1200 cm™!
(C-(C=0)-0 axial deformation) showed changes with the
addition of MWCNTs. C=O stretch band shifted to
1723 cm™' as MWCNT concentration increased up to
1.3 wt.%. Further increase in concentration induced a shift of
this band to 1720 cm ™. Similar behavior was found for band
at 1155 cm™', which shifted to 1165 cm™" when MWCNT
concentration increased from 0 to 1.3 wt.%. After that, this
band shifted back to lower wavenumbers with further
MWCNT addition. Moreover, a relative decrease in intensity
of the latter band compared to the partially overlapped shoul-
der at 1190 cm™" has been noticed. Changes in FTIR band
shift and intensity of PCL have been associated to crystalin-
ity®®! but also to crystal orientation.*”! In our case, the man-
ufacture process produced aligned fibers with MWCNT
partially aligned along the fiber axis, as seen in SEM images.
DSC experiments demonstrated that MWCNTs act as nucle-
ating agents. Therefore, changes in the above-mentioned
FTIR bands can be assumed to occur due to changes in pre-
ferred orientation for crystallization of PCL. MWCNT addi-
tion up to 1.3 wt.% leads to a well dispersed and aligned
crystallization nuclei in the fiber and thus there is a preferred

Table 4. Melting temperature, crystallization temperature, heat of fusion and crys-
tallization, crystallinity for electrospun PCL fibers with different MWCNT content.

MWCNT content T AH, Te AH, Crystallinity
(%) Q) (/9) (e ) (%)
0 59.26 69.4 29.60 55.2 49.7
0.5 59.10 68.1 33.70 53.7 48.8
0.9 59.19 703 35.26 555 51.8
13 59.34 71.8 41.60 55.9 51.5
1.8 59.58 69.3 4228 55.4 49.7
22 58.48 70.3 39.26 539 50.4
3.0 57.46 743 42.60 61.2 533

orientation for the PCL crystals. When MWCNT concentra-
tion increases, further aggregates start to occur and, due to
their lower length-to-diameter ratio compared to isolated
MWCNT growth direction of the PCL, crystals is no longer
determined by isolated and aligned MWCNTs.

Figure 7 presents sheet resistance (R;) of aligned fiber mats
in the direction of fiber orientation as a function of MWCNT
content. Two percolation zones could be observed. R, decreases
about 1 order of magnitude with the addition of 0.9 wt.%
MWCNT and up to three orders with 1.8 wt.% MWCNT. An
abrupt decrease in 6 orders of magnitude with 2.2 wt.%
MWCNT load was observed. This fact is in agreement with the
occurrence of two dispersion states in the composite: one, of
well dispersed MWCNTSs which are indirectly contacted by
tunneling through the polymer matrix, and the other, made of
aggregates in direct contact which form discrete conductive
paths through the polymer matrix.

If the MWCNT content is assumed to be homogeneous, the
composite conductivity (o) can be explained by a single tunnel

240

] - ————*
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1804

160 u

1404
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1004

80
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Figure 5. Nucleation efficiency vs. MWCNT content for electrospun PCL/MWCNT
composites.
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junction where the gap width (w) varies linearly with MWCNT "
3 It can also be demonstrated that In(o) oc -w and thus In(o)
-MWCNT ' 3839 Moreover, considering that Ry oc 0" given
that deposition time and flow rate of solution were kept constant,
it can be concluded that:

In(Ry) o MWCNT ~1/3 3)

A linear behavior for the logarithm of Ry vs MWCNT ~'/
could be observed in the inset of Figure 7 for 0.9, 1.3 and
1.8 wt.% MWCNT loads.

Sheet resistivity for a sample containing 3 wt.% MWCNT
was 4.2 £ 0.7 M£2/sq. Volume resistivity is difficult to estimate
since the surface of the electrodes has not been fully covered.
However, using electrodes of high W/L ratio, a resistance of
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Figure 7. Sheet resistivity of electrospun PCL/MWCNT aligned fiber composites
along the orientation axis as a function of carbon nanotube loading. In the left
lower inset, the points between first and second percolation were plotted as a
function of MWCNT content ~"3. The inset on the right is an optical image of the
fibers deposited onto electrodes (L = 10 m). Deposition time was 15 minutes.

few k§2 could be measured, which is adequate for the applica-
tion of a thin layer of these conductive fibers for the fabrication
of flexible electronic devices.

Two percolation thresholds for polymer composites filled
with conductive particles were already observed and modeled in
previous studies.***! This behavior has been explained by both
geometrical factors and processing conditions. In our case, fibers
are composed of non-spherical conductive fillers with different
possible contact configurations (edge to edge, edge to sidewall
and sidewall to sidewall). Moreover, MWCNTs are aligned along
the fiber axis due to the electrospinning procedure. The first per-
colation threshold (between 0.5 wt.% and 0.9 wt.%) can be
assumed to be due to edge to edge contacts, and the second per-
colation threshold (around 1.8 wt.% by weight) to be due to side-
wall to sidewall contacts. When these types of contacts begin to
occur, aggregation of MWCNTs also becomes noticeable. Also,
the occurrence of carbon nanotube aggregates in a polymer
matrix led to a major change in resistivity of the fiber composite.
This fact has been previously observed and discussed by other
authors.!*?! The explanation for that phenomenon is that once
the percolation threshold was reached, the contact area between
aggregated MWOCNTs is larger than for well-dispersed
MWCNTs. Moreover, a large change in both fiber resistivity and
diameter took place at the same concentration. Therefore,
changes in fiber diameter can be concluded to be mainly associ-
ated to changes in fiber conductivity. Conductive fibers accumu-
late less electrostatic charge and thus experiment less stretching
force during fiber elongation process. Also around the second
percolation threshold (1.8 wt.%) the instability of the conductiv-
ity generates sudden changes in the stretching forces, yielding
more irregular fibers.

4. Conclusion

Conductive electrospun PCL/MWCNT composites could be
fabricated using a flexible and biodegradable polymer and a



metal-free conductive addition. Electrospinning conditions
were studied in order to obtain regular fibers with well dis-
persed MWCNTs without any chemical treatment.

Partial alignment and the occurrence of two dispersion
states for MWCNT had an important effect on composite
properties such as resistivity and polymer crystal orientation.
All characterization methods employed in this work (Rheology,
SEM/FIB images, DSC, FTIR and electrical properties) pro-
vided useful results in order to address dispersion state and par-
tial alignment of MWCNT. Rheological characterization of
PCL/MWCNT dispersions prior to fiber fabrication was espe-
cially important for addressing the right dispersion states for
MWCNTs and achieving the desired final properties in con-
ductive fibers. As a result, a simple and reproducible method
has been used for the preparation of conductive electrospun
PCL/MWCNT composites with potential application in flexible
scaffolds for sensor and tissue engineering applications.
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