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Abstract

For the first time polymer-based graded nanocomposites were prepared by solution blow
spinning, SBS, looking for new materials with optimal dielectric behavior. SBS was used
as the processing method to apply layer by layer multi-walled carbon nanotubes,
MWCNT, filled poly(vinylidene fluoride), PVDF, nanocomposites of well controlled
compositions. Different configurations in terms of the disposition of layers with distinct
concentration of MWCNT were considered. The structure, morphology and thermal
behavior of the materials prepared were investigated so as their broadband dielectric
properties in order to find and understand possible correlations. Morphological and slight
structural changes were observed as a function of MWCNT concentration; however, they
do not seem to be the main factors affecting the variations observed in the dielectric
behavior of the materials under study. It was demonstrated that a particular design of
PVDF based dielectrics, where there is a particular gradient of MWCNT concentration,

importantly increases the permittivity without increasing dielectric losses.

Keywords: Nanocomposites; Functionally Graded Materials, Solution blow spinning;

dielectrics.



1. Introduction

Ceramics are dielectric materials with especial applications because of their good
electrical responses under different kinds of perturbations (electric, thermal, mechanical,
etc). However, easier handling and processing materials are preferred for special electrical
functions. In fact, many researchers are focusing their scientific interests on developing
low-cost, flexible, and lightweight materials. In this sense, polymer-based materials, with
high electrical sensitivities and quick dynamic responses are good candidates. If
insulation of electronic components is not the final function of the material, polymers
have as main disadvantage their low electric permittivity in comparison to ceramics.
However, if the objective is to prepare active components (for instance, capacitors),
designs focused on achieving polymer-based materials with high permittivity, €, or easy
polarizability and low dielectric losses over broadband frequency range can be optimal

solutions [1].

One of the most common strategies to increase permittivity of polymers is the addition of
high ¢ particles [2—4]. However, these materials present certain limitations; for example,
they usually result in relatively low dielectric constants unless the amount of particles
added is sufficiently high, above 40% by volume [4,5]. A possible improvement route is
the incorporation of small amounts of conductive particles within the polymer matrix
[6,7]. As consequence of an important increase of interfacial polarization, loading
polymers with conductive particles near the percolation threshold may lead to high
increase of permittivity [8—10]. However, although these materials may have very high
permittivities they cannot be considered as good candidates for integrated capacitors due
to their high dielectric losses. Different strategies have been proposed to solve this
inconvenient of energy lose due to current leakage, for instance, surface modification of
conducting particles [1] or use of conducting nanohybrids [11], among others. However,
reducing the dielectric losses into values able to be tolerated by the capacitor together
with a high permittivity is a goal not satisfied yet. Therefore, other strategies must be
followed relative to materials design but in terms of higher scales. Recently, some
researchers have proposed special design of materials by fabrication of multilayered
dielectrics [12—14]. However, in general, they are focused on preparing materials formed
by polymer dielectrics intercalated between layers of conductive particles-filled polymers

for which percolation threshold is clearly overtaken.
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Another interesting design of polymer composite materials looking for better dielectric
performance might be achieving gradients in terms of dielectric behavior from one side
to the center of the material, for example, from conducting to insulating electrical
behavior, passing through semiconducting regions. As a far as the authors know,
compositionally graded multilayer capacitors have been studied where each layer
represent by itself a capacitor, in other words, each layer with a certain composition is
separated from the others by two conductive materials (electrodes) [12—15]. In this work,
preparation of compositional graded polymer-based dielectric looking for special
properties is proposed. For example, layers of polymer composites with different
compositions can be overlapped to prepare a material with a gradient of conductive
nanoparticles content achieving high amount of particles in the outer parts and zero in the

inner.

Among the existing methods of preparation of polymer-based materials solution blow
spinning, SBS [16—19] might be a good candidate to prepare graded multilayer polymer
composites. During SBS a polymer solution or suspension is ejected through a concentric
nozzle by the action of pressurized gas to finally obtain polymer-based nonwoven fibers
mats where the amount of filler can be controlled from the composition of the suspension
to be blow spun [17-19]. Another possibility is the use of electrospinning, ES, from which
obtaining fibers with submicrometric sizes is also possible as recent publications evidence
[20,21]. Although ES has the great advantage of leading to fibers with quite good
controlled sizes and even with particular orientations, its major drawback lies on the
necessity of applying a relatively high electric field between the suspension dispenser and
the collector. All these aspects make ES to be a processing method very difficult to scale
and very complicate in order to prepare materials in-situ. On the contrary, SBS process,
having the disadvantage of previous work to find out the best processing conditions,

seems to overcome the main inconveniences of ES.

Due to its especial characteristics poly(vinylidene fluoride), PVDF, is receiving special
attention for electrical applications [22]. PVDF is biocompatible, resistant against
hydrolysis, abrasion and radiation and presents good mechanical strength [23]. On the
other hand, PVDF may mainly appear in four different crystalline phases, a, 3, y and 6 or
mixtures of them [24-26]. The most stable is the a phase, the most popular is the B phase
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because it can lead to the highest piezo- and pyroelectric responses and the y phase has
an intermediate electric behavior [27,28]. However, its properties highly depends on
morphology and structure [27,28] which, in turn, are influenced by processing conditions
[29-31] and presence of modifiers as nanofillers [26,29,32-35]. For instance, presence of
carbon nanotubes CNT enhances contribution of B-phase in PVDF [18,36,37]. On the
other hand, carbon nanotubes may act as nucleating agent influencing the polymer
morphology [18,38,39]. Therefore, in order to understand final properties of PVDF-based
composites, apart from the particular material design, the study of the influence of the
presence of nanofiller in PVDF morphology and structure is a crucial prerequisite. As
conductive nanoparticles carbon nanotubes are a good choice to increase permittivity of
polymers by the preparation of nanocomposites because they have high aspect ratio which
facilitates in addition conducting paths, reducing the percolation threshold. Besides,
carbon nanotubes have high tensile strength and Young’s modulus [40] which usually

allows improving mechanical properties of polymers [36,41].

The aim of this work is to prepare polymer based materials with good broadband
dielectric properties summarized in high permittivity and low dielectric loses to be
applied in high performance capacitors. In order to prepare the materials solution blow
spinning will be used to fabricate graded multilayer PVDF based materials to tune
dielectric response and open novel ways of obtaining new dielectric materials with special
properties. After preparing different configurations of multilayer PVDF based materials
a characterization of them, in terms of morphology, structure and thermal behavior, will

be carried out in order to better understand their dielectric behavior.

2. Materials and Methods

2.1. Materials

Nanocomposites were prepared by mixing poly(vinylidene fluoride), PVDF, with multi-
walled carbon nanotubes, MWCNT. PVDF is a thermoplastic polymer purchased from
Aldrich Chemistry (Madrid-Spain) that acted as the matrix in the composites (data given
by the supplier: M,, ~ 107,000 Da; M,, ~ 275,000 Da; and density 1.78 g/mL). On the
other hand, MWCNT, acting as the filler in the composites, were also purchased from
Aldrich Chemistry (Madrid-Spain), which provided the following information: 95 %wt
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of pure carbon, diameters ranging from 6 to 9 nm, lengths of about 5 um and density 2.1
g/mLcm?. Dimethylformamide, DMF (anhydrous 99.8 %), and acetone, Ac (HPLC plus,
residues analysis > 99.9 %) supplied by Sigma-Aldrich (Madrid-Spain) were used to
prepare the solutions and suspensions to be blow spun. All materials and solvents were

used as received without further purification.

2.2. Sample preparation

All samples in the form of mono or multilayer were prepared by solution blow spinning
ejecting specific solutions or suspensions consecutively to fabricate layer by layer the
materials. Solutions and suspensions were obtained using as liquid solvent a mixture of
DMF/Ac (90% v/v of Ac). The PVDF polymer was added to the DMF/Ac liquid mixture
to get in any case 10 mL of solutions and suspensions with a polymer concentration of
0.1 g/mL. To prepare the suspensions, MWCNT were firstly added to 3 mL of Ac,
sonicated for 30 min at room temperature and finally, added to a solution made with 1 g
of PVDF dissolved in 5 mL of a mixture DMF/Ac (1:4 v/v). To reach the final 10 mL of
the suspensions to be blow spun, 2 mL more of acetone, used to recover all possible
MWCNT remaining in the vial subjected to sonication, were also added to the mixture.
Different concentrations of MWCNT were used to prepare the suspensions in order to
obtain layers with different compositions (0%, 0.2%, 0.5%, 1%, 2%, 3% and 4% by
weight of MWCNT).

The final materials were obtained by blow spinning layers in different configurations.
Table 1 gathers codes and description of the different materials prepared. On the other
hand, Figure 1 shows schematically the multilayer structure of the materials prepared by
SBS, including some images representing circular specimens (16 mm of diameter) used

to carry out the dielectric characterization.

Table 1. Codes and description of the different materials prepared.

Composition of layers

Sample Code | N” of layers (separated by dashes % wt MWCNT)

PVDF 1 0
PVDF-0.2 3 0.2-0-0.2
PVDF-0.5 0.5-0-0.5




PVDF-1.0 1.0-0-1.0

PVDEF-2.0 2.0-0-2.0

PVDF-3.0 3.0-0-3.0

PVDF-4.0 4.0-0-4.0

P5Layers 5 0.5-0.2-0-0.2-0.5

P13Layers 13 4.0-3.0-2.0-1.0-0.5-0.2-0-0.2-0.5-1.0-2.0-3.0-4.0

.;' DF  PVDF-0.2 PVDF-05 P5Layers PVDF-1.0

\ )\
Monolayer

DF-2.0 PVDF-3.0 PVDF-40 Pi3Layers

Five layers Thirteen layers

Figure 1. Scheme representing the multilayer structure of the materials prepared by SBS

(left) and a photograph of representative specimens (right).

Each PVDF-based layer was obtained using a home-made SBS equipment inspired in that
patented by Medeiros et al [42,43]. The SBS machine is composed by a nozzle made of
aluminum (core diameter 0.7 mm) through which a glass capillary (inner diameter 0.5
mm) is passed protruding 2 mm beyond and connected to a plastic syringe coupled to an
automatic pump (NE 1000 X, New Era System, Inc., Farmingdale, NY). Furthermore, an
air compressor with a pressure regulator is used to supply air gas at 2 bar through an
aperture in the nozzle. The mixtures were pumped at 0.5 mL/min and ejected from the
nozzle to finally be deposited on a rotating cylindrical collector wrapped by aluminum
foil and located at a working distance of 15 cm. In principle, the way of depositing the
materials on the collector by SBS is always the same because the SBS conditions were
well controlled. Therefore, similar layers thicknesses are expected to be obtained because
the amount of PVDF polymer deposited per layer is fixed. Slight variations can be found
due to slight extra pressure exerted over the first layers deposited.

2.3. Characterization

The multilayer PVDF-MWCNT nanocomposites were observed by an optical
profilometer Opto-digital microscope OLYMPUS DSX500 (objective x10). Samples
were cut under cryogenic conditions and their cross-sections were imaged and analyzed

using the Image J Software.



In order to study the morphology and composition of the different layers a TENEO field
emission scanning electron microscope, FESEM (FEI) was used. The morphology was
inspected by secondary and backscattered electrons using an ETD and Trinity T1 (in-lens
working in the A+B Z-contrast mode) detectors, respectively. An acceleration voltage of
5 kV was applied. In order to avoid electrostatic charge accumulation they were carbon
coated by evaporation using a Leica EM ACE200 low vacuum coater.

Structural characterization of the specimens were carried out by X-ray diffraction (XRD)
and attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR).
The infrared spectra were recorded in a Shimadzu IRAffinity-1S spectrometer equipped
with a Golden Gate ATR accessory (diamond window), from 600 to 4000 cm™! with a
resolution of 4 cm! and averaging 32 scans. OMNIC 6.0 software was used to analyse
the spectra. A X-ray powder diffractometer Bruker ECO D8 Advance (Bruker, Karslruhe,
Germany) with a Cu K radiation were used. Patterns from 5 to 35° (20), 2 seconds per
step, and a step size of 0.02° were collected, in a Bragg-Brentano configuration, and
coupled to a detector Lynxeye XE-T. Samples were deposited onto amorphous glass in

order to be measured.

Differential scanning calorimetry, DSC, was used to study the thermal behavior of the
materials. Experiments were carried out with a Mettler Toledo 822¢ calorimeter under
nitrogen atmosphere. Samples (3-4 mg) were subjected to five thermal cycles: 1) a heating
process from 40 to 200 °C at 10 °C/min; ii) an isothermal process at 200 °C for 5 minutes
to ensure that the processing and thermal history of the samples are erased; iii) a cooling
process from 200 °C to 40 °C at 10 °C/min; iv) an isothermal process at 40 °C for 5 minutes
and v) a second heating from 40 to 200 °C at 10 °C/min. From endothermic peaks and
areas melting temperatures, T,,, and enthalpies of fusion, AH,,, were obtained while from
exothermic peaks and areas crystallization temperatures, T., and enthalpies of
crystallization, AH., were obtained. To calculate the crystallinity degrees, ¥, (SBS
prepared samples) and y. (samples with erased processing and thermal history) the

following equations were used (eq. 1).

AH,,
AM = (1 - x)-AHY,



AH¢
2= G ay W

where x is the weight fraction of MWCNT and AH®,, = 104.7 J/g is the standard enthalpy
of fusion for the fully crystallized PVDF [44].

The electrical tests were conducted at 22 °C and carried out using a homemade cell as that
one described elsewhere [45]. The specimens were not previously metalized because the
metallic coating might penetrate through the pores, which might change materials
impedance response. An impedance analyzer SOLARTRON 1260A was used to carry
out the impedance measurements at room temperature in the frequency range 1.0 Hz—1
MHz. A 3V amplitude sinusoidal voltage signal was applied to the specimens and the
current was measured to obtain the complex impedance (real and imaginary parts, Z’ and
7"’ respectively) with its amplitude (ratio between peak voltage and peak current) and
phase (phase between voltage and current) as a function of frequency (20 points per
decade). Then the relative permittivity or dielectric constant, €., and loss factor, tan 0,

were estimated using well known and conventional relations (eqs. 2-4) [46].

7"

f=——7F—>5 ()

wCo(Z* + 7%

n Z'
. S 3
& a)CO(Z'Z N an) (3)

tan 6 (w) = i— 4)

Where gy = 8.854 x10-'? F/m is the permittivity of vacuum, ¢ and ¢ are the real and
imaginary parts of the complex permittivity respectively and 0 is the phase shift. Cy =
€0A/d where A is the electrode area in contact with the specimen and d the thickness of

the specimen and ® = 2nf where f'is the frequency in Hertz.
3. Results and Discussion

As an example in Figure 2 representative optical images of cross-sections of some of the

materials schematically presented in Figure 1 (left) are shown. On the other hand, in



Figure 3 the material made of thirteen layers is depicted. As can be seen, there is a gradient
in terms of darkness as a function of the concentration of carbon nanotubes. Besides,
when multiple layer systems are considered it is observed that there is not homogeneity
in terms of the layer thickness (Figure 2b and c¢ and Figure 3). For all the materials
prepared thickness of layers gradually increases from one side (face directly in contact
with the collector) to the other. This last result might be explained simply considering
that SBS process exerts certain pressure on the material causing slightly higher

compaction of the first layers deposited on the collector.

Si<.ie jp coptest Side in contact
with collector with collector

Figure 2. Representative optical images (cross-sections) of some of the materials

schematically presented in Figure 1 (left): a) PVDF; b) PVDF-0.5 and c¢) PVDF-3.0.

Side in contact
with collector

500pm
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Figure 3. Optical image of the cross section surface in a sample of thirteen layers PVDF

based material.

FSEM inspection was carried out in order to study the structure at submicrometric scale
associated to the SBS PVDF-based materials as a function of the relative amount of
MWCNT added. Images of cross-sectioned samples were taken (a razorblade was used
to cut the samples under cryogenic conditions). Figure 4 shows a typical cross-section
image at low magnification of one sample prepared by SBS (in particular neat PVDF).
As can be seen, the whole cross-sectioned surface presents a fibrous morphology similar
to that elsewhere described for the surface of similar material [18]. Figure 4b shows
typical image at higher magnification of the morphology that can be observed in any

region of the cross section depicted in Figure 4a.

Figure 4. FSEM micrographs at (a) low and (b) high magnifications of a cross-sectioned

sample of neat PVDF prepared by SBS.

On the other hand, in Figure 5 it is shown characteristic images at different positions from
the surface (300, 700 and 1900 um) along the cross-sectioned thirteen layers sample
(following a direction perpendicular to the main plane of the SBS layers). In principle,
from one of the surfaces to the center of the sample there should be a decrease in the
concentration of MWCNT, therefore, it is expected to see for the images taken how the

SBS PVDF morphology changes as the MWCNT concentration decreases.
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In all cases fibers with diameters of around 350 nm are observed mixed with some random
coils made of fibers with globular shape (pointed out with arrows in Figure 5). Regardless
the region inspected it was always found that the number of random coils increased more
at locations closer to the surface of the sample, suggesting that presence of carbon
nanotubes induces variations in morphology, increasing the proportion of random coils
as MWCNT concentration increases. These results corroborate that bulk morphology of
SBS PVDF-based materials varies as a function of MWCNT concentration similarly to
that observed in their corresponding surface [18]. An increase of viscosity, when the
relative amount of MWCNT increases, seems to be the main factor influencing the
morphology observed [18]. Higher viscosities should lead to slower displacement of the
suspensions, favoring higher accumulation of material in the nozzle gate that finally can

be sputtered to the collector.

Figure 5. FSEM images at different positions from the surface: a) 300 um; b) 700 um; c)
1900 um and d) 1900 um (higher magnification) along the cross-sectioned thirteen layers

sample.
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Analysis of X-ray diffraction patterns is an effective way of identifying the presence of
the different PVDF polymorphs [47-50]. However, still there is certain controversy about
the real position of peaks to distinguish between the electroactive phases  and y. In
general, the appearance of intense peaks at 20 = 18.4° and 20.0° and five weak peaks at
26.6,33.2,35.9, 38.8, and 41.1° corresponding to reflection of (020), (110), (021), (130),
(200), (002), and (111) planes respectively would evidence the presence of the monoclinic
o phase. However, as can be seen in Figure 6, all the materials prepared only show a
shoulder at 18.4 ° and a very weak signal at ~26.0°, indicating a very small contribution
of a phase. On the other hand, the positions of the rest of peaks observed in Figure 6 at
20.5° 25.8°, 36.2° and 40.7° suggest a mixture of § and y phases. The broad peak at 20.5°
might indicate the presence of 3 and y phases, since (110) reflection of the monoclinic y
phase appears at 20.3° and (110)/(200) reflections of orthorhombic B-phase appear at
20.6°. The peak at 26° might be the consequence of a mixture of a and y peaks; however,
attending the small contribution of a phase it should mainly arise from the y crystals. On
the other hand, the peak at 36.2° might be the result of a combination of peaks arising
from a and P phases; one at 35.9° associated to the (200) reflections in o phase and other
at 36.5° corresponding to the (020) reflection of the  phase; however, again due to the
small fraction of a phase, the peak at 36.2° should mainly belong to the 3 phase. Finally,
the peak at 40.5° must mainly come from the reflection of the (211) planes in the y phase.

120.5°
18.47CO° 36.2° 40.5°
P13Layers L
__/ P5Layers
- 4 o
5 PVDF4.0
©
< _PVDFS0
— L PVOFOS
PVDF

15 20 25 30 35 40 45 50
26 ()

-
o

Figure 6. X-ray diffraction patterns obtained for all the samples under study.



Taking into account the small differences between X-ray diffraction patterns of o, B and
v phases it is really difficult to extract information about the relative contribution of the
different phases; thus, FTIR spectroscopy has been used as a complementary technique.

Depending on the experimental conditions, wavelength of infrared light, A, and the angle
of incidence of the IR beam relative to the surface of the ATR device crystal, 0, typical
depth of penetration in ATR ranges from about 0.5 microns up to about 5 microns. Taking
into account that porosity of similar samples prepared is slightly higher than 60 % [18],
an estimated penetration in the porous materials up to 12.5 micrometers is expected and
therefore, the information that can be extracted from the FTIR-ATR spectra must come
exclusively from the layer directly in contact with the ATR crystal (thickness greater than
300 um, see Figure 3). In Figure 7 the FTIR-ATR spectra are shown. In the high energy
region, see Figure 7a, four main peaks can be observed. The peaks centered at 3018 cm!
and 2978 cm! can be attributed to the C-H stretching vibrations of the methylene groups
of the PVDF. The peaks centered at 2918 cm! and 2848 cm~! only can be observed when
MWCNT are added to the polymer, suggesting that they arise from C—H, stretching
vibrations of chemisorbed hydrogen as was reported for as-grow MWCNT samples [51].

Absorbance

0.04 1.0

0.03

0.02

0.014

— PVDF
——PVDF0.2
——PVDF0.5
—— P5Layers
—— PVDF1
——PVDF2
—— PVDF3
—— PVDF4
—— P13Layers

(a)

Absorbance

0.8+

0.6

0.4+

0.2+

—— PVDF
—— PVDF0.2
—— PVDFO0.5
—— P5Layers
—— PVDF1
—— PVDF2
—— PVDF3
—— PVDF4

—— P13Layers

1273

0.0,

(b)

T T T T T T T T T
1500 1400 1300 1200 1100 1000 900 800 700 600

Wavenumber (cm™)

Wavenumber (cm™)

Figure 7. FTIR-ATR spectra of all the PVDF based materials prepared in this work.

The spectra of Figure 7b were labeled making use of the information available in the
literature about the IR band assignation for the different structural conformations of the
PVDF molecules associated with their main crystalline phases (o, f and y) [18,26,47].
The letter C was used to point out common bands of PVDF that can be always found
(880, 1072, 1172 and 1401 cm!) regardless the polymorphic form [47]. Although bands
typically assigned to the o phase (614 cm™! and 762 cm!) are observed, they are extremely
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weak (Figure 7b). This result suggests therefore that a phase must have very small
contribution. On the other hand, bands exclusively attributed to the B and y phases
appearing at 1273 cm!' and 1234 cm! respectively can be clearly observed in Figure 7b
while the band centered at 839 cm™! might belong to both polymorphs  and y. All these
results confirm what was already stated when XRD measurements were discussed,
solution blow spinning of PVDF based nanocomposites leads to materials for which the
PVDF mainly crystallizes in the electroactive phases [ and y [18]. Following the method
proposed by Cai et al [47] an estimation of the contributions of the three main phases
identified in the IR spectra was done, and fractions of o, § and y phases, F(a), F() and
F(y) respectively (egs. 5, 6 and 7).

F(@)=1-Fgy=1- (,(839):“ > 5)
F(B) = Feax (547 ©)
F(y) = Fga % (Aﬂl:yAy) (7)

Where Fga, is the fraction of electroactive phases B and y, Agy and A4 are the
absorbances at 839 and 762 cm!, respectively, Kg39 and K¢, are the corresponding
absorption coefficients, 7.7 x10% and 6.1 x10* (cm?/mol), respectively [52] and Ag and A,
are the absorbances taken at the peaks associated to the § and y phases at 1273 and 1234

cm! respectively (to take the absorbance values base line corrections were carried out in

each band).

For every material prepared the fraction of the different PVDF polymorphs estimated
from the FTIR-ATR results is gathered in Table 2.

Table 2. Fraction of the different PVDF polymorphs estimated from the FTIR-ATR

results.

Sample F(e) [ FB) | F(y)
PVDF 0.10 [ 0.58 | 0.32
PVDF-0.2 | 0.22 | 0.56 | 0.22
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PVDF-0.5 | 0.15 | 0.63 | 0.22
PVDF-1.0 | 0.07 [ 0.61 | 0.32
PVDF-2.0 | 0.07 | 0.62 | 0.31
PVDF-3.0 | 0.03 | 0.64 | 0.33
PVDF-4.0 | 0.09 | 0.63 | 0.28
P5Layers | 0.10 | 0.61 | 0.29
P13Layers | 0.07 | 0.67 | 0.25

It can be observed that, regardless the concentration of MWCNT, the main polymorph
(with the highest contribution) is the B-phase, being in accordance with other works
already published about similar systems [18]. On the other hand, the relative amount of
both electroactive phases, f and y does not seem to change largely with the concentration
of MWCNT; perhaps there is a very slight increase of  phase when MWCNT is added
to the PVDF as can be better seen for the P13Layers (Table 2). However, here it is
important to highlight that this effect is simply an apparent effect since it would mainly
arise from the contribution of the two outer layers respect to the whole material (13

layers).

In Figure 8 DSC curves of PVDF based materials obtained from a first heating and
subsequent cooling and a heating after erasing the thermal and processing history are
shown. During the first heating two endothermic thermal transitions are observed, one
appearing within a range of 66.5 to 68.7 °C, T;, and the other one at about 167 °C, T,
(Figure 8a and Table 3). The first transition is not usually described for the PVDF and
may be associated to a kind of relaxation due to the preferential orientation of
macromolecules at the amorphous regions due to the formation of fibers by SBS. On the
other hand, the second transition corresponds to the typical melting process of PVDF. In
general, it is accepted that melting temperatures of PVDF a and B phases are very close
each other, appearing in the range 162-172°C [52], therefore, structural information
cannot be given from the analysis of these DSC curves. After erasing the thermal and
processing histories during a cooling, one or two exothermic peaks can be observed
depending on the sample (Figure 8b); one at lower temperature, T.;, and the other at
higher temperature T, (Table 3). As can be observed when MWCNT are present in the
sample the peak at higher temperatures always appears. Furthermore, the higher the
concentration of MWCNT the higher the temperature of that peak. These results point out
a clear nucleation effect induced by the presence of nanoparticles (MWCNT) [39,53]. On

the other hand, when there 1s enough difference of MWCNT concentration between layers
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or, when a better defined interface is created, a double crystallization peak is observed
(Samples PVDF1.0, PVDF2.0, PVDF3.0 and PVDF4.0). Finally, after erasing processing
history and regardless the sample, the heating scan leads to only one endothermic peak at
a slightly higher temperature, T,” (170 °C, Figure 8c and Table 3) than that obtained in
the first heating, T,. This result suggests that after melting the SBS materials and their
subsequent crystallization at 10 °C/min the PVDF based samples are mainly constituted
by a phase which melts at slightly higher temperatures than the B-phase [18]. Besides,
the first relaxation temperature disappeared confirming the removal of that order given

by de SBS process.
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Figure 8. DCS curves of PVDF based materials obtained from a first heating (a) and a

cooling (b) and heating after erasing the thermal and processing history (c).

Attending the crystallinity it is interesting to highlight that the presence of MWCNT
slightly decreases the crystallinity degrees of the materials obtained from eqs. 1 ()m, ¢
and y,,’, Table 3 and Figure 9). A possible explanation of this result may be associated to
the nucleation effect if the presence of higher relative amount of spherulites leads to
higher fraction of interpherulitic amorphous phase. It is well known that crystalline
fraction might influence final performance (electrical, thermal, mechanical, surface

properties, etc.) of these kind of materials.

Table 3. Parameters obtained from the DSC curves of the PVDF based materials under

study.
1t Heating Coolin 2"d Heating
Sample T, T, Am T Te Ae (%) Ty Xm,
CO 1O () |[CO |CO CO | ()
PVDF 68.4 167.2 | 63.1 138.0 | - 50.8 168.4 | 54.5
PVDEF-0.2 | 66.7 167.4 | 58.3 - 140.7 |49.0 169.0 | 52.2
PVDF-0.5 | 67.9 167.4 | 56.5 - 140.7 | 48.5 1699 |51.9
PVDEF-1.0 | 68.1 167.2 | 57.1 139.0 | 142.6 | 49.8 169.7 | 53.0
PVDF-2.0 | 67.0 166.9 | 58.1 139.1 | 142.4 | 48.5 169.5 | 51.1
PVDF-3.0 | 67.4 167.2 | 56.7 139.5 | 142.5 | 48.8 170.1 | 51.7
PVDF-4.0 | 66.4 167.5 |52.0 139.0 | 142.1 | 443 170.7 | 47.6
P5Layers | 68.7 167.7 | 60.0 - 141.5 |50.4 170.2 | 53.6
P13Layers | 67.9 167.3 | 574 - 1422 |1 49.2 170.1 | 53.0
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Figure 9. Crystallinity degree as a function of the weight percent of MWCNT.

Using the impedance data and equations 2, 3 and 4 it is possible to represent the real and
imaginary parts of the permittivity, €’ (ability of the material to storage charge) and ¢’
(loss of energy in the material) respectively, and the loss factor or dissipation factor, tan
0, as a function of frequency. A representative example is shown in Figure 10a where a
characteristic result obtained from one measurement corresponding to the sample
P13Layers is shown. The rest of samples lead to similar profiles, as comparison Figures
10b and 10c show representative plots of the real and imaginary parts of permittivity as a
function of frequency for all the samples under study (a sample of pure PVDF obtained

from hot pressing was also added).
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Figure 10. a) Real and imaginary parts of the permittivity, € and &’ respectively, and
dissipation factor, tan d, as a function of frequency (representative result from one
measurement corresponding to the sample P13Layers). b) and c) representatives plots of
the real and imaginary parts of permittivity respectively as a function of frequency for all

the samples under study.

It can be observed a loss peak at low frequencies. In general, at room temperature,
relaxation phenomena appearing at frequencies below 50 Hz are usually attributed to
space or interfacial charge polarization phenomena [1]. For the materials under
consideration in this work, the relaxation observed might arise from the complex fibrous
structure slightly enhanced in the case of nanocomposites due to the presence of
nanofillers. Apart from that, here it is important to highlight that the values of the real and
imaginary parts of the permittivity were indirectly obtained from equations 2 and 3 and
they might fail at low frequencies. Other authors that also studied systems based on PVDF
or PVDF-based copolymers [54,55] filled with carbon nanotubes did not observed the
relaxation phenomenon described in the present work; however, they studied bulk
samples without pores and, in addition to this, they directly measured the complex

permittivity.

From plots like those given in Figure 10 (three frequency sweeps from three specimens
per sample), averaged data were able to be obtained (Table 4). In particular, the relative
permittivities at different frequencies were included in Table 4: i) the frequency
associated to the space or interface charge polarization, f,,, (maximum of the loss factor,
tan 9); i1) 1 kHz, f; vy, and ii1) 1 MHz, f; \iiy,. Besides, the relaxation time, 1/f;,,, obtained

from the frequency at the maxima of the loss factor, was also shown in Table 4.
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It can be observed that permittivity value obtained for the neat PVDF prepared by SBS
was similar to those found by other authors when the polymer is prepared by more
conventional methods [1,13,56,57]. On the other hand, when MWCNT are added it is
observed an increase of the permittivity that can be associated to the formation of a large
number of nanocapacitors where interfacial polarization would happen, in other words
where nomadic charges would pile up at the interface formed between the MWCNTSs and
the polymer matrix [56,58], this process of charge polarization is commonly known as
Maxwell-Wagner-Sillars mechanism [59,60]. None correlation was observed between
polymer structure, morphology and crystallinity and the permittivity, suggesting that they

are not the main factors affecting the dielectric behavior of this kind of materials.

In the present work is shown for the first time the effect of a compositional gradient of a
polymer composite material acting as the dielectric in a capacitor. First of all, lets us
analyze dielectrics made by three SBS layers of PVDF based materials. As can be seen
in Table 4 when increasing the concentration of MWCNT from 0.1 to 4 % by weight in
the outer layers there is an increase of the permittivity which seems to remain constant
when percolation fraction is reached below 3% by weight in the case of carbon nanotubes
[58]. In principle, when reaching good conductivity for the outer layers passing through
the percolation threshold one would expect to have again the permittivity of the neat
PVDF since the outer layers might be considered a simple extension of the capacitor
electrodes. However, the permittivity remained nearly constant with a value about 80%
higher than that corresponding to the neat PVDF. This result might be explained
considering that the outer layers in fact slightly penetrate the neat PVDF layer due to its
porous nature leading to a thin region in-between the layers with a gradient of
compositions due to the mixture between neat PVDF fibers and fibers of PVDF filled
with MWCNT. Extending that gradient along the distance as can be represented by the
samples with more than three layers, P5SLayers and P13Layers, it is seen how it is possible
to increase even more the permittivity for a certain frequency. Data obtained in nanotubes
and graphene filled polymer composites point out increments in the real and imaginary
parts of permittivity [60]. Therefore, attending the present results, again it seems to be
confirmed that presence of conductive particles like MWCNT favors space charge
polarization at the interface formed between the MWCNT and the polymer matrix.

Furthermore, it can be also confirmed the existence of mainly one polarization mechanism
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regardless the sample attending the same value found for the relaxation time (Table 4)

associated to the process of polarization.

On the other hand, here it is interesting to highlight that the value of permittivity at 1kHz
obtained for the material P5Layers (34.5) is relatively close to the value obtained from
the sum of permittivities arising from the materials PVDF-0.2 and PVDF-0.5 (41.8)
while, the value of permittivity at 1kHz obtained for the material P13Layers (90.7) is
close the value obtained from the sum of permitivities arising from the materials PVDF-
0.2, PVDF-0.5, PVDF-1.0 and PVDF-2.0 (94.3). These results suggest therefore that, at
least in the case of PVDF/MWCNT system, there is a very easy way to design materials
with tailored dielectric properties, simply overlapping layers of composite with different
concentrations. Furthermore, the use of solution blow spinning allows preparing those

materials very easily, with complex configurations and highly scalability.

Finally, it is well known that dielectric loss shows the ability of a dielectric to dissipate
energy under an alternating field, and should be kept low for charge storage applications.
Although in general, there is a small increase of dielectric loss (see the values of €’” at
1kHz in Table 4) after adding MWCNT to the outer layers of the dielectrics it can be
always considered low independently of the concentration of MWCNT. In principle, two
possible contributions might account for the slight dielectric loss increase: 1) the increase
in the number of conductive particles that may enhance charge motion and ii) an increase
of defects that should increase with the concentration of MWCNT and the thickness and
number of layers. It seems that the second contribution plays a more important role since
the sample P5Layers although having less concentration of MWCNT but more layers
presents slightly higher losses than the samples, PVDF-1.0, PVDF-2.0, PVDF-3.0 and
PVDF-4.0. Apart from the above mentioned the most important result is that always,
regardless the sample studied in this work, the dielectric loss is very low. The reason is
that actually, there is always a core in the dielectric mainly constituted by neat PVDF and
there is always an important barrier for the charge carriers to move from one electrode of

the capacitor to the other avoiding energy losses by charge leaking.

Another way of analyzing dielectrics in terms of their utility for charge storage
applications is attaining low values of dissipation factor, tan d, defined as the ratio of
dielectric loss, imaginary part of the permittivity, over real part of the permittivity. For
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all the systems under study, the values of tan & were of about 0.7 in any case at a frequency
of 1 kHz and less than 6.0 at 100 Hz. Therefore, it is confirmed that it is possible to
increase the capacity to store electrical power (through higher values of permitivity)

without altering energy losses, maintaining them very low.

Table 4. Averaged data of permittivity and relaxation time obtained from plots like those

given in Figure 9.

Sample g’ (at fy,) g’ (at f g’ (at f; g”’ (at f; (1/£,)* 102

kHz) MHz) kHz) (s)
PVDF 128 +£1.2 6.6 £0.3 8.4+0.3 4.7+0.1 24+0.2
PVDF-0.2 | 30.2+2.3 152 +1.1 19.0+£1.2 10.3 £0.3 2.6=%0.1
PVDF-0.5 | 50.6 £5.3 26619 |34.1+£2.6 20.0+1.9 2.3+0.1
PVDF-1.0 {443+9.2 22 +3.8 25.6 £3.0 12.5+0.2 2.8+0.3
PVDF-2.0 | 56.4 + 8.3 295+43 359+£5.1 192 +£3.2 25+0.0
PVDF-3.0 | 67.2+3.8 354+1.5 [423+14 224403 2.6+0.1
PVDF-4.0 | 63.7+7.0 322+£2.5 394 +2.1 21.6 £0.6 2.5+0.1
PS5Layers |63.4+5.9 345+1.5 |449+1.7 27.3+1.5 23+0.2
P13Layers | 188.5+ 154 |90.7+3.8 |96.0+1.1 64.2+2.1 2.7+£0.2

4. Conclusion

For the first time polymer based graded composites based on MWCNT filled PVDF were
successfully prepared by solution blow spinning. There were morphology changes as a
function of the concentration of MWCNT. Under the SBS conditions chosen the higher
the concentration of MWCNT the higher amount of globular microstructures within a
mainly fibrous morphology. Besides, the relative amount of both electroactive phases, 3
and y increases very slightly with the concentration of MWCNT. However, these
morphological and slight structural changes do not seem to be the main factor affecting
the variations observed in the dielectric behavior of the materials under study. It was
demonstrated that a particular design of PVDF based dielectrics where there is a particular
gradient of MWCNT concentration importantly increases the permittivity without
increasing dielectric losses. For example, in this particular work a material formed by 13

layers symmetrically distributed from the center of 7 MWCNT concentrations had a
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permittivity 93% higher than that corresponding to a material formed by one layer of the
neat PVDF. With these graded materials it is possible to increase and even tune the

capacity to store electrical power maintaining energy losses very low.
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