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Abstract

Growing concern for the environment makes it important to find environment friendly
materials and also to use wasted energy to create usable energy. Both can be achieved by using
piezoelectric polymers.

Poly(vinylidene  fluoride-trifluoroethylene), P(VDF-trFE), has good electroactive
properties and high piezoelectric constant, also is a lead free material. It is used on sensors,
actuators and energy harvesting devices converting wasted energy (vibrations and mechanical
impacts) into usable energy. Cork is a natural product with excellent properties as a substrate. It is
lightweight, flexible, impermeable and durable.

This work aims to develop piezoelectric structures using membranes of P(VDF-trFE)
deposited on cork substrate. Electrospinning was used to fabricate P(VDF-trFE) membranes. The
polarization of the fibers is achieved during electrospinning and is caused by the strong electric
field present. This way in a single step production, is obtained a piezoelectric material and its
simultaneous polarization.

Using different electrospinning parameters, the membranes were made and characterized.
The set of parameters giving rise to membranes with good crystallinity, B-phase and piezoelectric
response, were further used to fabricate membranes on cork substrate.

This approach is a starting point to design and produce structures that could be used in
future applications, such as, sensors and energy harvesting devices.

KEYWORDS: Fibers; cork; P(VDF-trFE); electrospinning; piezoelectricity;






Resumo

Com a crescente preocupacdo com 0 meio ambiente, torna-se importante encontrar
materiais menos poluentes. E também importante aproveitar a energia desperdicada e transforma-
la em energia utilizavel. Tudo isto passa a ser possivel utilizando polimeros piezoeléctricos.

Poli(fluoreto de vinilideno-trifluoroetileno), P(VDF-trFE), possui 6timas propriedades
eletroativas, elevada constante piezoelétrica e é um material que ndo possui chumbo. Este
polimero pode ser usado em sensores, atuadores e dispositivos de criacdo de energia, de forma a
utilizar a energia que é desperdicada (vibracGes e impactos mecénicos) e converté-la em energia
utilizavel. A cortica é também um produto natural com excelentes propriedades como substrato. E
leve, flexivel, impermeével e resistente.

Este trabalho tem como objetivo o desenvolvimento de estruturas piezoelétricas usando
P(VDF-trFE) e cortica. A electrofiagdo foi usado para fabricar membranas de P(VDF-trFE). A
polarizacdo das membranas é feita durante a electrofiacdo e é provocada pelo forte campo eléctrico
presente. Desta forma, num (nico passo, é possivel fabricar um material piezoeléctrico e ao
mesmo tempo polariza-lo.

As membranas foram fabricadas através do uso de diferentes pardmetros de electrofiacéo,
sendo depois caracterizadas. Os pardmetros que deram origem a membranas com elevada
cristalinidade, fase B e resposta piezoeléctrica, foram depois usados nas deposicdes em substratos
de cortica.

Esta abordagem é um ponto de partida para projetar e produzir estruturas que poderiam ser
usadas em aplicagfes futuras, como sensores e dispositivos de colheita de energia.

Palavras-chave: Fibras; cortica; P(VDF-trFE); electrofiacdo; piezoelectricidade
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Motivation and Objectives

The capacity of taking wasted energy around us and convert it in usable electric energy
has been a topic of interest for many researchers. Nanogenerators that use piezoelectric materials
have been used to harvest energy from mechanical deflections, acoustic waves, fluid or air flows
and human activities. Although the power output with this materials is on the sub-milliwatt level,
it is enough energy to power small electronic devices that do not need much electric energy to
work, such as wireless devices, light-emitting diodes (LEDs) and different types of sensors [1].

Piezoelectric sensors and actuators are another interesting topic. The best known
piezoelectric sensors are related with mechanical measurements, such as force, torque, strain,
pressure, acceleration and acoustic emission [2].

These piezoelectric materials are usually ceramics made of compressed ferroelectric
grains, that are then polarized in order to align the electric dipoles and enhance the piezoelectric
response [2]. Even though they show greater piezoelectric properties, they have lead in their
structure, which causes the necessity to find biocompatible and lead free piezoelectric materials,
such as piezoelectric polymers [3].

Among the piezoelectric polymers, the most used is PVDF and its copolymer P(VDF-
trFE). Both of them have good chemical resistance, flexibility and ease of processing. The main
difference between PVDF and its copolymer is the introduction of an extra fluorine atom that
facilitates the B-phase formation (which is piezoelectric).

Electrospinning is one of the easiest ways of making polymeric membranes. This
technique allows the fabrication of polymeric fibers and at the same time the electric field
polarizes the fibers, improving its piezoelectric response [4, 5]. Persano et al. reported the
fabrication of high performance nanofibers made of P(VDF-trFE) by electrospinning, with
potential applications that range from self-powered micro-mechanical elements, to self-balancing
robots and sensitive impact detectors [4].

The objective of this work is the development of a material that mixes the properties of
cork with the piezoelectric properties of P(VDF-trFE). Lee et al. reported the deposition of
electrospun PVDF nanofibers on glass, paper, PET and PEN for sound-driven energy harvesting
[6]. To the best of our knowledge a similar deposition was never done on cork substrate.

The main advantages of using cork as substrate arise from properties that complement the
polymer properties, such as lightweight, elasticity, flexibility, impermeability, thermal and sound
insulation and fire resistance [7]. All these properties allow applications where flexibility is
needed, it gives structure to the membrane and at the same time it protects the membrane against
water and high temperatures.

The main objectives of this work were divided in two different parts. The first one was the

study of the electrospinning parameters, in order to obtain a membrane with the higher output

XXi



voltage possible. And then use the optimized parameters to do depositions on cork substrate.
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1 Introduction

1.1 Piezoelectricity

A material is said to be piezoelectric if the application of an external mechanical stress
gives rise to dielectric displacement in this material, which manifests itself has internal electric
polarization. However, if the material’s lattice is centro symmectric, it will be unable to produce a
piezoelectric effect [8].

Figure 1 represents the abovementioned concept. For the square structure on figure 1 a),
the center of charge is still the same under compressive stress and therefore there is no polarization
change. For the structure on figure 1 b), the center of charge changes with applied stress, one side
becomes more positive and the other side becomes more negative, which causes an electric field
[9].

There are two different effects that translate the interaction between mechanical and
electrical systems in structures, the direct effect and the inverse piezoelectric effect. The inverse
effect is when a piezoelectric material becomes strained if an external electric field is applied.
Both effects happen in non-centric structures and are used in applications, such as, sensors,

actuators and energy harvesting devices [8].

Qo O
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a)Non-piezoelectric b)Piezoelectric
structure structure

Figure 1-Comparison between a) square non-piezoelectric structure and b) piezoelectric
structure[9].

1.2 Piezoelectric materials

In the last decades there has been an increasing research interest in piezoelectric materials
[9]. There are many applications using piezoelectric ceramics and polymers [10]. Even though

ceramics have higher piezoelectric properties, they are lead based materials. Due to the toxicity of

1



lead, there is a high interest in developing biocompatible and environmentally friendlier materials,
such as piezoelectric polymers [3].

Piezoelectric materials convert the mechanical strain energy into electrical charge and vice
versa. Such distinctive properties made these materials suitable for many different applications.
The most common applications are related with sensing and control of different structures [11].
Nowadays, piezoelectric materials are also being used to acquire energy from the environment and
converting it into usable electrical energy [10] This process is known as power or energy
harvesting [12].With the development of low-power electronics and wireless technology, power
harvesting is nowadays a growing area with an enormous potential. Mainly because it might

enable the usage of ambient vibrations to power devices [1].

1.3 Poly( vinylidene fluoride) and Poly (vinylidene fluoride-Trifluoroethylene)

Poly(vinylidene fluoride) (PVDF) and its copolymers are known for their good
electroactive properties, high piezoelectric constant, flexibility, lightweight and for being lead free
[10, 13]. These properties make PVDF and its copolymers suitable for applications such as,
sensors, actuators and energy harvesting devices [13].

PVDF is a semi-crystalline polymer, which means that it has both amorphous and
crystalline phases with identical chemical compositions but with different physical properties [14].
This polymer has five different crystalline phases, that are related with different chain
conformations, all-trans (TTT) planar zigzag for p-phase, trans-gauche-trans-gauche for o and 6
phases and T3GT3G’ for y and & phases. Some of the chain conformations are illustrated in figure
2 a). In the piezoelectric phases each polymer chain has a dipole moment perpendicular to it.
When the chains are parallel to each other, the dipole moment is also parallel to each other and the
crystal has a net dipole moment. This happens in B, & and y phases. On the other hand, o and ¢
phases are non-polar due to antiparallel packing of the dipoles within the unit cell. Among the
polar phases, B-phase has the largest spontaneous polarization per unit cell and the highest
piezoelectric properties [13, 15].

The most common phase in PVDF is the a-phase. In order to get the B-phase, it is
necessary to convert from a to PB-phase and do treatments to cause the reorientation of the
crystallites. Usually the material is stretched under applied electric field, through the usage of high

temperatures and high electric field [13].
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Figure 2) a) structural differences between PVDF crystalline phases and b) representation of
the P(VDF-trFE) repeat units [13].

On the other hand, poly(vinylidene fluoride-Trifluoroethylene) P(VDF-trFE) always
presents a high content of B-phase independently if the processing method is from melt or solution
casting, as long as the VDF content is between 50 and 80% [13, 16]. This happens because the
third fluorine cause microstructural defects, which favors the all-trans (TTT) planar zigzag
conformation [17]. The representation of the P(VVDF-trFE) repeat units are shown in figure 2 b).

The ferroelectric properties of P(VDF-trFE) are related with the electronegativity
differences of fluorine, carbon and hydrogen atoms. When the electrons are attracted by the

fluorine electronegativity to its side of the polymeric chain, polarization is created [18].

1.4 Electrospinning technique

One dimension nanostructures have gained much attention because of their improved
properties when compared to the bulk materials. Examples of unidimensional nanostructures are
wires, rods and fibers [19]. Fibers with diameters under 100 nm are considered nanofibers and the
main advantages of these nanofibers are the high surface area to volume ratio, high porosity and
flexibility [20]. From the different techniques to produce micro and nanofibers, one of the most
used is electrospinning. This technique is easy to use, versatile and scalable. It allows the
fabrication of long and uniform fibers with different compositions that can be used for different
types of applications and areas, such as sensors, electronics, catalysis and bioengineering [21, 22].

A schematic illustration of the electrospinning setup is shown on figure 3. The setup
consists of a voltage power supply, AC or DC, a syringe with a metallic needle, a syringe pump
and a collector. The tip of the needle is connected to the positive terminal of the power supply and
the collector to the ground. As the high voltage is applied to the needle, the charges inside the
polymer solution are polarized. The positive charges created in the solution, under electric field,
will repel each other causing the deformation of the polymer drop, which will adopt a conical

shape known as Taylor cone. When the electric force overcomes the surface tension of the fluid in
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the Taylor cone, a jet erupts starting the fiber production process [19, 21].

syringe

polymer solution
Taylor cone

needle ~
liquid jet ~
[V] high voltage —

\
— +
power supply @>
p——
=

collector

Figure 3) Schematic illustration of the basic setup for electrospinning [21].

Between the needle and the collector, the jet passes through a process of stretching and
whipping. During this process, the solvent is evaporated and long and thin fibers are collected on
the grounded collector [21].

1.4.1 Process parameters

During electrospinning, there are several parameters affecting the fiber formation. These
are solution parameters, electrospinning parameters and ambient parameters [19]. The solution
parameters are related with the polymer concentration, the solvent used (affecting the surface
tension of the solution), the viscosity and the conductivity of the solution [19, 21, 22].

With increasing concentrations, the solution viscosity and the fiber diameter will also
increase. The solvent is used to make the polymer soluble and it will evaporate, while travelling
between the needle and the collector [22].

The electrospinning parameters are associated with the voltage applied, the flow rate of
the polymer solution, the collector used and the distance between the tip of the needle and the
collector [19].

Among all the electrospinning parameters, voltage is the main parameter because it is
what makes possible the jet ejection. The voltage also influences the fiber diameter, usually with
increased applied voltage the fibers are more stretched which decreases the fiber diameter. Flow
rate determines the amount of polymeric solution that goes through the needle tip. Too much flow-
rate can cause beads due to the non-evaporation of the solvent [22]. Another parameter that affects
the fiber diameter and morphology is the distance between the tip of the needle and the collector.
For shorter distances the solvent may not have time to evaporate, which can cause fiber fusions. If
the distance is too long, beaded fibers can be formed [19]. There are also different types of

collectors, including wire mesh, rotation cylinder and planar collectors that can be used for
4



different types of applications [19] and will affect fiber morphology.

The ambient parameters are humidity and temperature. Humidity causes changes in the
nanofibers diameter because it affects the solvent evaporation. The temperature causes changes
because higher temperatures increase solvent evaporation [19, 22].

It is important to understand the effects of all these parameters because they all affect the

fabrication of smooth and bead-free electrospun fibers [22].

1.5 Electrospinning of P(VDF-trFE)

As explained before, B-phase presents the best electroactive properties and there are a few
methods to convert PVDF a-phase in f-phase. The most common techniques to achieve 3 phase in
PVDF are mechanical stretching mechanisms and electrical polling. These poling processes are
also used for the reorientation of the crystallites, in order to align the molecular dipoles [13].

In case of P(VDF-trFE) the conversion of a-phase in B-phase is not critical because it
crystallizes predominantly in the B-phase [16]. However, it is necessary to align the molecular
dipoles in order to enhance the piezoelectric effect [9, 23, 24]. The problem with the conventional
poling process is the need of several steps (membrane fabrication and polarization) and when
using electrospinning both are achieved at the same time [13, 24].

Electrospinning provides a strong mechanical stretching and at the same time polarizes the
fibers, causing a directional alignment of the nanofiber molecular dipoles. Also, the polymer might

be deposited directly in the substrate without the need of further treatments [24].

1.6 Cork

Cork is a natural product that grows on a specific Mediterranean tree, called, cork oak
(Quercus Suber). Cork forests are well adapted to southern European regions and Portugal is one
of the main producers of cork in the World [7].

The cork oak can create suberose tissue from its inner bark. The bark regenerates itself
after harvesting, which makes it a truly renewable material [25]. There are three different types of
suberose tissue: virgin cork, cork from the second extraction and cork from the subsequent
extractions. Usually the cork of the first two extractions has lower quality and because of that
cannot be used as cork stoppers, but it can be grinded, compressed and mixed with other materials
and used as a agglomerated material [26, 27].

Cork is well known due to its specific properties, such as low thermal conductivity,
lightweight, elasticity, flexibility, impermeability, fire resistance, aesthetic features and electric,
sound and vibration insulation properties [7, 25, 28]. It is made of layers of dead cells walls, filled

with a gas similar to air. When compressed, due to the shape the cells bend and fold with almost
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no lateral expansion, recovering their previous structure. All these properties make cork a great
material for civil engineering. It can be used for several applications, such as walls, ceilings and
floors [29]. Other applications are industrial and vehicle flooring, because cork rubber is resistant
to wear, non-slip and resistant to oil grease and salts. Cork is also used in shoe soles, since it
provides good shock absorption, cushioning and impermeability. Additionally, for military and
aerospace applications, it is for example used for the protective heat shields in missiles and space
shuttles [7].



2 Materials and methods

In order to create the solutions for electrospinning, P(VDF-trFE) (72/28 weight %,
Piezotech) was dissolved in 3:2 volume ratio of dimethylformamide/acetone (DMF/acetone,
Prolabo and Sigma Aldrich) at a polymer concentration of 15%, 18%, 20% and 23% w/w. All
solutions were then magnetically stirred and heated at 40° C for 24 h in order to make sure that the

solutions were completely homogenous.

2.1 Electrospinning experiments

The electrospinning setup consisted of a high voltage power supply (Glassman High
Voltage), a programmed syringe pump (NE-1000 New Era Pump Systems) and two different types
of collectors. A flat collector and a drum (8 cm diameter) and rotational collector powered by a
linear motor (Red Lion) at 2000 rpm.

The electrospinning experiments were conducted placing the P(VDF-trFE) solutions inside
a 5 mL Syringe (11.8 mm diameter), fitted with a 27-gauge blunt tip needle, mounted in a syringe
pump. The tip of the needle was connected to the power supply using a crocodile clip and the
applied voltage was 15, 19 and 23 kV. The process was carried out using two different tip-to-
collector distances (TCD), namely 10 and 15 cm. The flow-rate used was 0.5 and 1 mL.h™. The
collector was covered with aluminum foil and kept static in case of the flat collector, or rotated at
2000 rpm in case of the drum collector.

The ambient conditions were kept between 40-50% of relative humidity and the
temperature was close to 25 °C. In order to study the membrane properties the amount of solution
used in each deposition was 0.5 mL, except when the deposition was in the cork substrate. In that
case the amount of solution was 1-1.5 mL. If the membrane was thinner the electrodes deposited
on cork, would penetrate the membrane during the piezoelectric measurements, causing short
circuits. After the deposition the mats were dried for 24h, in the desiccator containing freshly

activated silica gel.

2.2 Screen printing of cork substrates

The technique used to create a conductive substrate on cork was the screen printing
technique, as shown in figure 4. It is faster and cheaper than evaporation and it does not need a
vacuum atmosphere, which can be a problem in case of cork substrates because of high porosity

and humidity.
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Figure 4) lllustration of the screen printing technique.

The screen printing process consisted of a screen mesh (model 777), with a defined
printing pattern. In this case, a simple rectangle with a dimension of 2x4 cm. The screen mesh was
then placed on the top of the cork substrate and the squeegee was moved over the screen 5 times,
forcing the silver ink (PE-AG-30 Flexible Silver Conductive ink, Conductive Compounds) to pass
through the pattern of the mesh and become printed on top of the cork substrate.

All samples with the printed patterns were then heated at 120 °C during 5 minutes, to

make sure that all the solvents evaporated.

2.3 Electrospinning using cork as substrate

After membrane characterization, the samples with proven best results were then used on
cork substrate. In order to do that, the cork substrate was then attached on the top of the tin foil
using carbon tape, or placed under the tin foil with an opening on it. Two different types of cork
agglomerate were used. A thicker one with 4 mm (generic cork underlayment roll, with an epoxy

resin as binder) and a thinner one with 2 mm (Cork4U+ Polyurethane).

2.4 Characterization techniques

Scanning electron microscopy (SEM, Carl Zeiss Auriga) technique was used to evaluate
the fiber morphology. The membranes were placed on top of a metallic plate, fixed with carbon
tape and then coated with a layer of palladium/gold using a Q300T D Quorum sputter coater. The
fiber diameter was then determined using ImageJ. It was measured the diameter of 20 fibers for
each sample.

The X-Ray diffraction (XRD, X’Pert Pro from Panalytical) technique was used to study
the presence of B-phase and the crystallinity of the samples. The scans were done within the 20
range of 10° to 89°, using CuKa radiation.

The Fourier transform infrared (FTIR, Thermo Scientific Nicolet 6700 spectrometer)
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technique was used to calculate the fraction of B-phase present in the membranes. The data was
measured using an Attenuated Total Reflectance (ATR) sampling accessory (Smart iTR) equipped
with a single bounce diamond crystal with an incident angle of 45° and the scans were done from
4500 to 500 cm™.

The Differential Scanning Calorimetry (DSC, STA 449 F3 from Jupiter) technique was
used to measure the peaks that correspond to the Curie and fusion temperature. The samples were
heated from 35° to 250 ° C at a rate of 10° C/min, under a nitrogen gas flow of 30 mL/min.

The Thermally Stimulated Discharge Current (TSDC) equipment was used to study the
polarization of the samples. Each sample was heated until 160° C at a rate of 5°C/min and all the
depolarization currents were measured using an electrometer (Keithley 617) connected to a
computer.

The impact tests were done by two different ways. The first test was done using a cylinder
shaped metal, covered in plastic, with a weight of 2 g released from a height of 10 cm using an
electromagnet connected to a DC power supply (Agilent). This system produced an impact force
of 2x10™ N [30] and each sample was measured five times using an oscilloscope (ISO-TECH IDS
6052-U). The second test was done using a pressure applying system developed by Pinela et al.
[31]. This machine consisted of an Arduino connected to a stepper motor and LCD display. The
stepper motor converts radial force in vertical force using an arm connected to it that applies force
to the sample. The LCD display was used to see the program that was being used. Different
programs allowed the application of force at different frequencies, ranging from 0.5 Hz to 10 Hz.
The applied force was measured using a calibrated piezoelectric sensor connected to an
oscilloscope [31]
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3 Results and discussion

In order to understand which electrospinning parameters would be responsible for the best
piezoelectric properties of the fibrous membranes, five different parameters were considered:
flow-rate, type of collector used, concentration, TCD and applied voltage.

From this study it was concluded that the best flow-rate to use is 1 mL/h. The flow-rate of
0.5 mL/h did not show significant improvements compared with the higher flow-rate and the
deposition time was two times higher. In terms of commercial applications, this can be costly. The
static collector was also not chosen. Once again it did not show significant improvements in the
output voltage measured during the impact tests and showed production problems: while in the
drum collector the depositions are longitudinal in the static collector the depositions are in form of
a circle. For distances smaller than 15 cm the circle was too small to test and some hard polymeric
agglomerations were collected in the center of the circle. Using the static collector could become a
problem for industry, because the deposition area would be too small for mass production. After
considering all results the 20 most promising samples were further analyzed.

The analysis was divided in four different parts. First, the fiber formation was studied in
order to understand if the fibers are defect free. Then the crystallinity of the samples and the f-
phase formation, was studied. It is important to know the amount of B-phase, because is the one
with the best electroactive properties. After these steps, impact tests were done in order to
understand which samples had the higher output voltage and finally it was studied the dipole
alignment of the samples. After all these tests, the sample with the best set of properties was

deposited on cork substrates.

3.1 Fiber formation

P(VDF-trFE) nanofiber mats were prepared varying different parameters. Overall, most of
the fibers were uniform and without beads, but the fiber diameter differed with different

parameters. All the fiber diameter values for the different parameters are in annex 1.

3.1.1 Effect of Polymer concentration on fiber diameter:

As shown in figure 5 a), it is possible to see an increase in fiber diameter from
(6.0£2.0)x 10> nm to (1.2+0.2)x10° nm, when polymer concentration is increased from 15% to
23%. This happens because it becomes harder to stretch the fibers for higher polymer

concentrations due to higher viscosity and macromolecular chain entanglements [32].
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Figure 5- a) Fiber diameter for different concentrations, using an applied voltage of 15 kV, 15
cmof TCD and 1 mL/h flow rate. b) Fiber diameter for different applied voltages, for 20% w/w, 10cm
and 1 mL/h flow rate. c) Fiber diameter for different applied voltage, for 20% w/w, 15 cm of TCD and
1 mL/h flow rate

3.1.2 Effect of applied voltage during electrospinning on the fiber diameter

The electric field is the driving force of jet initiation. The process starts when the electric
field causes the charges to repel each other, overcoming the surface tension of the solution and
causing the jet to travel from the tip of the needle to the collector [32, 33]. In figure 5 b) and 5 c),
it is possible to see that an increase in the applied voltage for the same TCD, resulting in an

increase in the electric field, did not have a relevant impact in the fiber diameter of the fibers.

3.1.3 Effect of TCD on the fiber diameter

Figure 6 a) and b) can be used to understand how the TCD affects the fiber diameter. On
figure 6 a) the TCD is 10 c¢cm and on 6 b) the TCD is 15 cm with diameters of
(7.4%2.3)x10*nm and (8.8+2.5)x10? nm, respectively.

The decrease in the TCD has a similar effect to the increase of applied voltage, because
when the electric field increases, the fibers suffer stronger elongation. Hence, for smaller

distances, the fiber diameter slightly decreased [33].

12



Figure 6- a) SEM image of 10 cm TCD and b) 15 cm for a concentration of 20% and an
applied voltage of 15 kV.

3.1.4 Effect of the type of collector on fiber diameter

During this work, two different types of collector were studied. The fiber morphology is
shown on figure 7. Figure 7 a) shows fibers deposited on a flat and static collector. The membrane
shown on figure 7 b) was the membrane with best overall properties, the parameters used were a
rotatory drum collector, using 15% concentration a TCD of 15 c¢cm, an applied voltage of 19 kV
and a flow-rate of 1 mL/h. It is possible to see that fibers deposited on a static collector had more
defects. They were deposited in a random orientation, but had lower average diameters as shown
in figure 7 d). The fibers deposited on the rotatory collector showed fewer defects and were
slightly more aligned. The mean diameter of fibers produced on flat and drum collectors were
(5.0+2.0)x10% nm and (8.0+1.0)x10% nm, respectively.

The increase in diameter using the drum collector was explained before as a formation of a
monofilament. The monofilaments were created by more than one aligned fibers fused together
[34]. However, figure 7 c) does not reveal any fiber imperfection or fibers fusion. From our point
of view, this may happen because the collector rotation at 2000 rpm creates an air-flow. This air-
flow increases solvent evaporation, making the fibers solidify faster. This, in turn, would mean
that it would be harder to stretch them. As the stretching of the fibers becomes harder, they are
collected with higher diameter. Since this seems to be a topic not yet explored by literature, further

research would be necessary in order to clarify our assumption.
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Figure 7- SEM image of fibers produced with a) static and b) rotating collector with 500 x
and c¢) 3k x magnification. d) Fiber diameter comparison between depositions on static flat and

rotating drum collector.

3.1.5 Effect of flow rate on fiber diameter

The influence of flow rate was studied by keeping the applied voltage at 15 kV, the TCD
at 15 cm and the polymer concentration at 15%. The differences between the samples are shown
on figure 8. The collector used was the rotatory collector and flow-rates of 0.5 and 1 mL.h™%. The
time of electrospinning for the sample with the flow rate of 0.5 mL.h™ was two times higher to
make sure that the same volume was used in both depositions.

The increase in the flow-rate should in theory lead to an increase in the fiber diameter or
the presence of beads due to the larger volume of solution drawn away from the needle [33]. In
this case and according with figure 8 c), the opposite happened. When the flow rate was increased,
there was a decrease in the mean fiber diameter. However the dispersion of values for the 1 mL/h
sample is too big, which create difficulties in the analyses of these results. It was just possible to
comprehend that the quality and alignment of the fibers was better for the 0.5 mL.h™ flow-rate

sample.
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Figure 8- SEM image of fibers produced at a flow rate of a) 0.5 mL/h and b) 1 mL/h and c)

fiber diameter comparison

3.2 Crystallinity

In order to have a good piezoelectric material, some properties should be taken into
consideration. One of the most important parameters affecting the piezoelectric properties is the
crystallinity, specifically the percentage of the B-phase. Without a defined morphology, the
material would not sustain a net dipole and therefore it would not show good piezoelectric
properties [35].

Two common methods to study the crystallinity of PVDF and copolymers are X-ray
diffraction (XRD) and Differential Scanning Calorimetry (DSC) technigues. With the XRD
diffractograms, it is possible to study the difference between the sharp peaks (corresponding to the
crystalline phase) and the broader background (that corresponds to the amorphous regions). With
DSC, the polymer is heated at a constant rate and the melting points can be measured and divided
by the value of a 100% crystalline material [35], allowing to calculate the degree of crystallinity.

In this work, both XRD and DSC methods were used. The XRD was used to study the
difference in crystallinity for different samples, but because of the small thickness of the
membranes it was hard to keep them completely flat during the measurements. This might cause

mistakes on calculation of the absolute value of crystallization. Due to that, the crystallinity values
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calculated using the XRD diffractograms were used to compare the samples in a more qualitative
manner. The DSC was used to study the Curie and melting points of three different samples and
since it is a more reliable test, it was also used to calculate the degree of crystallinity of the three
samples chosen. By using both XRD and DSC for the same samples, it was possible to infer that
the samples had different quantitative results. Nevertheless, the results varied similarly in a

qualitative manner, thus confirming that the qualitative comparison between samples is correct.

3.2.1 XRD results

X-ray diffraction (XRD) data is shown in figure 9. It is possible to see a strong peak at
26=19.9 °, which corresponds to the (110) and (200) B-phase planes. This confirms the presence of
B-phase in the membranes [36]. In PVVDF samples, it is common to appear a peak around 20 =18°,
which corresponds to the a-phase [37, 38]. In P(VDF-trFE), usually a-phase is not taking into
account because the microstructural defects caused by the fluorine atom help in the B-phase
formation [17]. So, accordingly, no peak related with a-phase is seen in our diffractograms.

The strong diffraction peak present in most of the samples indicates a high degree of

crystallinity [18, 39]. This was confirmed using the following equation:

xop = 200 1am o0 (3.1)
* T 1200 '

Where, X% is the percentage of crystallinity, 1, is the peak intensity of the crystalline

part and I, is the intensity of the amorphous part [40, 41]. All the XRD results are in annex 1.

3.2.2 Effect of Polymer concentration on degree of crystallinity

As shown in annex 1, for a TCD of 15 cm, a flow rate of 1 mL/h and an applied voltage of
19 kV, there is a decrease in crystallinity with the increase of solution concentration.

The decrease in crystallinity with increased concentration can be caused by the lower
molecular orientation, during electrospinning, for higher polymer solution concentrations. This
happens because polymer solutions with higher concentration have chains that are less mobile due

to larger number of chain entanglements, which results in lower molecular orientation [42].

3.2.3 Effect of voltage during electrospinning on the degree of crystallinity

In figure 9 b), it is possible to see that for a TCD of 15 c¢cm, a flow rate of 1mL/h and a
polymer concentration of 20%, an increase in voltage from 15 kV to 23 kV decreased the degree
of crystallinity. From our perspective this can be explained with the fact that an increase in the
electric field cause a higher number of charges on the polymer solution, which accelerates the jet
and decrease its flight time.

The decrease in the flight time can leave insufficient time for the solvent to evaporate and

for the polymer to crystalize [42].
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3.2.4 TCD effect on the degree of crystallinity

If the TCD had the same effect as the applied voltage, for higher distances the flight time
should be superior and the molecular orientation would also be superior which would improve the
crystallinity. But it seems that for an applied voltage of 19 kV, a flow rate of 1mL/h and for all the
polymer concentration tested, decreasing the TCD from 15 cm to 10 cm increases the crystallinity.

The decrease in crystallinity may be related with the increase in the spiraling trajectory of

the jet with increased distance, which causes instability and decreases the crystallinity [42].

3.2.5 Collector effect on the degree of crystallinity

During this work, two different types of collectors were used: a static and a rotating
collector. Figure 9 a) shows the XRD results. It is possible to see that the rotating collector
increased the crystallinity of the fibers.

The increase in crystallinity might be explained by the higher chain orientation of the
fibers collected in the rotating collector [4, 34].
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Figure 9- a) XRD diffractograms for fibers deposited on the static collector (red line) and on
the rotatory collector (black line). b) XRD diffractograms for fibers deposited with an applied voltage
of 15 kV (blackline), 19 kV (redline)and 23 kV (blue line), all using rotatory collector.

3.2.6 Flow rate effect on the degree of crystallinity

The last analyzed variable potentially affecting crystallinity was flow rate. Two different
flow-rates were studied. The XRD results show, contrary to what would be expected, that

decreasing the flow rate from 1 mL/h to 0.5 mL/h slightly decreases the crystallinity of the fibers.

3.2.7 DSC results

Figure 10 shows the different fabrication parameters analyzed using DSC, two
endothermic peaks were detected. The first one was around 120 °C and corresponds to the
transition from ferroelectric to paraelectric phase, also known as Curie temperature (T¢). The
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second peak was around 145 °C and it is associated with the melting of the crystalline phase (T.,)
[37, 43].

For polymer concentrations of 18% and 20%, the DSC curve has only two endothermic
peaks, one for Curie temperature and another for the melting temperature. On the other hand, for
15% polymer concentration, the Curie temperature peak changed from one to two peaks. This
behavior usually happens when more than one DSC cycle is done. It is explained by the formation
of different ferroelectric phases, with different thermodynamic stability after melting and
recrystallization. In other words, this phenomenon is associated with the splitting of one large
uniform domain into two different domains, having the larger domain a higher Currie temperature
[43, 44].

In this case it was done just one cycle, so, this probably happened because the membrane
was cut in various pieces to fill the equipment sample container and different parts of the sample

can have different domains.
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Figure 10- DSC endothermic peaks for fibers produced from P(VDF-trFE) solutions with
different concentrations. 15% (black line), 18% (red line) and 20%o (blue line). Itis possible to see the

Curie temperature Tc and melting point Tm for all samples.

The DSC data was also used to confirm the DRX results for the crystallinity calculation.

In order to calculate samples’ degree of crystallinity (AX.), the following equation was used:

AHm
AXc = ——x 100 (3.2)
AHO

AH, represents the melting enthalpy of the sample and AH, is the melting enthalpy for a
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100% crystalline sample. The value used for the 100% crystalline sample of P(VDF-trFE) was
45 J g*[45]. The calculated results are in qualitative agreement with the XRD results as shown in
table 1. It was possible to confirm that the crystallinity of the samples decreased with the

concentration increase.
Table 1- Crystallinity values for different samples using XRD and DSC

Sample 15 18 20
concentration

(W/w %)

Crystallinity by 73.1 73.5 67.1
XRD (%)

Crystallinity by DSC 48.5 48.6 37.3
(%)

3.3 p-phase formation

The polar B-phase has the highest piezoelectric properties, amongst other and therefore it
has attracted technological interest [15].

The study of the crystallinity of the samples, using XRD, showed that $-phase was present
in all samples. However, it was not possible to quantify which samples had the higher amount of
B-phase. Therefore, FTIR was used to quantify the amount of B-phase of each sample.

The Fourier transformed infrared spectroscopy (FTIR) provides information about the

polymer structure (molecular bonding), allowing to distinguish between different crystalline forms

[13].

3.3.1 FTIR results

A FTIR-ATR spectrum of one of the P(VDF-trFE) membranes is shown in figure 11. It is
possible to see that the nanofibers have crystallized into B-phase because the absorption bands at
844 and 1286 cm™ are present. Whithin the literature, the opinions about third B-phase peak are
divided. While some authors consider the peak at 1431 cm™ others consider it at 1400 cm™ [39,
46]. Coincident to both theoretical perspectives, it is possible to see that both appear in all
membranes. On the other hand, the o-phase absorption bands at 766, 795 and 975 cm™ are not
appreciable [4, 38, 39]
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Figure 11-FTIR-ATR absorbance spectrum for fibers produced with P(VDF-trFE) solution of
20%, 15cm TCD, 1 mL/h flow-rate and 15 kV (blue line), 19kV (red line) and 23 kV (black line)

applied voltage. All samples have the same f-phase characteristic peaks.

In order to quantify the B-phase content, it is assumed that FTIR absorption follows the
Lambert-Beer law and the absorption coefficients, Ko and Kp, at the wavenumber of
766 and 840 cm™ are used [13].

The fraction of B-phase can be calculated using the equation bellow:

AB AP

K_ﬁ) " 1.264a + AB
Ka Aa + AB

Where, Aa and AP are the absorbance at 766 and 840 cm™ the Ka and Kp are the

F(B) = (3.3)
<

absorption coefficients at the respective ~ wavenumbers, with values of
6.1 x 10* and 7.7 x 10* cm? mol™*[13].

According to table 3 in annex 1, it was possible to see that all samples show a value of
B-phase around 80%. As mentioned before, this is caused by the insertion of an extra fluorine atom
that improves B-phase formation. It was possible to see a slightly increase in B-phase for an
applied voltage of 19 kV instead of 15 or 23 kV, when the TCD was 15 cm and the concentration
20%. This shows that 19 kV is the optimal voltage for that distance. Similar results were obtained
for other concentrations. The different collectors, TCD and flow-rate did not show substantial
differences.

Another way to increase the B-phase formation is by annealing. Annealing the samples

causes relaxation and reorientation of the polymer chains, which can improve the B-phase but it
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also decreases the piezoelectric response, due to thermal depoling or dipole randomization [35].

For a concentration of 18%, a TCD of 15 cm, an applied voltage of 19 kV and a flow rate
of 1mL/h, annealing the sample for 15 minutes at 130° C, increased the fraction of B-phase of the
sample from 77.9% to 87.2%, the FTIR-ATR spectra are shown in figure 12.

Lei et al. proved, using force spinning, that mechanical stretching without electrostatic
force can produce B-phase in fibers. But without electrostatic force, the fibers did not show any
piezoelectric activity. This happens because the mechanical force induces p-phase formation, but it
fails to align the dipoles [47]. This means that, even if some fibers have higher p-phase content
than others, they can have worst piezoelectric response.

Maldal et al proved the preferential orientation of CF, dipoles in electrospun PVDF-trFE
nanofibers, using FTIR spectroscopy and detecting the piezoelectric signals. In order to do that,
they took two similar electrospun membranes and heated one of them above the curie temperature,
aiming to cause a random dipole orientation [5].

After FTIR analysis, the dipole orientation was evaluated using the equation below:

Avas
Avs
Where, fdipolar is the ratio between the absorption intensity due to CH, or CF,

fdipolar = (3.4)

asymmetric stretching vibration mode (A,s) and the absorption intensity due to the CH, or CF,
symmetric stretching vibration (Ays).

Figure 12 shows the difference between one sample tested as electrospun and one sample
that was heated for 15 minutes at 130° C. Using the equation 3.4, for the wavenumbers Aszp11/Azg73,
Ar1go/A1re4 and AggalAgss, it was possible to observe a reduction of 4%, 22% and 9%, respectively,
for the sample that was heated at 130° C. This can be explained by the randomization of the
dipoles, caused by the applied temperature above Tc. On the other hand, the higher values of
fdipolar for the other sample can be explained by the alignment of the CF, dipoles towards the
electric field, during electrospinning [5].

Impact tests done with both samples confirmed the reduction of the output value from
0.88 to 0.19 V. As explained before, this reduction of the piezoelectric response is related with the

dipole randomization due to temperature increase [5, 35].
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Figure12- a) and b) FTIR-ATR spectraofa sample with 18% concentration, 15 cm TCD and
19 kV applied voltage, showing the decrease in absorption val ues for the sample heated during 15 min
at 130 °C (red line) compared with auntreated sample (blue line). ¢) Impact test on as-electrospun

sample and d) impact test on the heated sample

A trial to calculate the fdipolar between samples with different parameters was performed.
However, some of the samples had higher percentages in a given absorption region and lower
percentages in other regions. Due to that, in order to compare the dipole alignment between

different samples, TSDC was used.

3.4 Output Voltage measurements

In order to measure the output voltage two electrodes, made of aluminum foil, were placed
at the top and bottom of the electrospun membranes. The samples were then tested by dropping a
cylindrical shape metal weight from 10 cm height, which produced an impact force of
approximately 2x 10 N. This test, figure 13 a) and c), was done 5 times for each sample in order
to ensure results’ repeatability. In order to ensure that the voltage measurement came from the
electrospun membranes another test was done, with a paper layer placed between the electrodes.
As expected, the paper did not show any voltage output.

Figure 13 c) shows the impact test setup and figure 13 b) a tapping test made with a simple
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pencil, to illustrate the fast response of the membranes to the impact.
In figure 13 a) and b), it is also possible to see two opposite polarities. The positive one
was caused when the material was pressed and the negative when the pressure was released [48].

When the cables were reversed, the opposite happened.
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Figure 13- a) Output voltage using a free falling object and b) tapping test using a pencil. c)
Setup used to perform the free falling impact tests.

Table 3 in annex 1, shows the output voltage values for all the different samples. The
samples with higher and lower output values were the ones made with the electrospinning
parameters shown on table 2.

Table 2- Electrospinning parameters with best and worse output voltage val ues.

Electrospinning | 15 % 10 cm 15% 15 cm 18% 15cm 23% 15 cm 23% 15 cm
parameters 19 kV 1 mL/h 19kV 1 19kV 1 15kV 1 19kv1
mL/h mL/h mL/h mL/h

Output voltage 1.16+0.33 1.18+0.18 1.12+0.44 0.06+0.01 0.07+0.02
V)

The worst results shown on table 2 can be related with the fact that with increased
concentration there was also an increase in viscosity. The increase in viscosity probably caused

difficulties in the alignment of the dipoles perpendicular to the chain direction. For smaller TCD,
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the 23% samples had a higher output voltage. The reason could be related with the increased
electric field with decreased distance. The higher electric field could be responsible for improving

the dipole alignment in a solution with high viscosity.

3.5 Dipole alignment

The piezoelectric effect properties of P(VDF-trFE) are originated from induced
polarization [49], as shown in figure 14. Usually, to do this in a semi-crystalline polymer such as
P(VDF-trFE), it is necessary to reorient the dipoles through the application of a strong electric
field at high temperature. Then, the temperature is lowered in the presence of the electric field, so
that the domains stay locked in the aligned state. The material’s piezoelectric effect is directly
related to the degree of polarization achieved [35]. The most common methods to induce dipole
alignment are the electrode and corona poling [35]. However, electrospinning is a simple and
scalable technique that allows the preparation of nanofiber webs at the same time that the electric

field aligns the ferroelectric dipoles [5, 47]. Both processes are shown in figure 14.

a) b)

Film cross-section

Polar (f)) Phase ' }

Induced oriented dipoles
+ normal to thickness direction

Figure 14- a) Example of the dipole alignment process by corona polling and b)
electrospinning [35, 47]

Due to the difficulty of measuring the nanofibers’ dss, because of their high porosity and
low rigidity, polarization was studied. The main goal was to try to understand if the fibers that
showed a higher output voltage for the same impact conditions also showed a higher dipole

alignment.

3.5.1 Thermally Stimulated Discharge Current (TSDC)

The Thermally Stimulated Discharge Current (TSDC) enables the dipole alignment study
after samples’ polarization. This equipment provides heat to the sample and, at the same time,
measures the current generated by the rearrangement of the dipoles to a more stable state [46, 50].

As explained before, P(VDF-trFE) has a ferro-paraelectric phase transition, also known as

Curie transition temperature. At this temperature, a dipolar interaction occurs and the material
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starts to lose its piezoelectric properties [46]. The samples were therefore all heated above the
Curie temperature in order to cause dipole disorientation.

Aiming to study the internal electric polarization of the material, the following equation
was used:

(M
P—j T.alT (3.5)

T1
Where, P is the polarization of the sample, B is the temperature heating ratio and J(T) is
the current density [50].
Figure 15 a) and b) shows TSDC results for the same sample, when heated two times up to
160° C. It is possible to see that the current density becomes smaller in the second cycle and
polarization density decreases from 9.1x10™ to 2.9x10° C/m? This shows that, after the first

cycle, the dipoles lost most of their orientation. These results are in line with previous FTIR data.
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Figure 15-a) First cycleof TSDC test for a 15% concentration sample and b) second cycle for

the same sample. ¢) TSDC test for a 18% concentration sample.

The polarization density results for the rest of the samples are in annex 1. It is possible to
see that the results were inconclusive, since samples with similar polarization density showed
different output voltage. As this could be caused by the measurements of the output voltage and
TSDC tests in different locations on the sample, it was decided to repeat some tests for three
different concentrations with promising results.

The sample parameters chosen to compare had concentrations of 15%, 18% and 20%. The
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other parameters were kept the same for all the samples (15cm of TCD, an applied voltage of
19kV and a flow-rate of 1 mL/h). All of them were electrospun three times each, resulting in a
total of 9 samples. Each one of the 9 samples was then divided in 3 sub-samples. Figure 18 and
table 4 in annex 2, show the sample division and all the TSDC results. After all tests done, it was
possible to conclude that the parameter with better average polarization density was the 15%
concentration sample, with an average value of polarization of 1.5x102 C/m?. For 18 and 20%, the
average values were 7.33x10 and 9.77x10™ C/m? respectively. This test also showed that the
values changed in different regions of the same sample and between samples with the same
parameters, which could explain why the first measurements were inconclusive.

Figure 15 c¢) shows the TSDC result of one of the 18% concentration samples. It is
possible to see that there is a decrease in current density from 30 °C to 80 °C and then, it has a
cosimilar ascending behavior as the other sample shown at figure 15 a). The current density curve,
between 30 and 80 °C, is not related with dipole randomization because the Curie temperature is
above 100 °C. From our perspective the current density detected, from 30 to 80 °C, can be
explained as surface charges that were trapped at the interstitial sites, during the electrospinning
process. These charges are then released during TSDC measurements.

Zaccaria et al. reported that the charge stored in the bulk material and on the surface of the
material due to electrospinning and triboelectric effect, can cause an electret behavior to the
material and overcame the piezoelectric effect [48]. Electrets are polymeric dielectric materials
that are able to retain charges over a long period of time and create an external macroscopic
electric field [51].

In order to minimize the triboelectric effect, the electrodes and the electrospun mat were
kept together (to decrease the friction between membrane and electrodes) and all samples were
tested in the same way. As shown in table 3, some samples had higher output voltage than others.
If all samples were tested in the same conditions and configuration, the triboelectric effect was
probably not the reason behind the different output voltage values. From our own perspective, the
differences between output voltage values can be due to the porosity of the membranes and the

non-uniformity of the electric contacts with the samples.

3.5.2 Impact tests for the repeated samples

In order to understand if higher polarizations would give rise to higher output voltage
values, a different impact machine was used. This machine applied pressure on the samples, 25
times at a frequency of 1 Hz. The applied pressure was measured using a calibrated piezoelectric
sensor connected to one channel of the oscilloscope and the piezoelectric signal was measured
using the other channel of the oscilloscope [31]. All results were then filtered in order to remove
the signal noise and the peak-to-peak voltage was measured.

The applied pressure and voltage of all samples are presented in annex 2. Overall all
26



samples show high output voltage values and similar response for all the 25 cycles. Figure 16
shows the piezoelectric signal for the three different concentrations tested, using approximately
10 kPa of pressure, it is possible to see that the output voltage was similar for the three different
samples. The peak-to-peak voltage measured was 3.48, 3.78 and 3.68 V for 15, 18 and 20%
concentration, respectively. In this specific case, samples with higher output voltage are related
with higher polarization density, with values of 2.59x107% 1.68x10? and 4.56x10° C/m? for,
respectively, 15, 18 and 20 %. As expected, this means that the higher polarization values improve
the piezoelectric response.

Figure 16 d) shows the relation between applied pressure and output voltage for the 15%
polymer concentration samples. It was possible to understand that the output voltage is directly

related with the applied pressure and the membranes were able to generate 0.4 V for each kPa

applied.
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Figure 16- Different output voltage for a) 15% b) 18% and ¢) 20% concentration samples.

The applied pressure was similar for the three samples, approximately 10 kPa. Figure d) shows the

relation between applied pressure and output voltage for the same region of three depositions of 15%
concentration.

3.6 P(VDF-trFE) deposition on cork substrate

After all results considered the parameters chosen to use on the cork substrate were 15%
polymer concentration, 15 cm of TCD, an applied voltage of 19 kV, a flow rate of 1 mL/h and the

rotatory drum collector was used. Not only because it has great properties in all the tests done, but
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also because it has lower concentration.

In order to do the deposition on cork substrate, a conductive layer was applied on top of
two different types of cork. One was conventional insulation cork agglomerate, with 4 mm
thickness and the other was a composite agglomerate of cork and polyurethane with 2 mm of
thickness. The ideal would be to use two cork sheets made with the same material but with
different thickness, but unfortunately it was not possible to find on the market the same material
with a different thickness.

In order to do the deposition it was necessary to connect the electrode on top of the cork
substrate to the collector. To do that, an aluminum foil was placed on top of the collector and
carbon tape was used to connect the electrode to the aluminum foil. There was a problem related
with the thicker cork sheet, since it was difficult to fix it to the drum collector at 2000 rpm. The
thinner cork sheet was easier to fix, because it was lighter and much more flexible. The main
problem with the thinner cork sheet was related with the high surface porosity, when compared
with the thicker one. The high surface porosity made the screen printing process less effective and
the electrodes printed on this type of cork caused some short-circuits or inconstant signal, during
impact tests, due to the high surface roughness that penetrated the membrane.

To do the impact tests shown on figure 17 it was used the same machine that was
previously used to study the repeated samples. However, because these samples had cork
substrates it was not possible to use the same pressure as before. It appears that when the
deposition is done on cork, the output voltage decreases and in this case it was necessary to use a
higher pressure (half rotation instead of 1/16 rotation on the stepper motor). It was not possible to
measure the applied pressure because the cork substrate absorbs some of the impact, as expected.
Hence, this test was used to understand if the fiber still show any piezoelectricity when the

deposition is done directly on the cork substrate.
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Figure 17- Output values for two different cork substrate thicknesses, a) 4 mm of generic
cork underlayment and b) 2 mm of cork/polyurethane composite, using the following electrospinning
parameters: 15% concentration, 15 cm TCD, an applied voltage of 19 kV and a flow rate of 1m L/h.
Both depositions were done using a rotatory drum collector.
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As shown in figure 17, it is possible to see that the output voltage was more consistent in
the thicker cork substrate. This might be caused by the higher impact absorption by the zones with
polyurethane then the zones with cork or because of the high surface porosity of the sample. This
data also shows that the 4 mm cork can be used for future applications such as sensors and energy

harvesting devices, if well calibrated, since it shows a stable and high output signal.
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4 Conclusion and future perspectives

The aim of this work was to make and characterize piezoelectric membranes and
successfully deposit them on cork substrate while maintaining its functions. The impact tests
performed showed that the usage of electrospinning to do the deposition of P(VDF-trFE) fibers
on cork was successful. At the same time, the structure also showed a stable piezoelectric signal.
For these reasons, our main goals were achieved.

A final set of parameters was selected to apply on the tested cork substrate: 15%
polymer concentration, a TCD of 15 cm an applied voltage of 19 kV, a flow-rate of 1 mL/h and
the rotating drum collector. These optimal parameters were identified after an exhaustive
membrane’s characterization. The membrane’s characterization was divided in five different
parts: fiber formation, crystallinity, B-phase formation, output voltage measurements and dipole
alignment. The fiber formation analysis was performed by using SEM, both in order to
understand if the fibers had any defects and to calculate its diameters. Nevertheless, without a
defined morphology, the material would not sustain a net dipole. It was therefore also necessary
to study the crystallinity of the samples and the fraction of B-phase, since this is the phase with
highest piezoelectric properties. In order to verify if the fibers were showing any output voltage
under impact, its output voltage was measured. The dipole alignment was also studied, as in
order to have a good piezoelectric signal it is necessary to have the dipoles oriented into the
same direction.

The fibers that were created by using the above mentioned parameters did not show any
defects and had a mean diameter of (7.7+1.3)x10? nm. The sample crystallinity was of 48.5%,
according with the DSC results, and the p-phase fraction of 81.4%. When the sample was tested
under impact, by dropping into it a cylinder shape material, it produced an output voltage of
1.2+£0.2 V. This was the highest voltage among all samples tested. When it was tested under a
pulsated pressure (1 Hz) of 10 kPa, it produced a peak-to-peak voltage of 3.48 V for each one of
the 25 cycles. The polarization density of this sample varied for different regions, but overall it
was higher than the rest of the samples. With this test, it was possible to understand that the
dipole alignment during electrospinning may be responsible for increasing the piezoelectric
response of the membrane. By heating twice the sample above the Curie temperature, the
polarization density decreased from 9.1x107 to 2.9x10®° C/m? Both FTIR and impact tests
showed that heating the sample above the Curie temperature caused a decrease in the
piezoelectric signal. Overall, this sample presented very good properties to be used on cork
substrate.

The cork deposition was performed on two different substrates. A thicker one, with 4
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mm (generic cork underlayment roll, with an epoxy resin as binder) and a thinner one, with 2
mm (Cork4U + Polyurethane). The results showed that the generic cork produced a more
consistent piezoelectric signal, with a repeated output voltage of 1 V.

To the best of our knowledge, this is the first work testing an electrospun piezoelectric
structure with cork as substrate. This might have several practical implications, since this
structure is low cost, ease to fabricate and it is constituted by environmentally friendly
materials. This type of structures might have a practical usage as a sensor or an energy
harvesting device. A practical application could be, for example, to protect fragile cargo. It
could create added value by measuring the impact that the cargo suffers during shipping, while
at the same time the cork could absorb the impact in case of falls. It could also be used as a
pressure sensor inside buildings and at the same time as a floor covering. Within this potential
application, the cork would be used to pave the floor and the fibers would work as an alarm
system. It could also be used in crowded spaces, such as metro stations and public builds, as a
floor covering. Due to cork’s aesthetic features and comfort it might perfectly fit in such spaces,
while using piezoelectric fibers to harvest energy from steps and vibrations. Finally, if future
research helps to increase the output power, it might even be used in noisy places in order to
convert sound vibrations into energy. While converting sound vibrations into energy, the cork
would simultaneously work as a noise insulation.

Even though the chosen parameters appear to be the best fitting ones to use on cork, it
would be important that future research could analyze and identify the root cause for the
variability between samples and sample’s regions that was occasionally faced. For the further
development of these structures as an impact sensor or energy harvesting device, it would be
necessary to develop a device to study the output current. The output voltage does not allow us
to clearly understand how good it would be as a device for energy harvesting. A potential
alternative to direct electrospinning on cork substrate would be to use a hydraulic press to bind
the fibers to the cork. In theory, this technique would not cause properties’ loss, while it would
be cheaper and faster. An alternative research line would be to add up new composites, such as
P(VDF-trFE) and silver nanowires. As those are being used to improve devices’ sensitivity, its
combination could potentially increase the output voltage. By adding up to the promising results
already identified across this work, the potential practical implications of piezoelectric

structures based on cork might be game changing for several industrial fields.
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6 Annexes

Annex 1

Table 3 - Resume of the results for different characterization tests.

Concentration Applied Tip to Flow-rate Collector Crystallinity | Fraction | Polarization Fiber Output
(%) Voltage collector (mL/h) (%) of p- (c/m?) diameter Voltage (V)
(kV) distance phase (nm)
em %)
15 15 10 1 Rotatory; 84.9 78.8 6.37x1073 965+184 0.101+0.03
Drum
15 1 Rotatory; 74.4 78.5 1.07x107 5924237 0.392+0.11
Drum
15 0.5 Rotatory; 71.2 77.8 9.07x107 827+101 0.572+0.09
Drum
19 Rotatory; 81.9 78.5 1.49x10 576121 1.164+0.33
10 1 Drum
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15

Static;
Flat

57.7

81.5

1.70x107

534+151

0.467+0.064

18

15

10

Rotatory;
Drum

86.6

78.8

1.21x107

5471106

0.348+0.137

15

Rotatory;
Drum

80.5

77.4

2.04x107°

601+116

0.196+0.05

19

10

Rotatory;
Drum

73

78.2

1.20x107

655+151

0.403+0.112

15

Rotatory;
Drum

Rotatory;
Drum

73.5

77.9

2.37x1072

475+95

1.124+0.44

20

15

10

Rotatory;
Drum

86.3

80.1

2.96x10°3

7424218

0.744+0.04
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15 Rotatory; 73 80.1 2.08x1073 881+248 0.784+0.284
Drum

19 10 Rotatory; 86.2 74.7 6.42x1072 553+85 0.252+0.11
Drum

15 Rotatory; 67.1 81.7 1.17x10° 627+149 0.376+0.09
Drum

23 10 Rotatory; 70.3 78.4 4.92x107° 665+131 0.408+0.08
Drum

15 Rotatory; 40.6 72.3 5.48x107 694+126 0.356+0.16
Drum

23 15 10 Rotatory; 91.8 78.7 6.55x1073 9434202 0.44+0.25
Drum

15 Rotatory; 91.2 75.3 2.27x1073 11564220 0.06+0.01
Drum
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3.11x10°

969+100

0.07+0.02
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Annex 2

Zone 3

fone 2

Zonel

Figure 18- Division ofthe samples indifferent zones for TSDC testing, inorderto

understand ifthe values differ between zones and sample replicas.

Table 4- TSDC for 15, 18 and 20 % concentration. The samples were divided by zone and it

samples.

was done 3 samples for each concentration. All parameters except concentration were the same for all

Concentration (%b) Zone Sample Polarization Applied Voltage
(C/m?) pressure | output (V)
(kPa)
15 1 1 9.00x10™ 11.42 4.36
2 2.16x10% 3.56 1.39
3 4.8x107 7.93 2.97
2 1 2.59x10° 10.52 3.48
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1.2x102 10.75 4.24
7.2x10°% 57.90 2.74
1.5x107? 7.18 3.04
1.51x10? - -
1.26x107 15.02 5.77
18 3.2x10°3 12.65 5
1.68x107 9.63 3.78
9.24x10°° 13.77 4.83
6.48x103 59.07 1.46
2.76x10° 11.20 3.78
7.92x10°° - -
2.78x10°° 101.22 0.16
9.72x10°° 11.5 2.08
7.08x10°° 9.47 3.85
20 4.56x10° 9.55 3.68
7.68x10* 6.24 2.41
1.44x107? 27.21 4.98
7.56x10°° 8.67 2.3
8.88x10° 6.59 2.29
2.40%x107? 23.71 5.18
4.92x10° 70.90 0.14
1.08x107 94.40 0.14
1.20x107 15.02 5.77

41




