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"If you want to find the secrets of the universe, think in terms of energy,
frequency, and vibration." (Nikola Tesla)






ABSTRACT

In the latest period, the energy crisis is an iterant topic. The world's energy demand and con-
sumption have been onthe rise with still a 78.9% of fossil fuels use. However, the transition from fossil
fuels to renewable energy sources requires intense resource use.

The triboelectric nanogenerators (TENGs) provide an alternative, sustainable and renewable
energy source by converting mechanical energy into electrical power, due to the triboelectric effect.
Their flexible, small and lightweight nature allows for applications like self -powered sensors and wear-
able electronics. This study presents a detailed analysis of electrospun TENGs, as well as the selec-
tion of materials, the electrospinning parameters and the triboelectric mechanisms used with 3D print-
ed tools, to study the membrane’s greater surface area for triboelectric applications. Furthermore,
SEM and FTIR analysis of the electrospun membranes is also displayed.

Electrospun membranes with randomly orientated fibers were characterized for their mechani-
cal, electrochemical and surface properties. Results showed that the best pair of membranes for elec-
trical applications paired PVDF-TRFE and PVP polymers. Furthermore, films, bilayer composite elec-
trospun membranes and bilayer composite films’ electrochemical properties were observed. Cellulose
derivatives, CA and HPC, were also studied due to their sustainable characteristics. CA was paired
with all the studied polymers being in the center between the highest and lowest potential materials.
Besides PVP, interesting results were obtained when PMMA and PS were paired with PVDF-TRFE,
providing the required datato analyze the electrical performance of both electrospun and films, as well
as the bilayer composites.

In conclusion, experimental results exhibited that electrospun TENGs provide superior electtri-
cal performance compared to film TENGs due to the larger surface area provided by the electrospun
fibers.

Keywords: TENG, Electrospun TENG, Randomly Aligned Electrospun Membranes, Films,
FTIR, SEM, Surface Area, Bilayer Composite, Electrospinning, Triboelectric Effect, Triboelectric
Mechanisms, 3D Printing.
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RESUMO

Num periodo mais recente, a crise energética € um tema recorrente. A procura e 0 consumo de
energia a nivel mundial tém aumentado, registando-se uma utilizagdo de 78,9% de combustiveis fos-
seis. No entanto, a transi¢cdo dos combustiveis fésseis para fontes de energia renovaveis exige uma
utilizagéo intensa de recursos.

Os nanogeradores triboelétricos (TENGs) fornecem uma fonte alternativa, sustentavel e reno-
vavel de energia, convertendo energia mecanica em energia elétrica, devido ao efeito triboelétrico. A
sua natureza flexivel, pequena e leve permite aplicacfes como sensores autoalimentados e eletrdni-
cos vestiveis. Este estudo apresenta uma andlise detalhada de TENGs eletrofiados, bem como a
selecdo de materiais, os parametros de eletrofiagcdo e os mecanismos triboelétricos utilizados com
ferramentas impressas em 3D, com o objetivo de estudar a maior area superficial da membrana para
aplicac@es triboelétricas. Além disso, a andlise SEM e FTIR das membranas eletrofiadas também é
exibida.

Membranas eletrofiadas com fibras orientadas aleatoriamente foram caracterizadas pelas suas
propriedades mecanicas, eletroquimicas e de superficie. Os resultados mostraram que o melhor par
de membranas para aplicacdes elétricas emparelhava os polimeros PVDF-TRFE e PVP. Além disso,
foram observadas propriedades eletroquimicas de membranas de filme, compdsitos bicamada eletro-
fiados e de membranas de filme. Os derivados de celulose, CA e HPC, também foram estudados
devido as suas caracteristicas sustentaveis. CA foi emparelhado com todos os polimeros estudados
estando no centro entre os materiais de maior e menor potencial. Além do PVP, resultados interes-
santes foram obtidos quando o PMMA e o PS foram emparelhados com o PVDF-TRFE, fornecendo
os dados necessarios para analisar o desempenho elétrico das membranas eletrofiadas e de filme,
bem como dos compdsitos de bicamada.

Em concluséo, os resultados experimentais mostraram que os TENGs eletrofiados proporcio-
nam desempenho elétrico superior em comparacao aos TENGs de filme devido a maior area superfi-
cial fornecida pelas fibras eletrofiadas.

Palavas chave: TENG, TENG Eletrofiado, Membranas Eletrofiadas Alinhadas Aleatoriamente,
Membranas de Filme, FTIR, SEM, Area de Superficie, Composto Bicamada, Eletrofiagéo, Efeito Tri-
boelétrico, Mecanismos Triboelétricos, Impressao 3D.
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GLOSSARY

TENG Device that converts mechanical energy to electrical energy at a nanoscale,
through the contact-separation or relative sliding of two materials with opposite
polarity.

Electrospun Manufactured with electrospinning.

Triboelectricity = The phenomenon practiced by the TENG of converting mechanical energy into
electrical energy.
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1
INTRODUCTION

1.1 Background

In recent years, electricity consumption has been on the rise globally. According to an auto-
regressive model developed to predict the consumption of electricity worldwide, is expected growth in
its use and demand. This consumption is shown with a linear increasing graphical tendency, predicting
the values of 26.4 trillion kWh in 2025 and 28.4 trillion kWh in 2029 [2]. The final energy consumption
is influenced by many factors such as economic growth, population growth, energy efficiency im-
provements and regional weather. Since the recession in 2012, the activity growth has been progres-
sively increasing creating more pressure on energy consumption. The weather is not constant yearly,
like the 2012 cold winter that boosted consumption that year. About the energy efficiency gains it is
stated that energy efficiency gains over the years are becoming gradually smaller [3].

There are several key points regarding energy consumption and its impact on the environment.
It is stated that higher institutional quality leads to a rise in CO2 and CH4 emissions. Another factor is
that countries with a higher gross domestic product and foreign direct investment tend to increase
energy consumption, leading to increased environmental pollution due to the use of fossil fuels. The
population growth in urban areas has a direct impact on energy consumption and, following, air pollu-
tion, being not related to water pollution [4].

Projections from the World Energy Outlook in 2007 indicated that fossil fuels were going to be
the dominant and the primary energy source, being responsible for about 84% of energy demand by
2030. To this day fossil fuels are the most used in energy production worldwide [5]. Renewable energy
sources are sustainable resources available to decrease fossil fuel use. According to the Renewables
2023 Global Status Report, the share of fossil fuels and modern renewable energy in the total final
energy consumption was 78.9% and 12.6%, respectively [6]. This is a step in the right direction com-
pared to the values of 2007, but at what cost? There are many implications for the environment and
energy sustainability from the increasing demand for renewable energy technologies. The production
of these products requires an intense extraction of minerals from the earth. A given example is the
production of an electric vehicle battery for which is needed 227000 kg of extracted, transported and
processed materials. This value is much higher than the 11500 kg of petroleum typically consumed by
an internal combustion engine over the lifespan of a conventional car [7].

In current times solar, wind, biomass, geothermal, and hydropower are the main sources of re-
newable energy [8]. In smaller percentage other sources are included in the renewable energy area,
for example, sources that convert kinetic energy into generated electricity. Similar to the wind energy
source that converts the mechanical energy generated in the turbine to electricity through a generator,
triboelectric nanogenerators harvest energy generated from motion transforming it into electricity with-
out the need for bigger-sized turbines and generators [9], [10].

1.2 Electrospun Triboelectric Nanogenerator

The triboelectric nanogenerators (TENG), on a nanoscale, can provide an alternative, sus-
tainable and renewable source of energy. Based on the triboelectric effect and electrostatic induction,
the TENG converts mechanical energy to electrical energy, through the contact-separation or relative
sliding of two materials with opposite polarity [11].



TENGs can show features like high power density, mobility and flexibility being possible to use
as small-sized wearable devices [12], [13]. Moreover, the material selection of TENGs is versatile,
displaying advantages like lightness, stretchability, deformability, permeability, transparency, mechan-
ical compliance, waterproofness, biocompatibility, antibacterial activity and comfort [14], [15]. Another
advantage is the use of electrospun nanofibers. Electrospinning is a low-cost process and allows the
incorporation of sustainable materials while maintaining the electrical efficiency of TENGs [12], [13]. In
the literature, it is stated that the use of electrospinning would increase the electrical performance of
several different components due to the high surface area and surface morphology [14], [16].
Yeongjun Kim et al. stated that the use of a polyimide nanofibrous membrane increased the electrical
performance of the TENG, due to the enlarged surface area having the advantageous application of
charging capacitors [17]. Although the electrical output of TENGs is with high voltage, which is not
appropriated for utilization as a power source, it can be used as self-powered sensors, self-lighting
shoes and tiles, personal health care monitoring and more small portable power devices [13]-[15].

Aswathy Babu et al. describe in the article the study of piezoelectric polymers such as polyvi-
nylidene fluoride (PVDF) and its copolymers in TENGs. PVDF-TRFE was one of the subjects because
of its triboelectric properties, low toxicity, and adaptable mechanical characteristics, provided a great
use as a contact material. Electrospinning is becoming a preferred method for the fabrication of
TENGSs including PVDF-TRFE in their nano fiber production. Besides the use of piezoelectric poly-
mers, a demand for eco-friendly and bio-derived materials is growing. Furthermore, the incorporation
of optimized functional materials is allowed via the fibrous structures of electrospinning, expanding the
applications of electrospinning. This article demonstrates that nanofiber-based TENGs provide high-
volume power density with an 85% of conversion efficiency at a macroscale. The use of electrospun
PVDF nanofibers combined with polyamide-6 (PAG6) films displayed a peak power density of 130.2
W/m?2 [18].

Chen Luo et al. provide an article on the integration of PVDF (Polyvinylidene Fluoride) and PS
(Polystyrene) blends for triboelectric and air filtration properties. In their study was displayed better
output performance compared with the TENG prepared by pure PVDF pressing films. The short circuit
current, the open circuit voltage and the transferred charge increased 2.27 times, 2.88 times and 3.15
times, respectively, to the values of 11.1 pA, 165.9 V and 53.8 nC. Furthermore, the use of electro-
spun PVDF and PS polymers, beyond their application in energy harvesting are the air filtration capa-
bilities [19].

Cristobal Garcia et al. in their article demonstrate the study of self-powered pressure sensor
based on the triboelectric effect. The TENG was fabricated from electrospun PVDF (Polyvinylidene
Fluoride) and PVP (Polyvinylpyrrolidone) fibers and the objective was to explore a real-time pressure
sensor. The provided experimental results confirm in the TENG'’s electrical output an absence of pie-
zoelectricity being attributed to the great electron change between the polymers in their contact sur-
face. The tests using the Dynamic Mechanical Analysis show that the self -powered sensor has a sub-
stantial sensitivity with 8.8 mV/Pa in the low-pressure range and 3.9 mV/Pa at higher pressures [20].

The research of Yonkang Bai et al. presents a scientific approach to self -powered sensors and
responsive shape memory actuators of cellulose acetate (CA) and carbon nanotubes (CNT). The
composite of electrospun CA/CNT paired with PVDF exhibited an open-circuit voltage, short-circuit
density, and instantaneous power density of approximately 103.2 V, 7.93 mA/m2, and 0.74 W/m?Z, re-
spectively, being capable of powering 96 LEDs. For the self-powered pressure sensor applications, a
sensitivity of 3.03 V/kPa for pressures below 6.8 kPa, and a sensitivity of 0.11 V/Pa for pressures in
the range of 6.8 to 65 kPa was displayed [21].

The development of transparent, flexible, and stretchable polymeric multilayers using a com-
bination of Poly(ethylene oxide) (PEO) and Poly(acrylic acid) (PAA) was presented by Habtamu
Gebeyehu Menge et al. In this research, a multi-layer TENG created by an assembly of Layer-by-
Layer is displayed. The TENG exhibited a high electron donation tendency with triboelectric polarity. A
remarkable output performance was displayed with an output voltage of 303 V and a current density of



36.1 mA/m2. Moreover, the multilayer film showed great mechanical properties in terms of foldability
and stretchability [22].

Despite significant strides in the selection of triboelectric materials, there remains a vast un-
explored territory. There is still a need for new material combinations and different variations like the
bilayer electrospun composite membranes. This work is no exception, offering a revealing study of
randomly aligned electrospun membranes and introducing the bilayer composite electrospun mem-
branes made with nine different polymers and their performance as triboelectric nanogenerators.

The used materials were PVDF-TRFE, PVDF, PCL, HPC, CA, PVA, PMMA, PS and PVP.
From the chosen polymers, cellulose was used as a reference for the triboelectric test due to its sus-
tainable properties [23]. Furthermore, in modern energy devices, the use of cellulose is leading in the
energy materials role and innovations [24]. The polymers were paired and compared to find the TENG
with the best performance with the help of a multimeter and a potentiostat and acquire the values of
open-circuit potential and short-circuit current [25], [26]. Also, the lab-produced electrospinning mem-
branes were placed under mechanical and surface examination. Last but not least the electrical prop-
erties of the electrospun TENGs were compared with film-based TENGs, as well the introduction of
the bilayer composite membranes concept. The next chapters will provide a closer look at the im-
portant parameters of the TENGs, the triboelectric effect and the electrospinning method.

1.3 Triboelectric Effect

The term triboelectricity derives from the Greek word tribos which means to rub. This phe-
nomenon, also known as static electricity, occurs when charges are generated through contact, and
subsequent separation, between two materials of different natures. On each material surface are
generated two different types of charge, the consequence of the triboelectric effect. Therefore, by ap-
proaching and separating, continuously, the two different materials’ charges (with opposite charges)
can transfer from one surface to another [27]. This enables the use of mechanical energy to acquire
electrical energy that can be applied to daily tasks, a given example are the triboelectric nanogenera-
tors (TENGS) [28] for health monitoring [29], sensor security [30] and energy-generating clothes [31].

In history, different charge transfer mechanisms were proposed and debated. Being an ion
transfer or an electron transfer differs according to the application due to the ample material universe.
This materials’ diversity creates a diversification of contacts, like metal-metal, metal-insulator, metal-
polymer, polymer-polymer, inorganic-organic, liquid-solid, and liquid-liquid [32]. Having a considerable
diversity of combinations, the charge transfer mechanism is different for the combined pairs. In the
materials’ universe, they tend to charge positively or negatively according to their contact with the
other one. Figure A.1 (available in Annex A.1) presents a series of materials organized according to
their triboelectric potential (from positive to negative). The materials closer to the top of the list have a
greater tendency to develop positive charges, while those at the bottom of the list are more likely to
develop negative charges [33].

A TENG is composed of two distinct stacked triboelectric polymer sheets. One of the sheets is
foraccepting electrons and the other is for donating electrons. The mechanical energy harvested from
the touch and rubbing of the sheets against each other leads to the mechanical deformation of the
insulating polymer. As a result, charges are generated on the internal surfaces of the polymer due to
the triboelectric effect and electrostatic induction. An electrical potential difference occurs on the elec-
trodes attached to the triboelectric layers, causing an electron flow from the lower to the higher poten-
tial sides to achieve equilibrium and the accumulation of induced charges in the electrodes. A continu-
ous deformation of the layers reduces the dipole moment. Consequently, the potential differences
between the layers decrease, changing the moving direction of electrons. This electrical phenomenon
caused by the electron flow can be used to generate electric current [34]. The TENGs can be used in
four different operation modes. These mechanisms represented in Figure 1.1 demonstrate in (a) the
vertical contact-separation mode (CS) which the potential and current flow are created by using a per-



pendicular motion to the surface creating a gap between them. In (b) the lateral-sliding mode (LS)
uses a parallel rubbing to the interface through a sliding or rotation. Represented in (c) is the single
electrode mode (SE) the ground is the reference electrode and has the advantage of harvesting ener-
gy without an electric conductor and from objects moving freely. Lastly, in (d), freestanding triboelec-
tric-layer mode (FT), similar to the SE mode, the electrical output is induced, as the interface changes
position, in the pair of symmetric electrodes from their asymmetric charge distribution [35].
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Figure 1.1 — Four mechanisms of TENGs (Adapted from [19]).

In this work, the triboelectric effect of the used TENGs was studied using the contact-separation
mode and the lateral-sliding mode. Some 3D printed tools, further shown, were employed in a potenti-
ostat to measure the open-circuit voltage (Voc) and the short-circuit current (Isc). The Voc is the differ-
ence of potential between the two electrodes and is measured when the device has no external load
and current flow [36]. The Isc is the maximum current flowing in an electrical circuit occurring when the
voltage equals zero [37].

1.4 Electrospinning

In order to produce the membranes, electrospinning is one of the most suitable techniques.
The membranes are formed by polymeric fibers with diameters at the micro and nanoscale. This tech-
nigue uses a voltage source to create an electric field between the tip of the needle and the collector
where the fibers will be deposited. It presents several advantages, mainly from being an accessible
technique with a simple assembly and only a few components [38], [39].

The simplest configuration of equipment used in electrospinning consists of a syringe where
the solution will be placed containing the polymer to be deposited, a needle at the end of the syringe,
a responsible infusion pump that controls the solution flow rate into the syringe, a metal target or col-
lector where the fibers will be deposited and a voltage source that applies the potential difference be-
tween the needle and the target. Toward the creation of an electrical field between the needle and the
target, the use of connecting cables is necessary [38], [39]. A schematic representation of the equip-
ment is represented in Figure A.2 (Available in Anex A.1). An electrostatic repulsion force between the



electrostatic charges induced by the electrical field can be created. This occurs with the use of two
electrodes, placed at the tip of the needle and in the collector. The polymeric solution initially placed
in the syringe is pumped towards the target, forming a drop at the tip of the needle. Due to surface
tension, the formed drop has a spherical shape and as a result of the potential difference applied the
travelling fiber has the configuration of the Cone of Taylor. In order to avoid a non-uniform fiber, in
which the fibers are in liquid form or with droplets, a stretch of the polymer molecules and solvent
evaporation must take effect during the stream flight, before reaching the collector [39].

For the effective production of high-quality membranes by electrospinning there are a series of
parameters that can and must be controlled, being related to the solution, equipment and environ-
ment. Some given examples of these parameters are viscosity, concentration, density, electric con-
ductivity, surface tension, polymer molecular weight, flow, needle diameter and distance to the collec-
tor, applied tension, temperature and humidity [40].

The porous membranes made of micro and nano fibers can be obtained, from a wide range of
polymeric solutions, and with a high surface area to volume ratio, allowing various applications, for
instance in the TENGs. It is a versatile technique since its great mechanical properties, surface topog-
raphy, fiber orientation and morphology can be easily modified [41]. To study the surface morphology
through imaging scanning electron microscopy (SEM) is a suitable technique. The use of Fourier
transform infrared spectroscopy (FTIR) is important for chemical analysis [42].

To conclude on the Young's modulus, E, and strength the mechanical properties are studied.
The traditional uniaxial tensile tests can be applied to the membranes. Several studies reported that
fiber alignment has an impact on elastic modulus. The elastic modulus increased when the fibers were
aligned and the test was conducted in a parallel direction to the fibers. The membranes with aniso-
tropic fibers (aligned) can be produced with a rotating metal drum target, while isotropic fibers (ran-
domly orientated) just require a conventional target [42].

In this work a traction machine was used for the nine polymeric randomly aligned electrospun mem-
branes, acquiring the values of the tensile force, F, and the elongation, L. The nominal stress, o, is
defined as [43]:

o= @

where the tensile force, F, is divided by the initial cross-section area of the gage section, Ao. The nom-
inal strain, ¢, is calculated as [43]:
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where the change in gage length, AL, is a subtraction between the elongation, L, and the gage length,
Lo, (L - Lo). In the stress-strain curve, the point when the material transitions from the elastic defor-
mation to the plastic deformation is named yield strength. Before the material fractures, the ultimate
tensile strength (UTS) is the maximum stress the material can withstand. Young's modulus, E, is the
slope in the linear region of the strain-stress curve, also known as the elastic deformation [43].






I
MATERIALS AND METHODS

2.1 Materials

Ultrapure water (Mili-Q), Ethanol (Sigma-Aldrich), Acetone (Sigma-Aldrich), Dimethylacetamide
(Lab Scan), Methyl Ethyl Ketone (Merck), Dichloromethane (Honeywell), Dimethylformamide (Fisher
Scientific), Isopropanol (AGA) were used as solvents.

The polymers used in the preparation of electrospinning membranes were Cellulose Acetate
(Sigma-Aldrich, Mw = 50000 with an average degree of substitution of 1.15), Polyvinyl alcohol (Sigma-
Aldrich, Mw = 95000), Poly(methyl methacrylate) (Sigma-Aldrich, Mw = 350000), Polyvinylpyrrolidone
(Sigma-Aldrich, Mw = 1300000), Hydroxypropyl Cellulose (Sigma-Aldrich, Mw = 80000), Polystyrene
(Sigma-Aldrich, Mw = 350000), Polycaprolactone (Sigma-Aldrich, Mw = 70000-90000), Polyvinylidene
fluoride, Polyvinylidene fluoride-trifluoroethylene.

Polylactic acid filament (PLA, Filament2Print) was employed for the preparation of 3D-printed
objects. Aluminum foil was used as an electrospinning target and later as an electrode in the electro-
chemical tests. Parafilm M® was used as an auxiliary in the measurements of the membranes thick-
ness.

2.2 Methods
2.2.1 Preparation of polymeric solutions

The nine polymeric solutions for the electrospinning were prepared by dissolving the polymers
in different solvents.

The Cellulose Acetate (CA) solution was prepared with a polymer concentration of 12 wt.%
and the used solvents were Acetone and Dimethylacetamide (DMAc) with a volume ratio of 2:1, re-
spectively [44]. To prepare a solution of Poly(methyl methacrylate) (PMMA) with 8 wt.%, a ratio of 3:2
of Acetone and DMAc, respectively, was employed [45]. The Polyvinyl alcohol (PVA) solution used a
concentration of 0.1 g/ml, used a mechanical stirrer at 330 rpm in ultrapure water at 80 °C to dissolve
the polymer [46]. Polyvinylpyrrolidone (PVP) solution was prepared by dissolving 18 wt.% of the pol-
ymer in Ethanol (EtOH) [47]. To prepare a solution of Hydroxypropyl Cellulose (HPC) with 15 wt.%
Isopropanol was used [48]. The Polystyrene (PS) solution employed a concentration of 0.3 g/ml, and
was dissolved in Dimethylformamide (DMF) [49]. Polycaprolactone (PCL) solution was prepared by
dissolution of 13 wt.% of the polymer in a ratio of 3:1 of Dichloromethane (DCM) and Dimethylforma-
mide (DMF), respectively [50]. To prepare a solution of Polyvinylidene fluoride (PVDF), 70% (v/v) of
DMF was added and magnetically stirred at 70 °C for 24 hours. Later 30% (v/v) of Acetone was added
and magnetically stirred at ambient temperature (Tamb) for 24 hours [51]. Polyvinylidene fluoride-
trifluoroethylene (PVDF-TRFE) solution was prepared with a concentration of 15 wt.% and was dis-
solved in a ratio of 9:1 of Methyl Ethyl Ketone (MEK) and EtOH, respectively [52]. All polymers with
the exception of PVA and PVDF were magnetically stirred at ambient temperature. Table A.1 (availa-
ble in Annex A.2) provides the simplified requirements for the preparation of the polymeric solutions.



2.2.2 Electrospinning of polymeric solutions

The nine polymeric solutions were used to produce different electrospun membranes.

The production of the membranes was controlled in a closed environment in an acrylic con-
tainer and the kdScientific infusion pump was used. Two types of needles were employed, the caliber
25 commercial standard plastic for the PCL and PVP membranes, and the stainless-steel multi-needle
with 4 needle points for all the other membranes. Furthermore, 2 ml syringes with 2.47 mm of diame-
ter were used. Several factors were monitored for instance the flow rate, the voltage of the voltage
source, the distance from the tip of the needle to the target and the humidity. For the PVA and PVP
membranes crosslinking was required. The PVA membrane was required to be in the oven for 4 hours
at 180 °C, while the membrane demanded 45 minutes in a Vilber Lourmat UV Crosslinker BIO-LINK
BLX-254 at 60 J. All the other factors controlled in each polymeric solution are displayed in Table A.2
(available in Anex A.3). Besides the nine membranes individually electrospun with each polymer, four
other membranes were made. These four were composite electrospun membranes featuring a bilayer
configuration, which had two polymers in the same membrane matrix. The bilayer membranes were
composed of PMMA with PVDF-TRFE and PVP with PVDF-TRFE. The other two membranes em-
ployed the same polymers but were electrospun in a different order to change the polymer at the sur-
face. Figure A.3 (available in Annex A.3) provides a schematic representation of the bilayer composite
electrospun membranes. Using the same polymers, double layer electrospun membranes and poly-
meric films including the bilayer composites film produced by casting. These production processes are
displayed in Figures A.4, A.5, A.6 and A.7 (‘available in Annex A.3)

2.2.3 3D printed objects

The tools used in the electrochemical characterization were developed in Autodesk Fusion
360 version 2.0.16486. An Ultimaker 3.0 3D printer was provided to print the parts using PLA as fila-
ment, employing a 40% infill density and a high-quality printing with extra fine 0.06 mm layer thick-
ness. All the developed parts are available in Annex A.4.

2.2.4 Characterization of electrospun membranes and films

In this study, the mechanical properties, the electrochemical properties, the surface morphol-
ogy and the chemical analysis of the produced electrospun membranes were characterized. The me-
chanical properties were analyzed through several tensile tests using a tensile machine (Minimat
Firmware 3.1 from Rheometrics Scientific) equipped with a 20 N load cell performed at a speed of 5
mm/s, for the nine polymer membranes. A potentiostat (Gamry Instruments, Interface 1010E) was
used to perform the electrochemical tests and specify the values of short circuit current and open cir-
cuit voltage of different pairs of electrospun membranes and films. These triboelectric tests were at-
tained in a room with controlled temperature and humidity of 23 °C and 32%, respectively. Also, a
multimeter was used to verify the voltage of the membranes under the jigsaw and rotational triboelec-
tric tests, using an electric jigsaw and a laboratory mechanical stirrer, respectively. The surface mor-
phology and average fiber diameter were observed with the use of the microscopy technique, SEM,
employing a Regulus8220 from Hitachi. The samples were placed in 4mm disks and later were coated
with a 20 nm layer of gold/palladium (80:20) using sputtering equipment. To calculate and measure
the average the software ImageJ was employed and 24 measures were performed for each mem-
brane. The observations were performed with an applied voltage of 5 kV to accelerate the electron
beam. FTIR (Perkin-Elmer Spectrum Two FTIR Spectrometer) was used for a chemical analysis. De-
tailed information is available in Annex A.5.



3
RESULTS AND DISCUSSION

In this chapter, the obtained results and respective discussion are exhibited. The combination of re-
sults allows a closer look at the mechanical, electrochemical and surface properties of the produced
electrospun and films. All the acquired data and its examination show possible new findings in the
TENG domain.

3.1 Surface morphology analysis of the electrospun membranes

This sectionis dedicated to the analysis of the obtained SEM images for the polymeric electro-
spun membranes. The acquired images from SEM microscopy will be displayed for the nine polymers
CA, PCL, PMMA, PS, PVA, PVDF and PVDF-TRFE. Furthermore, the average fiber diameter of each
electrospun membrane is also provided. The SEM images for the HPC and PVP electrospun mem-
branes are later available and analyzed due to the existence of melted fibers.

In Figure 3.1, is provided the SEM image for the CA electrospun membrane, which displays an
average fiber diameter of 0.635 + 0.281 um.
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Figure 3.1 — Surface SEM image of CA electrospun membrane.

In Figure 3.2, is provided the SEM image for the PCL electrospun membrane, which displays an

average fiber diameter of 1.347 + 0.766 pym.
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Figure 3.2 — Surface SEM image of PCL electrospun membrane.

In Figure 3.3, is provided the SEM image for the PS electrospun membrane, which displays
an average fiber diameter of 3.379 + 0.184 ym. Also is displayed the cross section of one electrospun
fiber of the same polymer exhibiting the porous nature of these electrospun fibers. This porosity of PS

fibers that contributes to the increase of the surface area is confirmed by Jinyou Lin et al. in their pa-
per [53].
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Figure 3.3 — Surface SEM image of PS electrospun membrane, with a magnified view of the cross section of the
electrospun fiber.

In Figure 3.4, is provided the SEM image for the PMMA electrospun membrane, which displays
an average fiber diameter of 0.593 + 0.186 pym.
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Figure 3.4 — Surface SEM image of PMMA electrospun membrane.

In Figure 3.5, is provided the SEM image for the PVA electrospun membrane, which displays an
average fiber diameter of 0.511 + 0.324 um.
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Figure 3.5 — Surface SEM image of PVA electrospun membrane.

In Figure 3.6, is provided the SEM image forthe PVDF electrospun membrane, which displays
an average fiber diameter of 0.0.597 + 0.400 uym. This membrane showed irregular fibers that could be
caused by the existence of excess solvent that was not evaporated during the electrospinning pro-
cess. To avoid these fused fibers the electrospinning conditions require optimization.
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Figure 3.6 — Surface SEM image of PVDF electrospun membrane.
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In Figure 3.7, is provided the SEM image for the PVDF-TRFE electrospun membrane, which
displays an average fiber diameter of 0.786 + 0.317 um.
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Figure 3.7 — Surface SEM image of PVDF-TRFE electrospun membrane.

In Figure 3.8 is displayed the surface SEM image of HPC electrospun membranes. In this im-
age is visible that the membrane’s fibers melted. This can be justified by the solvent excess during the
electrospinning process. Moreover, in Figure A.17 (Available in Annex A.6) obtained during the elec-
trospinning process with optical microscopy, is possible to observe that the fibers were presentable at
that time and the transition to the melted state could be caused by the air humidity overtime and the
lack of cross-linking.

In Figure 3.9 is presented the surface SEM image of PVP electrospun membranes. Once again
are visible melted fibers in the membrane. In this case, the FTIR spectrum confirmed an excess of
solvent, ethanol, in the membrane, justifying the melted fibers. Furthermore, in Figure A.18 (Available
in Annex A.6) obtained during the electrospinning process via optical microscopy, is possible to ob-
serve that the fibers were presentable at that time. Also, the transition to the melted state could be
caused by the air humidity over time, due to poor crosslinking.
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Figure 3.9 — Surface SEM image of PVP electrospun membrane.
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In order to compare the values of average fiber diameter with standard deviation obtained for
the produced electrospun membranes, table A.3 is displayed in Annex A.6.

3.2 Chemical analysis of the electrospun membranes

The electrospun membranes constitution can be easily identified due to a chemical analysis.
In this sub-chapter, this property is studied and discussed, due to the presented data in Figure 3. 10.
This figure displays nine graphs, one for each polymeric membrane, being obtained through FTIR
spectroscopy. In Table A.4, available in Annex A.7, is presented all the wavenumber values and the
respective functional groups for each polymer.

PVDF - TRFE PCL PMMA
% % % cH C-H
£ e C-H | %, & C-H
ks C-F — 2 C-H ccL =
g g co_ | °° 5
2 —CC ¢ =¥ c.oc c
g CF— S g
P = = C=0 c.o
JRJLELELEL L LN LN LRI L B LR R RN L LR T 1 1
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™’)
HPC CA PVA
Q Q Q
Q Q Q
s s s
E £ €
7] 23 7]
c c c
& g =
9 c-o N c-o =
mﬁm"ﬂw WI"TITm‘I‘FI"TI‘rI‘I‘m‘IﬂTIﬂT"‘
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm'1) Wavenumber (cm-1) Wavenumber (cm-1)
PVP PVDF PS
Q [ Q
(%) o Q
£ £ £
S S S
: £ okl :
g g —CH §
= = C-H [= C-H
'mﬂm -n-mmm—mv—
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm'1) Wavenumber (cm'1) Wavenumber (cm'1)

Figure 3.10 — FTIR spectrums of the nine polymeric membranes

PVDF-TRFE dissolved in MEK when examined using FTIR spectroscopy some peaks are
identified. Around the 1400 cm, 1178 cm™ and 1120 cm peaks C-F stretching vibrations are ex-
pected, being usually found in fluorinated polymers, in this case PVDF. The peak at 1283 cm- could
be originated from C-F vibrations from the TRFE component. The peak at 881 cm could be an indica-
tion of vibrations in the C-C bonds. C-H bending vibrations in MEK can justified by the presence of a
methyl group (CHs) in 843 cm! peak. The last peaks in the 507 cm® and 473 cm-! regions are likely
related to structural vibrations [54]-[56].

The FTIR spectrum of PCL dissolved in DMF and DCM displays several peaks. At 2943 cm!
and 2926 cm-! could represent stretching vibrations of the C-H bonds. The 1723 cm! peak might be
related to the C=0 stretching vibration of the carbonyl group in PCL. The 1471 cm, 1241 cm-! and
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1188 cm! peaks are related to C-H bending vibrations in the aliphatic chains of PCL [57]. The pres-
ence of another carbonyl group (C=0) could be identified in the 1366 cm-! peak verifying the presence
of DMF [58]. Also, the 1294 cm! peak represents a C-O-C stretching vibration in PCL. Moreover, the
1047 cm1 peak could be related to the C-O stretching vibration in PCL's ester group. The presence of
DCM can be identified by the C-Cl stretching vibrations in the 732 cm! peak [59]. Lastly, the 453 cm!
peak is related to structural vibrations in polymers.

PMMA dissolved in a mixture of DMAc and Acetone, with the help of FTIR spectroscopy re-
veals several peaks. At 2957 cm, it showed the presence of C-H stretching vibrations verifying the
presence of DMAc and Acetone [60], [61]. At 1731 cm1, the highlighted peak corresponds to the C=0
stretching vibration of the carbonyl group in PMMA. C-H bending vibrations of the PMMA structure are
identified at 1488 cm-1, 1437 cm'! and 1195 cm! peaks. The presence of the C-O stretching vibration
in the PMMA ester linkage is suggested by the peak at 1242 cm-l. Furthermore, the 1150 cm! peak
potentially corresponds to the C-O stretching vibration in the PMMA ester group, while the 990 cm?
peak hints at C-H out-of-plane bending vibrations within the PMMA structure. Lastly, failing within the
range, the polymer structural vibrations at the 843 cm, 751 cm and 481 cm! peaks [62].

HPC combined with Isopropanol provides a FTIR spectrum with various peaks. The hydroxyl
(-OH) groups found in both HPC and isopropanol represents O-H stretching vibrations in the peak at
3457 cml. At 2974 cm and 2882 cm! the peaks suggest C-H stretching vibrations present in the
aliphatic chains of both HPC and isopropanol. The 1457 cm! peak could be assigned to C-H bending
vibrations within the molecular structures of both components. In the 1376 cm1 peak C-O stretching
vibrations of the cellulose compound in HPC, are also suggested in the 1079 cm! peak with presenta-
tion also in isopropanol. The last peaks at 841 cm, 579 cm® and 491 cm! are associated with struc-
tural vibrations in polymers [63], [64].

The obtained FTIR spectrum of CA dissolved in a mixture of DMAc and Acetone displays sev-
eral peaks. The peak located at 1748 cm! is characteristic of the ester derivate of cellulose, repre-
senting a C=0 stretching vibration of the carbonyl group. The 1371 cm! peak could be related to C-H
bending vibrations in the cellulose acetate structure, as well as in methyl groups of DMAc [60], [61].
Furthermore, the peak at 1238 cm! displays C-O stretching vibrations in CA. The 1052 cm peak may
correspond to C-O stretching vibrations in cellulose acetate, and also in DMAc or acetone molecules
[60], [61]. Peaks at 908 cm-1 and 607 cm-1, are attributed to lattice or structural vibrations in polymers
[65].

PVA dissolved in water exhibits several FTIR spectroscopy peaks. The peak at 3369 cm is
common in the presence of PVA and water, representing in hydroxyl groups, O-H stretching vibra-
tions. Moreover, the 2943 cm peak demonstrates C-H stretching vibrations in the aliphatic chains of
PVA. The 1715 cm-! peak is linked to the C=0 stretching vibration in PVA. Additionally, the 1437 cm™!
peak may be linked to C-H bending vibrations in the molecular structure of PVA or water. The 1334
cm-® peak could represent C-O stretching vibrations in PVA. O-H bending vibrations in water can be
found at the 1097 cm® peak. The last peaks at 851 cm, 480 cm and 144 cm-1, are associated with
structural vibrations in polymers. The peak at 3369 cm is indicative of water content in the mem-
brane, being an O-H stretching peak [66], [67].

PVP dissolved with ethanol reveals several distinct peaks in the FTIR spectrum. The peak at
3381 cm is common in the presence of PVP and ethanol, representing in hydroxyl groups, O-H
stretching vibrations. Furthermore, the 2925 cm peak is linked to C-H stretching vibrations in the
aliphatic chains of ethanol. The 1650 cm peak could represent the C=0 stretching vibration of the
carbonyl group in PVP. The 1463 cm! peak may be related to C-H bending vibrations in the molecular
structures of PVP and ethanol. The 1423 cm! peak is associated with the C-H stretching in PVP. The
peaks at 650 cm and 576 cm, are associated with structural vibrations in polymers. The peak at
3381 cmis indicative of ethanol content in the membrane, being an O-H stretching peak [68]-[70].

The FTIR spectrum of PVDF dissolved in DMF and Acetone exhibits distinctive peaks. The
presence of fluorinated polymers displayed in the peaks at 1403 cm, 1276 cm', and 1180 cm™,
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which are associated with characteristic C-F stretching vibrations in PVDF. The 1073 cm! peak could
represent C-H bending vibrations or other vibrations in DMF or acetone, as well as in the 879 cm! and
841 cm! peaks. The last peaks at 510 cm! and 489 cm-l, are related to lattice or structural vibrations
in polymers [71]-[73].

PS dissolved with DMF provides various peaks in the FTIR spectrum. The existence of PS
can be confirmed by the peaks at 3000 cm-1, indicating the C-H stretching, and 1601 cm-? of the C=C
stretching vibrations in the polymer. Moreover, the peak at 2928 cm suggests the existence of ali-
phatic hydrogen atoms within PS's aliphatic chains. The 1494 cm peak represents C-H bending vi-
brations in PS. Furthermore, the peaks in the 1060 cm-! region, represent C-O bonds in the com-
pound. The 757 cm peak is likely associated with vibrations involving C-H bending in PS. Lastly,
polymer structural vibrations are observed at 698 cm™ and 542 cm! peaks [74].

3.3 Mechanical characterization of the electrospun membranes

The stress-strain curves of the nine polymeric randomly aligned electrospun membranes were
obtained from all the collected data in the tensile testing. Figure 3.11 shows the acquisition of the
stress-strain curves and allows a comparison between electrospun membranes. Regarding the plastic
deformation, the PVDF-TRFE, PCL and PS membranes show a substantially bigger plasticity, with a
higher value of strain. The CA, PVP and PVDF membranes also exhibit some ductility, not as much
as the previous three with a much considerably smaller value of strain. The PMMA, HPC and PVA
membranes are the most fragile, fracturing almost right after the elastic deformation.
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Figure 3.11 — Stress — strain curves of the nine polymeric randomly aligned electrospun membranes.

For a closer comparison of the mechanical properties of the electrospun membranes, Figure
3.12 displays all the membranes in the same graph. In the first graph, Electrospun Membranes, and in
graph (a) is easily observed that the membranes of PVDF-TRFE, PCL and PVA have the most sub-
stantial ultimate tensile strength values. Graph (b) represents an enlarged version of the main graph
and demonstrates the value of UTS for PMMA, HPC, CA and PVP. In a further magnified view, graph
(c), the polymers PVDF and PS reveal the least ultimate tensile strength, under 1 MPa.
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Figure 3.12 — Comparison of the obtained stress — strain curves.

Furthermore, Young's modulus is a mechanical property that can also be analyzed. Table 3.1
and Figure A.20 (Available in Annex A.8) indicate the obtained values regarding Young’s modulus,
strain and ultimate tensile strength with the respective standard deviation. The membrane which
shows a significant value of elastic modulus is the PVP membrane. Although revealing the greatest
values of strain, the PVDF-TRFE and PCL membranes, display two of the lowest Young’s modulus
values, having only at the bottom of the list the PVDF and PS membranes.

In conclusion, the best membranes to handle and prepare for the electrochemical tests of the
next section were PCL and PVDF-TRFE due to the great both strain and ultimate tensile strength.
Moreover, the PVP, CA and PVA membranes due to their elastic modulus, being stiff membranes are
good for the vertical contact triboelectric mode. According to the literature, a long elongation at break
was expected for the PVYDF-TRFE and PCL membranes and in this work, an even greater elongation
was achieved [75], [76]. In terms of Young’s modulus for CA and PVP membranes, the values ac-
quired in this work are similar to literature data [77], [78].

Table 3.1 — Values of Young’s Modulus, Strain and Ultimate Tensile Strength with standard deviation obtained
for the produced electrospun membranes

Polymer E (MPa) € (%) UTS (MPa)
PVDF-TRFE 16.70 £ 3.06 297 = 37 11.75 £ 0.91
PCL 17.80 + 1.50 219 +4 5.30 £ 0.10
PMMA 55.00 + 8.00 6+3 1.99 +0.33
HPC 29.58 +5.72 12 +3 2.70 £ 0.41

CA 69.76 + 10.95 8+2 2.08 £ 0.20
PVA 63.25 + 13.27 14 +3 522 +1.92
PVP 72.34 +7.22 14 +£2 2.00 £0.30
PVDF 10.49 £ 1.05 23+£3 0.87 £ 0.06
PS 7.32 £2.14 14 +2 0.35 £0.08
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3.4 Electrochemical characterization

In this section, the electrochemical properties of the triboelectric effect, observed on each
sample, are analyzed and discussed. The data was obtained with the assistance of a potentiostat
combined with the gravitational triboelectric mechanism, as described in sections 2.2.4 and A.5. The
open circuit potential and the short circuit current are divided into sub-sections to examine the electric
behavior of the randomly aligned electrospun membranes, the polymer films, the bilayer composite
electrospun membranes and the polymer bilayer composite films.

3.4.1 Open Circuit Potential - System behavior and data analysis

This sub-section is presented to understand the system behavior and data analysis. These
open circuit potential tests employed a PMMA and a PVDF-TRFE electrospun membranes. The po-
tentiostat has two electrode contacts, one for the counter and reference membrane and the other for
the working membrane. Figure 3.13 provides the data of two different tests that (a) used the mem-
brane of PMMA as counter/reference with a working PVDF-TRFE and (b) used the membrane of
PVDF-TRFE as counter/reference with a working PMMA. Is stated in the literature that when separat-
ing the membranes, the peak should point downwards. Since the electron flow occurs from the lower
to the higher potential membrane, when the contact occurs the peak moves upwards. In conclusion,
the current flow in the Voc electrochemical test is visualized with a first peak moving downwards and
right after a peak moving upwards represented in graph (a). The counter and reference membrane
should be the one with the lowest potential, PMMA, and the working membrane with the higher poten-
tial is, PVDF-TRFE.
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Figure 3.13 — Charge orientation. (a) with PMMA as counter/reference and working PVDF-TRFE; (b) with PVDF-
TRFE as counter/reference and working PMMA.

In order to quantify and understand how to measure the value of the open circuit potential,
Figure 3.14 is displayed. In the first instance, the membranes are laid in a resting position with the
membranes touching each other providing a stable value of Voc, 4V. The stability is interrupted when
the membranes are separated with an upward movement of the working membrane, showing a
downward peak. The membranes are kept separated and the values return to the stabilization of 4V.
In the fourth moment, the working membrane is released and the contact occurs causing the increase
of the Voc values. The upward peak takes shape and with the membranes united, later the values re-
turn to the stabilization point.
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Figure 3.14 — Visual representation of Voc measure.
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In the last two upwards peaks of Figure 3.14 the working membrane was separated and im-
mediately dropped into the counter membrane. This mechanism was used in the subsequent provided
data. Intending to compare the different pairs of membranes the values of Voc are measured from the
stabilization point to the peak maximum value. In Figure 3.14 the average value of Voc is 4V.

As mentioned, the mechanism used to acquire all the data was the gravitational triboelectric
mechanism. In this mechanism, the working membrane was elevated and then immediately dropped
into the counter/reference membrane. The advantage of this mechanism is to maintain the same ve-
locity and applied force among the electrical tests. Figure 3.15 compares three different vertical con-
tact types. In (a) the working membrane was elevated at a height, h, of 7 cm and then dropped while
in (c) the membrane was only elevated to a height of 2.5 cm. Trial (b) was similar to trial (a) with the
difference that the membrane was elevated and dropped three times in a row (with a frequency, F, of
3) before stabilizing. In the literature, was expected that the values of Voc were more substantial in trial
(b) then in trial (a) and lastly (c). Contrarily, the values of Voc were greater for trial (a) with trial (b) in
the last position, being the reason explained later in Figure 3.16. Consequently, to achieve a careful
analysis, all the trials were shaped like trial (a).

Vertical Contact Type
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Figure 3.15 — Vertical Contact Type. (a) 1 contact from a heightof 7 cm; (b) 3 contacts from a height of 7 cm; (c)
1 contact from a heightof 2.5 cm.

Figure 3.16 displays a test using the same electrospun membranes, where the working mem-
branes were lifted and dropped continuously in the periods 40 sto 70 s, 110 s to 140 s and 180 s to
210 s. Similar to trial (b) in Figure 3.15 is impossible to acquire the values of Voc. The reason for this
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lies in the fact that the potentiostat is reading the values in a sample time of one second. Since it is a
test with high-frequency contacts the potentiostat provides an irregular data reading.

Multiple Contacts
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Figure 3.16 — Visualization of high-frequency contacts.

All the open circuit potential tests began with the electrode contacts in short circuit. This
means that the first measure from the potentiostat indicated a Voc value of OV. After the electrode con-
tacts separation, the value of Voc increased and became constant at approximately 2V to 6V, due to
the electrostatic exhibited by the membranes. The stabilization time, represented in Figure 3.17, is the
time between contacts and longer stabilization times lead to longer periods of constant values of Voc.
Graph (a) shows stabilization times of 20 s and 40 s, while graph (b) offers times of 80 s. The average
values of Voc are 2.89V and 2.36V, respectively for graphs (a) and (b), concluding that the stabilization
time does not affect the measured values.

Electrospun Membranes Stabilization Time

— (@)20sand40s
8] — (b)80s

Voc (V)

Time (s)
Figure 3.17 — Analysis of different stabilization times with in (2) 20 sand 40 s; (b) 80 s

To conclude in this sub-section, the acquired values and test procedures are not similar to
what is expected in literature. In literature, the TENGs’ data is obtained using other equipment such as
a frequency response analyzer. These devices exhibit Voc values 20 to 30 times greater using high-
frequency multiple contacts through the contact-separation mode [79]. In this study, using a potenti-
ostat to study the triboelectric effect of different polymers the gravitational mechanism is applied,
where it requires only one contact every 40 seconds and smaller values were obtained.

3.4.2 Open circuit potential = Randomly aligned electrospun membranes

This sub-section is dedicated to the open circuit potential analysis of the produced randomly
aligned electrospun membranes and the bilayer composite randomly aligned electrospun membranes.
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In pursuit of understanding the polymer’s electrochemical behavior, Figure 3.18 is provided. This fig-
ure offers eight different graphs in which the CA membrane was used as counter and reference with,
as working, the PVDF-TRFE, PVDF, PCL and HPC membranes. In the other four graphs, CA stands
as a working membrane with the PMMA, PVA, PS and PVP membranes as counter and reference.
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Figure 3.18 — Open circuit potential of randomly aligned electrospun membranes paired with CA.

Since the CA membrane is paired with all the other membranes is possible to compare the po-
tential among the membranes. Using the values of the open circuit potential of each pair, a triboelec-
tric series of the membrane with a higher potential to the membrane with the lowest potential is
achievable. The pairs that used CA as counter and reference are the membranes with the higher po-
tential. HPC and PCL achieved Voc values of 0.787 V and 0.792 V, respectively. The membranes with
the higher potential are PVDF and PVDF-TRFE reaching values of 5.96 V and 6.84 V.

When CA was used as working, the reference/counter membranes offered the lowest poten-
tial, so for these membranes the higher the value of Voc the lower the potential. The PVA and CA pair
exhibit a Voc value of 0.85 V, while the PMMA and CA pair display a value of 3.33 V. The lower poten-
tial membranes are PVP and PS which, when paired with CA reveal the values 6.35 V and 6.29 V,
respectively.

The previous figure allows to assemble a triboelectric series for the randomly aligned electro-
spun membranes. From the lower potential to the higher potential membranes, the series order is
PVP, PS, PMMA, PVA, CA, HPC, PCL, PVDF and PVDF-TRFE.

With the objective of pairing the membranes to obtain the highest values of open circuit poten-
tial, Figure 3.19 is presented. The pair with the PS and PVDF-TRFE electrospun membranes offered a
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Voc value of 7.12 V. The PVP and PVDF-TRFE pair, as expected provides a value similar to the previ-
ous pair of 7.31 V.
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Figure 3.19 — Analysis of PS and PVP membranes paired with PVDF-TRFE.

One of the most relevant studies of this work is the production of bilayer composite mem-
branes and films, and their electrochemical characterization. The bilayer composites are composed of
two polymers with different potential electrospun individually, creating a double layer as illustrated in
Figure A.3 (Available in Annex A.3). Figure 3.20 provides a comparison of open circuit potential of
three different types of electrospun membranes. In (a) the membrane is a common single-layer pair of
PMMA and PVDF-TRFE. Graph (b) exhibits a bilayer composite electrospun membrane of PMMA and
PVDF-TRFE. In (c) the graph corresponds to a double layer of electrospun membranes, but contrarily
to (b) the membranes were electrospun to different targets and later laid on each other.
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Figure 3.20 — Comparison of (a) single-layer electrospun membranes; (b) bilayer composite electrospun mem-
branes; (c) double-layer electrospun membranes.

The open circuit potential test displayed the values 2.89 V, 5.80 V and 2.44 V, respectively to
graphs (a), (b) and (c). The analysis of these results shows a greater value of Voc for the bilayer com-
posite electrospun membrane being two times greater than the other pairs of membranes. This in-
creased value can be justified by the substantially bigger surface area. Having two different potential
polymers electrospun on top of the other creates an intertwining between the two polymer layers. In
conclusion, apart from the expected contact on the top layers, the impact creates friction among the
fibers in the interior layers. In the first instance, the bilayer composite electrospun membranes could
contribute to a better performance.

Similar to Figure 3.19 where the pairs of membranes with the highest open circuit potential
values were compared, Figure 3.21 examines bilayer compaosite electrospun membranes in (a) PMMA
paired with PVDF-TRFE and in (b) PVP paired with PVDF-TRFE. Despite the pair using PS providing
a bigger potential value, PMMA was used instead due to the difficulty of stacking electrospun fibers of
PS with other polymers. The pair with the PMMA and PVDF-TRFE electrospun membranes offered a
Voc value of 5.80 V. The PVP and PVDF-TRFE pair, as expected provides a value similar to the previ-
ous pair of 6.50 V. Despite the Voc value for the PVP and PVDF-TRFE bilayer composite being lower
than single layer pair of the same polymers, this bilayer composite provides a greater value than the
PMMA and PVDF-TRFE pair, as expected.
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Figure 3.21 — Analysis of bilayer composite electrospun membranes of (a) PMMA paired with PVDF-TRFE; (b)
PVP paired with PVDF-TRFE.

3.4.3 Open circuit potential - Film

The open circuit potential of the films will be analyzed in this sub-section. Since the membrane
thickness could be controlled, films with 50 ym, 100 ym and 200 ym were made. In order to under-
stand the impact of the film thickness, Figure 3.22 is displayed. This figure compares the open circuit
potential value of a pair of films with 50 um and another pair with 200 ym of thickness. The polymers
used were PMMA paired with PVDF-TRFE and PS paired with PVDF-TRFE.
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Figure 3.22 — Comparison between 50 ym and 200 pym of thickness in films of PMMA and PS paired with PVDF-
TRFE.

For the PMMA and PVDF-TRFE graph, the Voc value is 6.63 V and 7.48 V, for 50 um and 200
um, respectively. In the case of the PS and PVDF-TRFE graph, the open circuit potential value is 6.23
V and 6.54 V, for 50 um and 200 ym, respectively. A four times bigger thickness showed little impact
on the open circuit potential values. Since the TENG is measured with a vertical contact mechanism
only the surface area has an impact on charge generation, however being PVDF-TRFE a piezoelectric
polymer is justifiable for a slightly greater value of Voc for 200 um films.

Other film pairs were randomly chosen and then tested, which analysis is displayed in Figure
3.23. The acquired open circuit potential values are 5.22 V, 4.55 V and 1.20 V, respectively for the
PVP and PVDF-TRFE, PS and PVDF, and, PVA and CA pairs. For the PMMA and HPC pair the pro-
duced signal is weaker which is impossible to determine its value. The pairs which show a greater V oc
value are the same high potential pairs in the electrospun membranes. In conclusion, the combination
of the highest potential membrane with the lowest potential membrane provides a great value of open
circuit potential in both film and electrospun membranes.
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Figure 3.23 — Open circuit potential analysis of films.

Figure 3.24 presents the open circuit potential values acquired for bilayer composite films.
These films were composed by PMMA and PVDF-TRFE, in graph (a), and by PVP and PVDF-TRFE,
in graph (b). Contrarily from the bilayer composite electrospun membranes which presented a greater
Voc value, these membranes had a value of 0V since there is no upwards peak. The bilayer composite
films have a polymer sheet between the electrode contact and the top film layer, which can work as an
isolator justifying the 0 V value.
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Figure 3.24 — Comparison of bilayer composite films of (a) PMMA paired with PVDF-TRFE; (b) PVP paired with
PVDF-TRFE.

3.4.4 Open circuit potential - Comparative analysis

In this sub-section, the electrospun membranes are compared with the films, as well as the bi-
layer composite electrospun membranes and the bilayer composite films. Three pairs of polymers are
displayed in Figure 3.25, in which PVDF -TRFE was paired with PMMA, PVP and PVP.

Regarding the PMMA and PVDF-TRFE pair, the electrospun membranes provided a value of
open circuit potential of 6.81 V while the films show a value of 6.63 V. These two membranes demon-
strate a short difference compared to the PS and PVDF-TRFE pair which displayed a Voc value of 7.12
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V for the electrospun membrane and 6.54 V in the film pair. Lastly, a bigger difference was given by
the PVP and PVDF-TRFE pair, that the value for the electrospun membranes is 7.31 V and the for the
films is 5.22 V.
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Figure 3.25 — Comparison between electrospun membranes and films.

In conclusion, the electrospun membranes provided a more substantial value of open circuit
potential being more suitable than the films for the TENG application. This increased value of Voc can
be justified by the increased surface area provided by the electrospun membranes. The employed
electrospun membranes provided an increase of 2.7%, 8.9% and 40%, respectively for pairs of
PMMA, PS and PVP. These results prove once again, similar to literature, that electrospun mem-
branes have enhanced output performance [80].

In Figure 3.26 the bilayer composite electrospun membranes are compared with the bilayer
composite films, using a pair of PMMA and PVDF-TRFE and another pair of PVP and PVDF-TRFE
membranes.
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Figure 3.26 — Comparison between bilayer composite electrospun membranes and bilayer composite films.

Since both pairs of bilayer composite films provide an open circuit potential value of 0 V, the
best membranes are electrospun membranes. The displayed values for the PMMA paired with PVDF-
TRFE and PVP paired with PVDF-TRFE bilayer composite electrospun membranes are 5.80 V and
6.50 V, respectively. In literature there is no evidence of bilayer composite electrospun membranes,
making this topic, consequently, hard to refute. In conclusion, this topic requires further investigation to
compare the performance of single layer electrospun membranes and bilayer composite electrospun
membranes.

3.4.5 Short circuit current - System behavior and data analysis

This sub-section is dedicated to the means of understanding the system behavior and data
analysis for the short circuit current. The Isc was measured with a potentiostat in the chronoamperome-
try mode with a voltage of 0 V. In Figure 3.27 is displayed the obtained data relative to a pair of elec-
trospun membranes composed by PMMA and PVDF-TRFE. The mechanism used was the gravita-
tional triboelectricity mechanism in which for trial (a) the working membrane was dropped, making one
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contact in every 20 seconds, for trial (b) there was no contact and for trial (¢) multiple contacts were
made in periods of 20 seconds.

lsc Measurement

Time (s)

Figure 3.27 — Isc measurementof electrospun PMMA paired PVDF-TRFE with (a) one contact every 20 seconds;
(b) no contacts and (c) multiple contacts.

Regarding the obtained results, all the data showed a constant value of short circuit current
without great variation, independently having contacts. In literature, to measure the short circuit cur-
rent, chronoamperometry has been used, providing a Isc graph with variation peak, variable with the
contact [81]. However, this constant value can be justified by the Steady-State Operation because
since the voltage is held constant at 0 V the TENG is operating in a steady-state condition where the
electrical current is stable [82].

In conclusion, despite having contacts the short circuit current value for this pair of mem-
branes is the same without contacts. The PMMA and PVDF-TRFE pair displayed values of 0.511 mA,
0.509 mA and 0.509 mA, for trials (), (b) and (c), respectively. In literature, is not common evidence
of short circuit current graphs without variation on contact. However, all the acquired Isc data in this
work is 10 times greater than the presented data in literature [83]—[85]. In the next sub-sections, the
displayed graphs of the acquired data were with steady membranes, with no contacts.

3.4.6 Shortcircuit current - Electrospun membranes

In this sub-section, the short circuit current of the randomly orientated electrospun membranes
can be observed. Similar to the open circuit potential section, the electrospun membranes were tested
with the intention of being compared. Cellulose Acetate was used in the short circuit current tests, as
reference and counter membrane with PVDF-TRFE, PVDF, HPC and PCL, and as working membrane
with PMMA, PVA, PS and PVP.

In Figure A.21 (Available in Annex A.9) the CA paired with PVDF-TRFE, PVDF, PCL and HPC
provides values of short circuit current of 0.497 mA, 0.540 mA, 0.555 mA, and 0.552 mA, respectively.
The pairs of CA with PVA, PMMA, PS and PVP display the values 0.549 mA, 0.494 mA, 0.491 mA
and 0.548 mA, respectively.

For the purpose of making a distinction between single layer and bilayer composite electro-
spun membranes, Figure 3.28 is displayed. In this figure are exhibited two graphs, one for a pair of
PMMA and PVDF-TRFE and another for a pair of PVP and PVDF-TRFE. In each graph the trial (a)

stands for single layer electrospun membranes and trial (b) for bilayer composite electrospun mem-
branes.
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Figure 3.28 — Comparison of (a) single layer electrospun membranes and (b) bilayer composite electrospun
membranes of PVDF-TRFE paired with PMMA and PVP.

The PMMA paired with PVDF-TRFE provided a short circuit current value of 0.511 mA for the
single layer membranes and 0.681 mA for the bilayer composite electrospun membranes. In the case
of the pair of PVP and PVDF-TRFE, the Isc value is 0.604 mA and 0.691 mA, for single layer and bi-
layer composite electrospun membranes, respectively.

3.4.7 Short circuit current - Films

In this section, the short circuit current of the films is analyzed. To understand if the mem-
brane thickness has an impact on the film's short circuit current, membranes with 50 um and 200 ym
are shown in Figure 3.29. This figure displays the data for a pair of PMMA and PVDF-TRFE mem-
branes and another of PS paired with PVDF-TRFE.
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Figure 3.29 — Short circuit current of 50 ym and 200 ym thickness in films of PMMA and PS paired with PVDF-
TRFE.

For the PMMA and PVDF-TRFE graph, the Isc value is 0.605 mA and 0.608 mA, for 50 um
and 200 pm, respectively. In the case of the PS and PVDF-TRFE graph, the short circuit current value
is 0.598 mA and 0.613 mA, for 50 um and 200 um, respectively. Once again, the substantially greater
thickness has no relevant impact on the short circuit current values and the current generation is a
surface phenomenon.

The films were also randomly paired for the short circuit current tests. In Figure A.22 (Availa-
ble in Annex A.10) the pairs and the data regarding the Isc trials are displayed. The obtained short
circuit current for the PVP and PVDF-TRFE, PVA and PVDF-TRFE, PVA and CA, PMMA and HPC,
and, PS and PVDF film pairs are 0.688 mA, 0.687 mA, 0.691 mA, 0.684 mA and 0.709 mA, respec-
tively. These values, despite being greater than the previous films, their variation is not significant.
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In Figure 3.30 the short circuit current values acquired for bilayer composite films are com-
pared with the data regarding single layer films. In this figure, the polymers used are PMMA paired
with PVDF-TRFE and PVP paired with PVDF-TRFE, in (a) as single layer films and in (b) bilayer com-
posite films.
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Figure 3.30 — Comparison of (a) single layer films and (b) bilayer composite films of PVDF-TRFE paired with
PMMA and PVP.

For the PMMA and PVDF-TRFE pair the short circuit current values are 0.605 mA and 0.678
mA, respectively for trials (a) and (b). In the case of the PVP and PVDF-TRFE pair, the acquired val-
ues are 0.688 mA for the single layer films and 0.697 mA for the bilayer composite films. Despite the
PVP and PVDF-TRFE pair having a lower value contrast between single layer and bilayer composite
films, the bilayer composite films provide a greater value of short circuit current. By adding a second

polymer layer the short circuit increased 12.1% and 1.3%, respectively.

3.4.8 Shortcircuit current - Comparative analysis

This sub-sectionis dedicated to compare the electrical performance of electrospun and films.
In Figure 3.31 is displayed the acquired data regarding the single layer and bilayer composite electro-
spun and films for the PMMA and PVDF-TRFE pairs as well as for PVP and PVDF-TRFE pairs.
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Figure 3.31 — Comparative performance analysis of electrospun and films
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Regarding the single-layer membranes, both polymer pairs provided a greater short circuit
current value for the films. The PMMA and PVDF-TRFE pair provided a Isc value of 0.511 mA and
0.605 mA for electrospun and films, respectively. The PVP and PVDF-TRFE pair provided a short
circuit current value of 0.604 mA and 0.688 mA for electrospun and films, respectively.

Concerning the bilayer composite membranes, the displayed short circuit current value is simi-
lar for both electrospun membranes and films, as well, greater than the value obtained in the single
layer membranes. The PMMA and PVDF-TRFE pair provided a Isc value of 0.681 mA and 0.678 mA
for electrospun and films, respectively. The PVP and PVDF-TRFE pair provided a short circuit current

value of 0.691 mA and 0.697 mA for electrospun and films, respectively.

All the obtained values for the open circuit voltage and the short circuit current measurements
are displayed in table 3.2.

Table 3.2 — Obtained values of open circuit voltage and short circuit current for the polymeric pairs of randomly
aligned electrospun membranes, polymer films, bilayer composite electrospun membranes and bilayer composite

films.

Voc (V) / Isc (MA)

Bilayer Composite Bilayer
. ) Electrospun . )
Polymeric Pairs Polymer Films Electrospun Mem-  Composite
Membranes
branes Films
CA / HPC 0.787 V / 0.552 mA - - -
CA / PCL 0.792 V / 0.555 mA - - -
CA / PVDF 5.96 V / 0.540 mA - - -
CA /| PVDF-TRFE 6.84 V / 0.497 mA - - -
PVA /[ CA 0.85 V/0.497 mA 1.20V - -
PMMA / CA 3.33 V/0.494 mA - - -
PS/CA 6.29 V / 0.491 mA - - -
PVP / PVP 6.35 V/0.548 mA - - -
PMMA / HPC - Inconclusive - -
PS / PVDF - 4,55V - -
PMMA / PVDF-
TRFE 6.81V/0511mA 6.63V/0.605mA 580V/0.681mA O0V/0.678mA

PS / PVDF-TRFE
PVP / PVDF-TRFE

7.12V
7.31 V/0.604 mA

6.54 V
5.22 V /0.688 mA

6.50 V/0.691 mA 0V/0.697 mA
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4
CONCLUSIONS

In this work, a comprehensive study was executed on the exploration of electrospun mem-
branes for triboelectric applications. The investigation required electrospun membranes, films, and
their respective bilayer composite membranes, produced from nine different polymeric solutions. The
chosen and tested polymers were PVDF-TRFE, PVDF, PCL, HPC, CA, PVA, PMMA, PS and PVP.
These polymers were selected to verify the impact of the greater surface area of the electrospun
membranes and the expected increase in the electrical performance. The mechanical properties of
randomly aligned electrospun membranes were studied via tensile testing. Some 3D printed objects
were developed and employed for the electrochemical characterization and study of the triboelectric
mechanisms for all the produced membranes. Furthermore, the randomly aligned electrospun mem-
branes were observed for their chemical and morphology properties. Fourier-transform infrared spec-
troscopy (FTIR) was used for chemical characterization, and scanning electron microscopy (SEM) for
surface morphology analysis. The insights of this research exhibit important data, revealing significant
information for both the scientific community and practical TENG applications.

The SEM analysis of the electrospun membranes revealed some clear images regarding the
surface morphology. All polymers provided a clear image of the membrane’s fibers, with the exception
of HPC and PVP. In these membranes, the fibers are not visible, instead, they are melted. The FTIR
data helped understand the existence of excess solvent in the membranes. For the HPC membranes
could be a result of having a solution with a low concentration and non-optimized electrospinning con-
ditions. Moreover, both PVP and HPC membranes used organic solvents which are soluble in water,
so the melting fibers could also be a consequence of incorrect crosslinking parameters for the PVP
membranes and not performed crosslinking for the HPC membranes. Concerning the other mem-
branes, a clear image was obtained which allowed the measuring of the average fiber diameter. The
membrane with the biggest fiber diameter was PS with 3.379 + 0.184 um and the membrane with the
smallest fibers was PVA with 0.511 + 0.324 um. Also, being PVDF-TRFE an important polymer in this
work, the respective fiber diameter is 0.786 + 0.317 um. To conclude on this topic, the fiber diameter
was shown to have no impact on the mechanical and electrochemical properties.

Employing FTIR analysis, the chemical composition of the electrospun membranes was stud-
ied. This approach allowed the identification of characteristic peaks corresponding to specific function-
al groups within the membranes. This data analysis allowed the verification of the compounds used in
the membrane production, as well as their properties. Furthermore, with the support of FTIR was pos-
sible to identify the excess of some solvents and later back up the SEM analysis.

Regarding the mechanical characterization of the randomly aligned electrospun membranes,
their data revealed different outcomes for each membrane. In terms of strain, PVDF-TRFE and PCL
were the most dominant membranes, providing an elongation in percentage of 297 + 37 and 219 4,
respectively. Relatively to the ultimate tensile strength, PVDF-TRFE was again the polymer which
presented the greater value, reaching 11.75 = 0.91 MPa. Concerning the Young’s modulus, the top
polymeric electrospun membranes were made with PVP, CA and PVA displaying the values 72.34 +
7.22 MPa, 69.76 + 10.95 MPa and 63.25 + 13.27 MPa. PVP was the membrane that held the greater
stress for the same amount of strain. This value revelation implies that these polymers provide signifi-
cant capability for TENG applications. PVDF-TRFE, due to its high strain and ultimate tensile strength,
provide the ability to be used as flexible and wearable TENGs, being one of the best polymers. More-
over, in terms of Young’s modulus, PVP exhibited a greater value, being also relevant for the TENG
applications. This polymer and the others with a higher Young’s modulus have the ability to withstand

29



higher elastic deformations and being stiffer show great use in vertical contact mode for triboelectric
applications.

To conclude on the electrochemical characterization, the randomly aligned, films and respec-
tive bilayer composite membranes were analyzed. The used mechanisms were the vertical contact
and lateral sliding modes. The characterization began with the jigsaw and rotational triboelectricity
using a multimeter, but the data was difficult to measure, the results were uncertain and the mem-
branes experienced a substantial grade of tear and wear. Later, the manual triboelectricity method
was implemented, but once again, the same measuring problems were observed. The final results
were obtained using the gravitational triboelectricity method, which exhibited constant and real values
of the measured open circuit potential and short circuit current.

Regarding the Voc measurements, it was possible to assemble a triboelectric series for the
nine polymers. From the material with the highest to the lowest potential, the series is constituted by
PVDF-TRFE, PVDF, PCL, HPC, CA, PVA, PMMA, PS and PVP. The pairs which provided the highest
values of Voc were PVDF-TRFE paired with PMMA, PS and PVP. The comparison between electro-
spun and films was made for these pairs. The electrospun membranes displayed an open circuit po-
tential increase of 2.7%, 8.9% and 40%, respectively for the pairs with PMMA, PS and PVP. Is possi-
ble to conclude that the electrospun membranes provided a greater value of open circuit potential than
the films, confirming the increased performance from the larger surface area of the electrospun mem-
branes. The bilayer composite films of PMMA paired with PVDF-TRFE and PVP paired with PVDF-
TRFE presented a Voc value of 0V, which is a positive outcome for the bilayer composite electrospun
membranes displaying 5.80 V and 6.50 V, respectively.

Regarding the Isc measurements, the obtained values displayed a Isc graph without variation
peaks. This constant value was justified by the Steady-State Operation in which the electrical current
was stable. In order to distinguish the film from the electrospun membranes, PVDF-TRFE was paired
with PMMA and with PVP. The films provided a bigger value, 0.605 mA and 0.688 mA, than the elec-
trospun membranes, 0.511 mA and 0.604 mA, respectively. Concerning the bilayer composite mem-
branes, they displayed a greater short circuit value than the single layer membranes. Furthermore,
both bilayer composite film and electrospun membranes acquired a similar Isc value, being in the
PMMA and PVDF-TRFE pair 0.681 mA and 0.678 mA, and in the PVP and PVDF-TRFE pair 0.691
mA and 0.697 mA, respectively.

However, it is important to understand the limitations of this study. Further research could ex-
amine other factors that influence the membrane’s properties and parameters. Regarding material
selection, different materials could be selected and paired into different combinations to enhance elec-
trochemical properties. Instead of randomly aligned fibers, the electrospinning of membranes with
aligned fibers could be also studied for the improvement of mechanical and electrochemical proper-
ties. More on the electrospinning, the conditions relative to HPC and PVP should be reviewed to avoid
melted fibers. Different triboelectric mechanisms could also be investigated like the lateral sliding
mode with the objective of quantifying and reducing the membrane’s wear and tear. Lastly, the bilayer
composite electrospun membranes revealed to be an interesting membrane variation, exhibiting good
values of Voc and Isc, however it needs further attention. Long-term studies should explore the stability
and performance of these membranes for practical applications and real-world solutions.

In conclusion, this work provides new information on the study of electrospun membranes,
films, and bilayer composite membranes. By conducting mechanical, structural, and chemical anal-
yses, this work has provided a comprehensive view of these polymers and their potential. The pair that
exhibited the best performance in both single layer and bilayer membranes was composed by PVDF-
TRFE and PVP adding also their suitable mechanical properties. Furthermore, the bilayer composite
electrospun membranes despite having a lower Voc, overall, provided better results than the single
layer films and membranes. As we walk towards a period of energy crisis and high demands, innova-
tive and sustainable materials are required. This research supports a foundation for future improve-
ments in membrane technology.
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A.1 Triboelectric series

Figure A.1 — Triboelectric series for different materials [33].
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Figure A.2 — Schematic of electrospinning setup (Made with BioRender.com).
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A.2 Preparation of polymeric solutions

Table A.1 — Preparation of polymeric solutions.

Polymer Concentration Solvents Ratio Agitation Source
CA 12 wt.% Acetone + DMAc 2:1 Magnetic, Tamb [44]
PMMA 8 wt.% DMAc + Acetone 6:4 Magnetic, Tamb [45]
PVA 0.1 g/ml Ultrapure Water - Mechanical, Tso °c [46]
PVP 18 wt.% EtOH - Magnetic, Tamb [47]
HPC 15 wt.% Isopropanol - Magnetic, Tamb [48]
PS 0.3 g/ml DMF - Magnetic, Tamb [49]
PCL 13 wt.% DCM + DMF 31 Magnetic, Tamb [50]
1st DMF 70% (v/v), Magnetic at T7o °c for 24h
PVDF 15 wt.% _ [51]
2nd Acetone 30% (v/v), Magnetic at Tamb for 24h
PVDF-TRFE 15 wt.% MEK + EtOH 9:1 Magnetic, Tamb [52]

A.3 Electrospinning of polymeric membranes and other processes

Table A.2 — Controlled factors used in the electrospun membranes.

Polymer Flow Rate  Voltage Distance  Humidity Crosslinking Source
CA 0.2 ml/h 20 kV 15 cm 45% No [44]
PMMA 0.4 ml/h 20 kV 15 cm 50% No [45]
PVA 0.2 ml/h 20 kV 15 cm 45% 180 °C in Oven, 4h [86]
PVP 0.14 mi/h 15kV 15 cm 45% 00 Jin LV Cr?ssllnker, -
45 min
HPC 1.2 mi/h 20kV 15 cm 50% No [48]
PS 1 ml/h 15 kV 10 cm 45% No [49]
PCL 0.8 ml/h 15kV 15 cm 50% No [50]
PVDF 0.3 ml/h 20kV 10 cm 50% No [51]
PVDF-TRFE 0.8 ml/h 10 kV 10 cm 45% No [52]
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PVDE-TRFE

PVDE-TRFE

PVDEF-TRFE PVDF-TRFE
——

Figure A.3 — Schematic representation of the bilayer composite electrospun membranes.
‘ I"

Figure A.4 — Schematic process representation of the bilayer composite electrospun membranes.
qﬁ

Figure A.5 — Schematic process representation of the double layer electrospun membranes.
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Figure A.6 — Schematic process representation of films by casting.

"

Figure A.7 — Schematic process representation of the bilayer composite films.

A.4 3D printed objects

A.4.1 Manual triboelectric mechanism

Figure A.8 — Manual triboelectric mechanism.
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A.4.2 Gravitational triboelectric mechanism

Figure A.9 — Moving membrane supportin the gravitational triboelectric mechanism.

Figure A.12 — Gravitational triboelectric mechanism.
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A.4.3 Jigsaw triboelectric mechanism

Figure A.14 — Jigsaw triboelectric mechanism.
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A.4.4 Rotational triboelectric mechanism

Figure A.15 — Rotatory membrane Moving membrane in the rotational triboelectric mechanism.

Figure A.16 — Rotational triboelectric mechanism.

A.5 Characterization of electrospun membranes and films

For the tensile tests, a previous preparation was made. The nine electrospun isotropic mem-
branes were placed individually inside two sheets of parafilm, with the exception of PMMA which was
set inside two sheets of aluminum foil. The reason PMMA membranes used aluminum foil instead of
parafilm is because the polymeric fibers attached to the parafilm causing the disintegration of the
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membranes. Later the membranes were cut into rectangular shape strips with 0.5-1 cm of width and
1.5-2 cm of length. A caliper was used to measure the membrane width and the Lo, and a micrometer
for the membrane thickness. Having the membrane inside two sheets of parafilm or aluminum foil was
to avoid damage resulting from the cutting and thickness measuring.

The triboelectric properties studied in the electrochemical tests required the use of 3D-printed
objects. The first one used was the manual mechanism, in which the supports held two different 3 x 3
cm membranes. Connecting the contacts of the multimeter to each one of the membranes, the CS and
LS modes were applied. This mechanism provided uncertain values of voltage and current values
were not obtained. Since the manual mechanism had user error because of the variable force and
duration applied to the membranes resulting in variable values, the gravitational mechanism was im-
plemented. This mechanism consisted of two 3 x 3 cm membranes colliding with the same velocity
and force every stroke. One membrane was dropped from a controlled height conserving the same
force due to the gravitational force operating in the CS mode. In this mechanism, the membranes were
connected to a potentiostat and values of Voc and Isc were obtained, being the most used to acquire all
the results regarding randomly aligned electrospun membranes, bilayer composite electrospun mem-
branes and films. To verify the effect of the high frequency of strokes the jigsaw mechanism was im-
plemented. Applying the CS mode, one membrane was static and the other was connected to the
jigsaw. Both with 9 cm?2 were linked to a multimeter and voltage values were obtained. The last mech-
anism was the rotational, in which two 7.07 cm? membranes were connected to a multimeter. In this
mechanism, one membrane was static and the other was attached to a mechanical stirrer which pro-
vided a controlled rotation of the membrane, recreating the LS mode. One advantage of this mecha-
nism is the possibility of controlling the rotation speed.

A.6 Surface morphology analysis of electrospun membranes

This section is dedicated to the additional acquired data relative to the surface morphology
analysis of the electrospun membranes. In Figures 3.7 and 3.8, the SEM images of HPC and PVP
were observed. With the objective of understanding the previous figures, Figure A.17 and Figure A.18,
obtained through optical microscopy, are presented. Furthermore, in this section, macro-scale pictures
of the electrospun membranes are presented in Figure A.19. The electrospun membranes presented a
white color with the exception of the PVA membrane which displayed a yellow color.
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Figure A.17 — Optical microscopy image of HPC electrospun fibers.
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Figure A.19 — Macroscale pictures of the electrospun membranes, with a) PVDF; b) PVP; c) PMMA; d) PVDF-
TRFE; e) PCL; f) CA; g) PVA; h) HPC; i) PS

Table A.3 — Values of Average Fiber Diameter with standard deviation obtained for the produced electrospun

membranes.

Polymer Average Fiber Diameter (um)
CA 0.635 + 0.281
PCL 1.347 + 0.766
PS 3.379 £ 0.184

PMMA 0.593 + 0.186
PVA 0.511 £ 0.324
PVDF 0.597 + 0.400
PVDF-TRFE 0.786 * 0.317
HPC -
PVP -
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A.7 Chemical analysis of the electrospun membranes

Table A.4 — Values of Wavenumber and corresponding bonds for the produced electrospun membranes.

Polymer

Wavenumber (cm-1)

Cc-C

C-H

Cc-0

C=0

C-0-C

O-H

C-Cl

C-F

PVDF-TRFE

881

843

1400
1283
1178
1120

PCL

2943
2926
1471
1241
1188

1047

732

PMMA

2957
1488
1437
1195
990

1242
1150

1731

HPC

2974
2882
1457

1376
1079

3457

CA

1371

1748
1238
1052

PVA

2943
1437

1334

1715

3369
1097

PVP

2925
1463
1423

1650

3381

PVDF

1073
879
841

1403
1276
1180

PS

1601

3000
1494
757

1060
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A.8 Mechanical characterization of electrospun membranes
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Figure A.20 — Comparison of the values of Young’s Modulus, Strain and Ultimate Tensile Strength with standard
deviation for the nine randomly aligned electrospun membranes. (a) all electrospun membranes; (b) magnified

view.
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Electropsinning - CA + PVDF - TRFE
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A.9 Short circuit current - Electrospun membranes
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Figure A.21 — Short circuit current of electrospun membranes paired with CA.
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A.10 Short circuit current - Films
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Figure A.22 — Short circuit current analysis of films.
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