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Chapter 1                       

Introduction 
 

 

 

 

 

1.1 Aim of this work  

The aim of this work is focused on the application of 

electrospinning technology, an innovative manufacturing 

technique to design nanostructured polymers, for energy 

storage, energy harvesting and sensor applications. These 

nanostructures are suitable to increase specific performances of 

components: from the reduction of internal resistance of 

Lithium-ion batteries to the increase of specific electrical 

response of materials for energy harvesting. The increase of 

specific power of Lithium-ion batteries represents one of the key 

factors for the development of competitive storage systems for 

automotive and power grid. Indeed, electrochemical 

performances at high currents significantly decay, strongly 

limiting the competitiveness on the market beyond portable 

applications. Furthermore, recovery of dissipated energy will be 

one of the most promising challenges for the establishment of 

green technologies and for the reduction in power consumption. 

Finally, health monitoring and/or impact sensors could 

represent suitable technologies for the growth of smart 

materials. 

Therefore, experimental campaign has been focused on the 

manufacturing and characterization of electrospun Lithium-ion 

battery separators for power-intensive applications, passing 
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through the development of a novel technique to disperse 

nanoadditives inside nanofibers, to a novel technique to 

increase electrolyte uptake. Moreover, the realization and 

characterization of electrospun electrets for energy scavenging 

has been carried out, focusing on the study of charge 

accumulation in fluoropolymers and the related triboelectric 

phenomena.  

1.2 Perspectives and growth of energy storage 

and energy harvesting technologies 

Energy Storage refers to the conversion of electrical energy 

into a form that can be stored and converted back to electrical 

energy when needed. The intrinsic variable and intermittent 

nature of renewable energy sources may affect negatively power 

system stability and regulation, causing unacceptable power 

fluctuations. In this framework, energy storage can represent a 

suitable option for power smoothing and voltage regulation in 

transmission grids as well as in distributed generation and 

smart grids [1]. 

Several energy storage technologies can be considered. Most 

of them are compared in Figure 1.1 in terms of energy and 

power and will be briefly described in the following [1]. 

Batteries can store energy through electrochemical reactions 

that lead to the formation of ions. When the battery is charged, 

a direct current is converted in chemical energy and when is 

discharged, the chemical energy is converted back into a flow of 

electrons. However, their relatively low durability for long-term 

cycling and high cost still limit their size scale-up.  

Supercapacitors can give higher power and energy densities 

if compared with a traditional capacitor. They are characterized 

by extremely long cycle-life and by very short charge/discharge 

time. On the other hand, this technology shows much lower 

energy density than batteries.  
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Superconducting magnetic energy storage (SMES) is a 

technology through which it is possible to store energy in the 

magnetic field created by a direct current flowing in a 

superconducting coil when cryogenically cooled. Power can be 

available immediately and a high power output can be provided 

for a short period of time. Their high cost strongly limits any 

commercial application.  

Another promising technology is represented by fuel cells. 

However, the storage of hydrogen represents a technical and 

economic challenge, due to its low density. Nevertheless, water 

electrolysis and the consequent hydrogen exploitation through 

fuel cells is an attractive alternative for energy storage and 

conversion. 

Thermal energy storage uses materials that can be kept at 

high or low temperatures in insulated containments. Heat/cold 

recovered can then be applied for electricity generation using 

thermodynamic cycles.  

 

Figure 1.1 Energy and power performances of different storage techniques 

[1]. 

Nowadays, electric vehicles (EV) are considered as a key 

technology for sustainable transport. Full electric vehicles are 
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entering the market and have several advantages if compared 

with conventional vehicles, such as noise-free engines and zero 

emissions. However, typical specific energy of commercial 

battery packs are still insufficient to be competitive with 

driving distances guaranteed by conventional fuel vehicles, as 

highlighted in Figure 1.2. Moreover, pack weight and battery 

cost represent other strong issues. For these reasons, hybrid 

electric vehicles (HEV), which provide electric propulsion over 

an adequate distance, are currently more interesting for 

improving vehicle efficiency and performance than 

conventional vehicles, e.g. minimizing fuel consumption. HEV 

technology requires power-intensive discharge regime of the 

battery that can be improved by batteries having low internal 

resistance, having low-loss components at high currents. Even 

for energy-intensive applications, such as in batteries for EVs, 

high performance at high currents can guarantee high 

efficiency and less recharge time for plug-in vehicles, that can 

be charged on the grid. It is thus evident the importance of the 

new components development for energy storage devices.  

 

Figure 1.2 Practical specific energies for some rechargeable batteries, 

along with estimated driving distances and pack prices [2]. 

Furthermore, relatively frequent replacement of batteries 

represents a cost, e.g. for sensors located in inaccessible parts 

or at the end of battery life, but also introduces issues to the 

environment safety. In addition, batteries often limit the 
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miniaturization of micro or nano electromechanical systems, 

particularly nowadays when the size and power consumption of 

electronic devices have dramatically decreased [3]. Besides 

wasted energy recovery, these are some of the reasons behind 

the research on ambient energy harvesting to direct sustain low 

power consumption devices and sensors. Nevertheless, new 

type of energy harvesters are needed to achieve a performance 

breakthrough in this field, such as in terms of output power 

increase and shape versatility. This concept has been stressed 

during the second part of this work, through the study of novel 

electrospun electrets. 
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Chapter 2                        

Electrospinning 
 

 

 

 

 

2.1 Premise 

The first evidence of the electrospinning process dates back 

to 1934, thanks to a patent by Formhals, wherein an 

experimental setup was designed for the production of polymer 

filaments using electrostatic force. Therefore, the term 

electrospinning refers precisely to a process that produces fibers 

through an electrically charged jet of polymer solution or 

polymer melt [4].  

Conventional fibers can be realized for instance, through the 

drawing of molten polymers. The stretched polymer dries to 

form an individual element, called fiber. In the same way, 

electrospinning comprises the drawing of a fluid, either in the 

form of molten polymer or polymer solution, but with different 

working principle. In particular, conventional technique applies 

an external mechanical force to the molten polymer, while 

electrospinning charges the polymeric fluid to provide a 

stretching force. This force attracts the polymeric solution to a 

grounded collector, due to the presence of a high voltage bias 

between the polymer and the collector. When an adequate high 

voltage is applied to a polymer solution drop, a jet will be 

formed. The polymer chain entanglements will prevent the 

electrospinning jet from breaking up, avoiding the so-called 

electrospraying [5], [6]. 
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Electrospinning of melts provides cooling and solidification 

of the polymer into a yield fiber in the atmosphere; 

electrospinning of polymeric solutions is based on the 

evaporation of the solvent, in order to obtain a solid polymer 

fiber.  

In general, the versatility of electrospinning permits the 

production of different polymers, blends, fibers containing 

precursors, suitable for different applications. A large number 

of materials can be directly produced by electrospinning, i.e. 

polymers and polymer composites, while other materials such 

as ceramics require post processing of the electrospun fibers.  

Electrospinning is therefore a quite simple process to 

manufacture nanofibers, thanks to the requirement of common 

laboratory equipment. However, the science behind this 

technique is very complex. Indeed, electrospinning process 

involves the understanding of electrostatics, rheology and 

chemistry. These fundamental properties are constantly 

interacting and influencing each other during the process.  

2.2 Working principles 

Through the electrospinning technique, continuous 

polymeric or inorganic fibers, with dimensions which may range 

from tens of nanometers to a few microns, can be obtained by a 

jet of an electrostatically charged molten polymer or a polymeric 

solution. The process takes place thanks to a needle through 

which the polymer solution flows, connected to a high voltage 

DC generator (in the kV range) and a collecting grounded 

electrode, as shown in Figure 2.1. 
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Figure 2.1 Electrospinning apparatus. 

The polymeric solution, electrostatically charged by means of 

the high voltage power supply, comes out from the needle tip in 

the form of a hanging drop. The high electric field between the 

needle and a grounded electrode causes a distortion of the drop, 

until it takes a conical shape, called Taylor cone. When the 

electrostatic force acting on the charged drop exceeds solution 

surface tension, which occurs for a critical value of electric 

potential, a thin jet of fluid polymer is formed and attracted 

towards the metal collector. The charged jet is then stretched 

and accelerated by the electric field, undergoing to a process of 

instability, called whipping instability. The fibers run through 

a spiral path, which increases the stretching process, thus 

causing thinning of the fiber while the solvent evaporates, as 

summarized in Figure 2.2. This process of instability permits 

the formation of fibers with diameters in the order of a few 

hundred nanometers, favoring the evaporation of the solvent 

and the solidification of the fibers themselves. The chaotic 

movement of the jet produces the random deposition of the 

fibers on the collector, in the form of non-woven mat. 
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Figure 2.2 Taylor cone, linear path of polymeric jet and whipping 

instability during electrospinning [7]. 

Some important features of the technique should be pointed 

out:  

 The choice of a suitable and good solvent for the 

polymer of interest plays a key role in process quality. 

Indeed, solvent must have a vapor pressure that 

allows the fiber to harden before it goes down to the 

nanometer range. The viscosity and surface tension of 

the solvent must avoid any free drain of polymer 

solution drops from the needle.  

 The power supply must overcome both viscosity and 

surface tension to allow the jet from the needle to be 

formed and sustained during the process.  

 The path between the needle tip and the grounded 

collector should not be too small to ensure complete 

solvent evaporation and to avoid any short-circuit 

between electrodes, but also not too large to ensure a 

stable voltage bias. 

2.2.1 Cross-electrospinning 

Beyond the typical electrospinning setup, the cross-

electrospinning refers to a multi spinneret system fed by 

different polymeric solutions, in order to produce a fibrous mat 

composed by different polymers [8]. This process, summarized 
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in Figure 2.3, differs from the electrospinning of polymer 

blends, which deals with different polymers dissolved in the 

same solvent system. 

 

Figure 2.3 Schematic of a cross-electrospinning apparatus [8]. 

This peculiar technique will be further implemented for a 

specific application of a novel electrospun separator for lithium-

ion batteries. 

2.2.2 Mass production of electrospun fibers 

Multiple spinnerets can easily enlarge the deposition rate of 

electrospun fibers, thus increasing the production rate of the 

process. However, possible clogging issue of the needles and 

setup optimization needs have raised the development of a 

parallel technique, which is needleless electrospinning [9], [10]. 

Industrial scale-up of electrospinning is commonly 

implemented through needless solutions and an example of this 

technology is reported in Figure 2.4. 
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Figure 2.4 Mass production electrospinning equipment 

[www.elmarco.com]. 

2.3 Solution and process parameters  

In this section, the most important parameters, both related 

to the polymeric solution and to the electrospinning process, 

will be described. 

Surface tension: the charging process of the polymeric 

solution has to overcome the surface tension. Moreover, while 

the solution is being stretched during the process, a low surface 

tension of the solution may cause a jet breakup into droplets 

[11], [12], leading to a different process, called electrospraying. 

Under these circumstances, indeed, the shrinkage of solution 

surface causes surface area reduction and thus the formation of 

spherical shape droplets, that is the configuration of lowest 

energy. 

Polymer solubility: Different solvents have different 

electrospinnability, due to their conductivity and their tendency 

to be polarized [13]. For this reason, high dielectric constant 

solvents should be used. Polymer solubility in each solvent also 

affect fiber morphology of the resultant mat [14]. 
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Viscosity: Solution viscosity has a strong effect on the process 

and consequently on fiber morphology. The viscosity is directly 

linked to the amount of entanglements formed by polymer 

chains in the solution. If the viscosity is too low, electrospraying 

may occur and polymer particles are formed instead of fibers. 

At low viscosity values, beads are commonly observed along the 

fibers axis [15] instead of smooth fibers. This behavior is 

explained by the dominant role of surface tension, due to the 

higher amount of solvent molecules compared to polymer chain 

entanglements. A change in the shape of the beads, from 

spherical to spindle-like, occurs increasing solution viscosity, 

until a smooth fiber is formed [15], [16]. Charges are able to 

fully stretch the solution. Too high viscosity determines 

problems to pump the solution through the needle [17] or 

solution drying creates troubles on the needle tip. Finally, the 

higher the solution viscosity, the thicker the fiber diameter [13], 

[18]–[20]. This behavior is probably due to the resistance of the 

solution to be stretched by the charges [13]. 

Polymer molecular weight: Fiber formation occurs only if the 

molecular weight of the polymer is sufficiently high to give 

enough viscosity to the solution. This property represents the 

length of the polymer chains, which determine the amount of 

entanglements. 

Solvent evaporation rate: Most of the solvent evaporates 

during the path towards the collector, leading to solid fiber 

formation. However, the rate of evaporation of the solvent could 

not be sufficient, resulting in fibers not formed at all or still wet. 

Needle-to-collector distance increase can partially solve this 

state. 

Solution conductivity: Polymeric solution must gain enough 

charges to increase the repulsive forces inside the solution, thus 

overcoming the surface tension of the solution. Subsequent 

stretching of the jet is connected to the ability of the solution to 
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carry charges. The electric conductivity of solvents is commonly 

very low (typically between 10-3 to 10-9 S/m), due to the presence 

of very few free ions. A strategy to increase the electrical 

conductivity of the solution is the addition of a small quantity 

of a polar non-solvent of the polymer or proper salts. However, 

the interaction between solvent mixtures can affect polymer 

solubility, modifying fiber morphology [14]. 

Voltage bias: Voltage provides the stretching of the solution, 

thanks to the columbic force in the jet and the high electric field. 

In general, voltage increase reduces fiber diameter [19], [21], 

[22] and favors solvent evaporation [23]. Voltage bias also 

defines the flight time of the jet, governing the stretching force 

and consequently fiber diameter. Thinner fiber diameters have 

been observed increasing voltage bias [13]. Polymer morphology 

is affected by electrospinning, leading in general to higher 

crystallinity degree. In particular, crystallinity can be increased 

applying higher voltage bias, ensuring enough flight time to the 

jet [24]. 

Flow rate: This parameter controls the amount of solution 

available for the process and permits to obtain a stable Taylor 

cone, for a given voltage bias. The higher the flow rate, the 

larger the fiber diameter or the size of beads, due to a bigger 

volume of solution spun [25]. 

Grounded collector: Patterned collectors can be suitable to 

produce different fiber patterns; aligned fibers can be obtained, 

for instance, through a high-speed rotating collector that 

provides a further mechanical stretching force on the fibers. 

Since polymers are generally non-conductive, residual charge 

accumulation on the electrospun mat can occur at high 

deposition rate.  

Needle diameter: the decrease of the inner diameter of the 

spinneret causes a reduction in fiber diameter; a drop of 

solution cannot flow through too small needles [26]. 
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Needle-to-collector distance: The resultant fibers are affected 

both by the electric field strength and flight time, which vary 

with needle-to-collector distance. The latter parameter 

determines solvent evaporation rate. Possible spinning 

instability can occur when the distance is too low [25], [27]. 

Ambient temperature and humidity: temperature and 

humidity affects solvent evaporation rate and possible clogging 

problems on the needle can occur [18].  

2.4 Main properties of electrospun materials 

Versatility of electrospinning allows a wide variety of 

polymers to be spun, keeping the same experimental apparatus. 

Moreover, among fiber fabrication techniques, i.e. phase 

separation, drawing and template synthesis, electrospinning 

exhibits the ability to manufacture fibers in the submicron 

range, challenging feature otherwise achievable through 

conventional techniques [28]. 

Electrospun fibrous mats also offer peculiar features [29], 

[30], such as: 

1. large porosity (meant as pore volume/mat volume) 

2. small pores, below few microns  

3. pore interconnectivity, which gives three-

dimensional structure 

4. high surface area  

5. extremely high surface-to-volume ratio 

Finally, lightness, flexibility and possibility of realizing 

tunable sizes and shapes represent other interesting properties 

of such fibrous materials. Nanofiber composition can be also 

designed to obtain peculiar properties and functionalities [31]. 
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2.5 Main application fields of electrospun 

materials 

One of the most fascinating feature of electrospinning is the 

extremely wide range of applications [29]. Indeed, the 

aforementioned peculiar properties of fibrous structures make 

electrospun mats suitable for several fields, even in very 

different areas.  

The most important fields can be summarized as follows: 

 Air and water filtration [29] 

 Bio-medical, tissue engineering and drug delivery 

[29], [32]–[35] 

 Composite reinforcement [29] 

 Sensors and actuators [36] 

 Energy storage and energy harvesting [36], [37] 

For the purpose of this thesis, only the last two application 

fields will be further discussed. 

Sensors and actuators: these devices are commonly based on 

piezoelectric materials and for instance can be implemented for 

the realization of impact sensors or smart filters.  

Energy storage: energy storage typically refers to thermal 

energy, chemical energy, e.g. batteries, fuel cells and 

supercapacitors, or electrical energy, e.g. Superconducting 

Magnetic Energy Storage (SMES) systems, kinetic energy that 

can be converted and/or accumulated. These devices might play 

a key role both in the field of electric vehicles and in stationary 

applications, aiming at developing new solutions for improving 

power generation efficiency.  

Energy harvesting: this quite novel and emerging topic is 

related to the possibility to recover small quantity of energy 

from sources that usually dissipate thermal or mechanical 
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energy, e.g. through vibrations. This harvested energy can 

directly sustain low-power electronic devices or can be stored.  
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Chapter 3  

Lithium-ion batteries 
 

 

 

 

 

3.1 Premise 

So-called conventional battery technologies using water-

based electrolytes provide open circuit voltages up to 2 V. On 

the other hand, Lithium metal used as negative electrode 

coupled with a non-aqueous electrolyte leads to much larger 

voltages, up to 4 V. Indeed, Lithium has the lightest weight, 

highest voltage, and greatest energy density among all metals 

[38]. For these reasons, Lithium probably represents the most 

attractive system for electrochemical purposes.  

After a patent of 1949, the first remarkable papers on 

Lithium cells arose in the ‘60s and the first commercialized 

primary cells during the 1970s. Research on secondary Lithium 

batteries increased during the 1980s, due to the use of 

intercalation materials as positive electrode [39], [40]. This kind 

of material has the ability to reversibly store Lithium ions 

inside its structure. Typically, these materials are transition 

metals oxides. However, safety problems of secondary Lithium 

batteries have reduced the progress of this technology. Indeed, 

the use of Lithium metal coupled with an organic liquid 

electrolyte can lead to short-circuits, due to the dendritic growth 

of Lithium during cycling [41], [42]. Two technology solutions 

were developed to overcome safety issues: 
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1. Using a solid polymer electrolyte, less reactive in 

contact with Lithium and more resistant to dendritic 

puncture; this approach has led to the all-solid-state 

lithium metal rechargeable batteries [43] (not yet 

commercialized due to low ionic conductivity at room 

temperature)  

2. Replacing Lithium anode with a material able to 

reversibly intercalate Lithium ions, leading to the so-

called Lithium-ion batteries [39] 

The latter cells, based on the principle of ions moving 

between two intercalation materials, represent the commercial 

solution of modern Lithium batteries. This working principle 

has given the name of “rocking-chair” to this technology [44].  

Commercial Lithium-ion batteries have reached the market 

only in 1991, thanks to Sony, due to the breakthrough in 

negative electrode materials, i.e. carbonaceous intercalation 

materials for Lithium ions [44]. 

3.2 Working principles of Lithium-ion batteries 

Lithium theoretically displays an extremely high specific 

capacity (3860 mAh/g) and the lowest negative electrochemical 

potential (-3.040 V) with respect to the standard hydrogen 

electrode. The typical Lithium-ion battery (LIB) is composed by:  

 a graphite anode with a layered structure in which 

Lithium ions can intercalate, thus preventing 

dendritic growth 

 a Lithium metal oxide cathode, in the typical LiMO2 

form with M a generic metal, e.g. LiCoO2 

 a polymeric separator 

 a liquid electrolyte composed of a Lithium salt 

typically dissolved in a mixture of organic solvents 

The aforementioned cell architecture is reported in Figure 

3.1.  
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Figure 3.1 LIB scheme [45]. 

The working principle of a LIB cell is described below. For 

the sake of example, a graphite anode and a LiCoO2 cathode are 

here considered, thus giving the reaction                                                      

3.1: 

6𝐶 + 𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖𝑥𝐶6 + 𝐿𝑖1−𝑥𝐶𝑜𝑂2   (3.1)                                                          

Using LiCoO2, reaction reversibility is obtained only with a 

value of x greater than 0.5, thus keeping the degree of Lithium 

insertion no lower than 0.5. If more than half of the Lithium is 

extracted from the cathode, a permanent structural 

modification occurs, blocking ion intercalation in the material. 

Indeed, the inter-layer distance in lamellar structure becomes 

too small and this behavior is followed by oxygen release, which 

can react with the electrolytic organic solvents with important 

risks of fire and explosion. Thus, the charge voltage in a Li(1-

x)CoO2 cell has to be limited to 4.2 V in order to keep the 

threshold value of 0.5 [46].  

On the other hand, theoretically the Li+ intercalation process 

into graphite is fully reversible. However, during the first cycle, 

part of the charge is consumed and the following deintercalation 
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of Li+ does not recover the full charge, but only about 80-95%. 

In further cycles, charge consumption due to Li+ intercalation 

is much lower and charge recovery is close to 100%. The charge 

consumed in the first cycle is due to solid electrolyte interphase 

(SEI) formation and to reactions like LixC6. The intercalation 

compounds are thermodynamically unstable in organic 

electrolytes. Therefore, passivation films like SEI protect their 

surfaces, which exposed to the electrolyte. This charge loss is 

irreversible and leads to a cell capacity reduction [39]. 

The cycleability of Lithium-ion systems mainly depends on 

the dimensional stability of the intercalation materials during 

insertion/de-insertion of Li+ ion. Indeed, mechanical stress 

occurring during charge/discharge cycles can crack the 

electrodes, leading to contact losses between active material 

and possible oxidation/reduction phenomena on current 

collectors [39]. 

3.3 Materials 

Before a detailed description of each battery component, it is 

important to highlight that both anodes and cathodes are 

composite electrodes. Carbon anodes are composed of the active 

material (about 90%) and a polymeric binder such as 

polyvinylidene fluoride (PVdF) (less than 10%). The cathodes 

are composed of the active material (about 85%), a polymeric 

binder (less than 10%) and a small quantity of a conductive 

carbonaceous additive. A proper solvent is used to mix the so-

called slurry of these materials, which is then spread out on a 

suitable current collector [38].  

Figure 3.2 shows the state of the art of LIB electrode 

materials and their future prospect [47]. It is worth noting that 

a huge breakthroug is still achievable in terms of electrode 

specific capacity and  potential window. However, the setup of 

a proper electrolyte that can be electrochemical stable up to 5 V 

is required. 



27 

 

 

Figure 3.2 State of the art of LIB electrode materials and future prospect 

[47]. 

Anode: graphite is the most studied and implemented 

material. Its theoretical specific capacity is 372 mAh/g, much 

lower than Lithium metal, but graphite is much more stable for 

safety issue and its potential is lower than that of Lithium only 

of about 100 mV. Li+ ions intercalate between graphene plates, 

slightly deforming the layer structure. Volume changes during 

cycles are about 10-15 % [38].  

For Li-alloy anodes, the volume difference between the 

Lithium alloy and the corresponding Lithium-free matrix metal 

is typically about 100%. After few cycles, the alloy becomes 

fragile, strongly limiting cycle life. An exception is represented 

by Li4Ti5O12 (LTO), which displays very small volume changes 

during cycles. Moreover, Lithium insertion potential is about 

1.55 V (vs. Li/Li+) and this feature prevents Li plating on the 

anode surface (leading to dendritic growth), even at high 

currents. Finally, LTO displays very fast charge acceptance and 

excellent cycle performances. However, it is an expensive 

material and displays low voltage when coupled with cathodes 

such as LiMO2, i.e. 2.5 V, strongly limiting the energy density 

of the cell [48].  
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Cathode: Lithiated transition metal oxides, having a 

lamellar structure, Li(1-x)MO2 (where M is one or more metals 

such as Co, Ni, etc.) or Li(1-x)Mn2O4 or lithiated iron phosphates 

Li(1-x)FePO4 are commonly used as positive materials. Lithium 

ions can be inserted/de-inserted in the host structure over a 

wide range of potentials (3-5 V) [46]. The latter compounds 

show lower specific capacity but lower cost compared to LiCoO2 

(LCO), as can be observed in Table 3.1. Furthermore, LCO still 

represents the most common cathode material, even if its 

market has progressively decreased due to cost, availability and 

toxicity issues. Thus, the use of lithium-Nickel-Manganese-

Cobalt-oxide compounds (NMC), e.g. LiNi1/3Mn1/3Co1/3O2, has 

dramatically increased [46], [48], recently.  

Table 3.1 Gravimetric capacity of common cathode materials [48]. 

Materials 

Theoretical 

gravimetric 

capacity 

[mAh/g] 

Theoretical 

gravimetric 

capacity 

[mAh/g] 

taking into 

account the 

degree of 

insertion 

Average 

pratical 

gravimetric 

capacity 

[mAh/g] 

Cost 

LiCoO2 274 137 120 High 

LiNiO2 275 275 220 Medium 

LiMn2O4 148 148 120 Low 

LiCo0.2Ni0.8O

2 
274 247 180 Medium 

LiFePO4 170 170 150 Low 

 

Current collector: the role of current collectors (usually about 

10 µm thick) is to conduct electrons from the active materials to 

the electrode terminals and then to the external circuit. 

Aluminum foil is typically used for the cathode, while copper 

foil for the anode [48].  

Electrolyte: conventional aqueous electrolytes cannot be used 

in contact with Lithium, due to spontaneous oxidation 
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reactions, that lead to hydrogen production. For this reason, 

aprotic organic solvents are commonly used to dissolve a 

Lithium salt, which is typically LiPF6. This salt provides a high 

ionic conductivity, even if it is affected by thermal stability 

problems and by susceptibility to hydrolysis, with the 

consequent formation of hydrofluoric acid [49]. The electrolyte 

present in commercial batteries is typically a molar solution of 

LiPF6 in ethylene carbonate (EC) and dimethyl carbonate 

(DMC), which are highly stable in contact with graphite [46]. 

Additives are typically included into the electrolyte solution to 

improve stability and electrochemical performances of the LIB. 

Moreover, flame-resistant or flame-retardant are used too, even 

if research on non-flammable electrolytes is currently under 

investigation due to safety issues [48]. 

Separator: this component is the only inactive material 

inside the cell, but it carries out two essential functions: 

 Prevention of short-circuit between electrodes 

 Ionic conduction throughout its porous structure 

Separators are thus manufactured as porous membranes or 

multi-layered porous membranes. Usually, these membranes 

are constituted microporous films of polyethylene (PE) or 

polypropylene (PP) or a combination of these. A PE separator is 

typically preferred for safety reason and is called “shutdown” 

separator. Indeed, PE has a low melting point and in case of 

temperature increase, the separator begins to close its pores, at 

about 110°C. Indeed, polymer begins to melt, increasing 

significantly the electrical resistance and acting as a “fuse”. The 

cell can no longer deliver or receive any current. The PP, which 

has a higher melting temperature, can be used to ensure the 

physical separation between the electrodes, realizing a so-called 

tri-layer structure that greatly improves battery safety [46]. A 

typical scanning electron microscope (SEM) image of a 

commercial separator is reported in Figure 3.3. 
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Figure 3.3 SEM image of a commercial Celgard 2400. 

Moreover, separator must be an excellent electrical insulator 

and being a good ionic conductor at the same time. Its presence 

inside the battery introduces a resistance, which contributes to 

the internal cell resistance. The MacMullin number (NM) is the 

typical parameter that takes into account separator 

contribution to the internal resistance, assuming equivalent 

dimensions between the electrodes. NM is calculated as follows: 

NM =  
𝑅𝑠

𝑅0

     (3.2)       

where Rs is the resistance of the separator sandwiched 

between the electrodes and soaked in electrolyte and R0 is the 

resistance of the liquid electrolyte. This number should tend to 

one, but commercial separators have NM between 5 and 15 [49]. 

A brief review of the most important properties of the 

separator will be discussed in the following sections, according 

to Zhang et al. [50]. 

Chemical stability: the separator has to be chemically stable 

in contact with the electrolyte, due to the presence of strongly 

reductive and oxidative environments at each electrode. At the 

same time, it should not degrade and lose its mechanical 

integrity.   
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Thickness: low thickness is desired in order to obtain high 

energy and power densities from the battery. However, 

mechanical stability and safety could be compromised. 

Moreover, a uniform thickness is necessary to ensure long cycle 

life: 25µm thick separators are currently implemented for 

consumer rechargeable batteries.  

Porosity: a certain degree of porosity is necessary to ensure 

good ionic conductivity, holding a sufficient amount of 

electrolyte. Nevertheless, too high porosity will threaten the 

shutdown performance, due to problems of pore closing and 

membrane tendency to shrink, during melting or softening of 

the separator. Typically, LIB separators have a porosity of 

about 40%. 

Pore size: pore size must be small enough to ensure that 

active and inactive particles that compose the electrodes do not 

pass through the separator. Sub-micrometric pore sizes can 

block particle penetration. A uniform distribution and a 

tortuous structure of the pores ensure a uniform current 

distribution, thus avoiding any dendritic growth of Lithium. 

Wettability: the separator has to be easily soaked in the 

electrolyte and retain the permanently the liquid. A standard 

test for wettability measurements is still lacking.  

 

Mechanical strength: battery assembly operations impose 

strong mechanical behavior of the separator, in order to sustain 

manufacturing process. 

 

Dimensional stability: Separator dimensions must be stable 

in order to prevent short-circuit in any operating condition. 

 

Thermal shrinkage: polymeric separators tend to shrink 

when the temperature inside the cell reaches the softening 

temperature, due to the density difference between the 
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crystalline and the amorphous phase. For this reason, thermal 

shrinkage must be minimized and is required to be lower than 

5% after 60 min at 90°C. 

 

Shutdown: before the beginning of thermal runaway, the 

separator must be able to shutdown, keeping its mechanical 

integrity. If not, chemical reactions cause thermal runaway 

after electrode short-circuit. A change in the resistance of the 

separator soaked in electrolyte, with temperature increase, can 

provide the shutdown characteristics. The typical LIB 

shutdown temperature is about 130°C, below that the separator 

must close its pores to inhibit ionic conduction. 

 

Cost: the cost of the separator is about 20% of the total cost 

of a LIB, due to its manufacturing process. Nevertheless, cost 

has always to be compared to the desired performance and 

safety.  

Finally, besides the aforementioned polyolefin, PVdF and its 

co-polymers have been deeply studied as LIB separator and are 

still the most interesting materials, due to good chemical 

resistance, high mechanical strength and excellent thermal 

stability [51], [52]. This work is thus focused on the performance 

study of electrospun PVdF-based separators. 

3.3.1 Elecrospun separators  

As previously mentioned, polyolefin microporous separators 

have been widely used for commercial LIBs. However, these 

materials exhibit some disadvantages, such as low porosity 

(about 40%), poor wettability and high cost [53], [54]. Moreover, 

polyolefin significantly contribute to internal resistance of the 

cell, as can for instance be observed by a high MacMullin 

number measured for a commercial Celgard 2400 [55]. On the 

contrary, nonwoven separators display huge porosity (60–90%) 

and wettability, high pore interconnectivity and high surface 
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area to volume ratio. These properties lead to a large electrolyte 

uptake and excellent Li+ transport, which would increase the 

rate capability of the lithium ion battery [56]–[59]. 

Furthermore, nonwoven mats have been considered as an 

alternative separator also due to their relatively low cost [60], 

[61]. A typical SEM image of an electrospun separator is 

reported in Figure 3.4. 

 

Figure 3.4 SEM image of a PVdF electrospun separator. 

However, electrospun mats have some disadvantages, such 

as quite poor mechanical properties [62], [63]. The latter 

consideration is one of the key aspect for further development 

of these materials on the market. However, this issue is 

generally ignored in most of the published articles related to the 

application of electrospun separators for LIBs. Indeed, the 

possibility to scale-up the electrospinning technique is 

subjected to the mechanical resistance of electrospun mats 

during battery assembly operations, that require specific 

tensile strength [64]. A deep investigation of the mechanical 

property modification of electrospun separators will be reported 

in the experimental section. 

3.3.2 Nanofilled separators 

A quite novel topic not fully investigated in literature yet is 

the improvement of electrospun separator properties through 
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the dispersion of nanometric fillers inside nanofibers or 

between the fiber layers, through the combination of 

electrospinning and electrospray techniques. These works 

report the modification of mechanical properties [65]–[68] or the 

increase of electrolyte uptake, dimensional stability at high 

temperature, ionic conductivity and electrochemical stability 

[66], [69]–[74] of electrospun separators. Typical suitable 

additives are metal oxides, ceramics or particles containing 

Lithium.  

Since these topics are very important for the development of 

high performance nanostructured separators for LIBs, an 

extensive part of the experimental section will be dedicated to 

the effect of additives on the performance of electrospun 

separators. Moreover, the possibility to improve some 

properties of the separator, e.g. mechanical properties, will be 

discussed taking into account that the use of nanoadditives can 

involve remarkable safety issues. For this reason, the 

aforementioned cross-electrospinning technique will be also 

presented to produce more eco-friendly separators with good 

mechanical properties.  

3.3.3 Novel plasma assisted nanoparticle 

dispersion  

An atmospheric pressure non-thermal plasma has been used 

for the first time to disperse nanoparticles inside the 

electrospun polymeric fibers, in order to modify separator 

properties [75]. In particular, fumed silica nanoparticles have 

been dispersed in poly(ethylene oxide) (PEO) nanofibers 

through different plasma treatments and nanoparticle 

dispersion has been evaluated. This study has led to a patent 

pending PCT application [76]. 

The term plasma generally refers to an ionized gas composed 

of electrically charged particles [77]. This state of matter can be 

obtained providing temperature to the gas, resulting in the 
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dissociation of molecular bonds and ionization of the medium. 

Therefore, charged particles can interact between each other in 

the plasma in a collective manner. Both thermal and non-

thermal plasmas exist and a temperature below 100 eV 

conventionally defines a non-thermal plasma [77]. A non-

thermal plasma is usually a plasma discharge that is not in 

thermodynamic equilibrium, due to the different temperature 

of ions and electrons [77]. An atmospheric pressure non-

thermal plasma [78] is a highly reactive multi-component 

system that is composed of: 

 Charged particles (electrons, negative and positive 

ions)  

 Excited atoms and molecules 

 Active atoms and radicals 

 UV-photons 

3.3.4 Plasma treatment of electrospun separators  

Another interesting topic is the possibility to use the 

combination of a plasma treatment of the polymeric solution 

before the electrospinning process and a plasma treatment of 

the electrospun separator after manufacturing process. The 

positive effect of plasma pre-treatment of the solution permits 

to produce defect-free fibers, thus improving fiber morphology, 

as previously described by Shi et al. and Colombo et al. [79], 

[80]. Furthermore, plasma post-treatment induces a chemical 

modification of separator surface. The combination of these two 

treatments permits a dramatic increase in electrolyte uptake of 

electrospun mats, as will be shown in Chapter 5. This 

achievement is directly related to the ionic conductivity of an 

electrochemical cell and leads to high performance batteries for 

power applications. 
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Chapter 4  

Electrets, piezoelectrics and 

triboelectric effect   
 

 

 

 

 

4.1 Premise 

In 1732, Gray described electret properties of a wide number 

of dielectrics, such as particular waxes, rosins, and Sulphur. In 

1919, Eguchi realized an electret applying an electrical field to 

a cooling melt of the aforementioned dielectrics. More recently, 

long-lived electrets have increased attention after the 

description of the first microphone based on a polymeric electret 

in 1962. This application is still the most developed one for this 

type of materials [81]. 

Jaques and Pierre Curie discovered piezoelectricity in 1880 

observing the behavior of a single crystal of quartz. Rochelle 

salt, tourmaline, and topaz are other natural materials 

exhibiting piezoelectric behavior. An increase of interest in 

research on this field was achieved during 1950s after the 

discovery of ferroelectric ceramics barium titanate and, 

particularly, lead zirconate titanate (PZT), which is one of the 

most sensitive piezoelectric materials. This latter material, 

indeed, allowed the realization of several sensors, transducers 

and actuators. After the discovery of PVdF in 1969, polymers 

showing piezoelectric characteristics have been widely studied 

and implemented in commercial devices. They show, in fact, 
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some advantages compared to ceramics such as flexibility and 

less brittle nature, properties that can be suitable in many 

different applications, even if the piezoelectric response of 

polymers is lower than that of ceramics [82]. 

4.2 Electrets 

  An electret is a dielectric that displays a quasi-permanent 

electrical charge and this charge decays after long periods. The 

electret charge consists of real charges, such as surface-charge 

or space charges trapped in the dielectric material. Electrets are 

commonly realized applying an electric field to a cooling melt 

[81] or by means of a dielectric barrier discharge (DBD) applied 

to the voids of a dielectric (e.g. cellular foams, fluorinated 

polymers, etc.) [83]. 

A typical model of an electret is reported in Figure 4.1. 

 

Figure 4.1 Model of an electret with space charge trapped and dipoles 

oriented by the voltage bias applied [81]. 

Piezoelectric polymers can be considered both 

morphologically and electrically related to conventional 

polymer electrets. Therefore, piezoelectrics can also be 

mentioned as electrets [81]. This concept will be very important 

throughout the discussion about the electrical response of an 

electrospun mat when subjected to a mechanical stress. Indeed, 

in the same electrospun electroactive polymer the overlapping 

of several charging and dipolar phenomena exists. 
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4.3 Piezoelectricity  

Piezoelectric materials have the intrinsic property of being 

able to transduce mechanical energy into electrical energy. This 

behavior makes them useful as sensors of different mechanical 

stimuli, such as pressure, strain, vibration and sound. 

Furthermore, they can also convert electrical energy into 

mechanical energy, working as actuators.  

All dielectric materials, if subjected to an electric field, 

change their dimensions. Indeed, this modification is caused by 

the displacements of positive and negative charges in the 

crystal lattice. Cations move in the direction of the electric field, 

while anions in the opposite direction, determining a 

deformation of the material. The amount of the deformation 

depends on the presence of a symmetric centre in the crystal. 

Indeed, when an external electric field is applied to a dielectric 

having a centre of symmetry the movements of cations and 

anions are cancelled by the presence of the chemical bonds. In 

this case, no deformation is observed. However, a small net 

deformation of the lattice can be observed due to the non-

harmonic behavior of the bonds. This deformation is 

independent of the direction of the applied field and this effect 

is called electrostrictive effect. In order to observe piezoelectric 

behavior it is necessary that the dielectric material does not 

have a centre of symmetry, thus allowing a non-symmetrical 

moment of anions and cations. This deformation is directly 

proportional to the applied electric field and it is called indirect 

piezoelectric effect. The so-called direct piezoelectric effect is 

obtained when an external deformation is applied to the 

dielectric and the dipoles of the crystal get oriented, displaying 

positive and negative charges on the opposite sides of the 

crystal [82].  

 A particular class of piezoelectric materials called 

ferroelectric materials are composed of several small 
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microscopic regions named ferroelectric domains. In these 

regions, the electric dipoles are oriented in the same direction. 

These domains are usually randomly oriented in the material 

and no polarization is observed. Furthermore, a net polarization 

occurs applying an electric field to the material because the 

electric dipoles tend to be oriented in the field direction. Most of 

the piezoelectric materials commonly used are ferroelectrics, 

due their larger response.  [82]. 

A brief description of the polarization of a ferroelectric 

material is reported in Figure 4.2.  

 

Figure 4.2 Polarization vs Electric field in a ferroelectric material [82]. 

It is very important to highlight that initially, when the 

applied field is zero, the ferroelectric domains are randomly 

oriented and the overall polarization is zero. Increasing the 

electric field, the domains get oriented and the polarization 

increases linearly (curve OA). Further increasing the field, 

more domains get oriented and the curve becomes nonlinear 

(curve OB) up to the maximum value (point B), where all the 

domains are oriented. Here the value is called saturation 

polarization. When the electric field is reduced, the polarization 

decreases but the curve does not reproduce the previous one. As 

the field reaches zero, a finite polarization called remnant 

polarization Pr (point D) is observed. An electric field in the 
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opposite direction has to be applied in order to remove the 

remnant polarization. The polarization becomes zero (at point 

F) when the so-called  coercive field -EC is applied. If the field is 

increased in the reversed direction beyond -EC, the domains get 

oriented in the opposite direction and the polarization 

increases. At G point, the polarization reaches the maximum 

value (saturation polarization). Another remnant polarization -

PR (point H) is observed if the field is reduced again to zero. 

Finally, if the field is increased in the positive direction, the 

remnant polarization disappears. The closed loop described in 

this process is called the hysteresis cycle [82]. 

The spontaneous polarization of ferroelectric materials can 

be removed beyond a temperature called ferroelectric transition 

temperature or Curie Temperature. Furthermore, ferroelectric 

materials can be poled, in order to obtain a permanent 

polarization, applying an external electric field close to this 

temperature. The poling process can be carried out at room 

temperature, but higher electric fields and longer times are 

needed. Indeed, poling at high temperature facilitates dipole 

orientation. When the temperature is removed the electric field 

must be applied to the ferroelectric material until it reaches th 

room temperature [82]. Moreover, another type of polarization 

called corona poling can be carried out [84]. This poling 

procedure is based on a non-contact process that applies a high 

potential corona discharge to the sample. The discharge creates 

ions, which can charge the sample surface and can orientate 

molecular dipoles, due to the presence of a high electric field 

between the corona discharge source and a grounded electrode.  

4.4 Piezoelectric polymers 

Polymeric piezoelectric materials have several advantages 

compared to ceramics. In particular, they are flexible and 

mechanically more stable. Moreover, polymers can be 

manufactured at much lower temperatures, formed easily into 
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different shapes and in particular in the form of thin films. 

Unfortunately, polymers have much lower piezoelectric 

response compared to ceramic piezoelectrics [82]. The polymers 

exhibiting the highest response and commonly used in 

commercial applications are PVdF and its copolymers. This is 

usually associated to the strong electrical dipole moment of the 

PVdF monomer unit, which is related to the electronegativity of 

fluorine atoms compared to those of hydrogen and carbon atoms 

[85]. Other piezoelectric polymers are Nylon 11, poly(lactic-co-

glycolic acid) (PLGA) and polylactic acid.  

PVdF homopolymer: PVdF is a semi-crystalline polymer that 

has five different phases (α, β, γ, δ and ε) related to different 

chain conformations. The most important are α, β and γ and 

their representation is outlined inFigure 4.3. β and γ phases are 

polar, thus being electroactive phases, while α is non-polar [85]. 

Each chain of PVdF has a dipole moment that is perpendicular 

to the polymer chain.  

 

Figure 4.3 Scheme of the chain conformation of different PVdF crystal 

phases [85].  

The β phase is the one responsible of the piezoelectric 

behavior of the polymer [86] and is commonly obtained by 

mechanical stretching of the α phase [87], [88], from melt under 

specific conditions such as high pressure [89], external electric 

field applied [90] and ultra-fast cooling [91]. On the other hand, 
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it is possible to obtain the β phase from solution crystallization 

at temperatures below 70°C [92] or by the addition of nucleating 

fillers such as BaTiO3 [93]. It is thus evident that it is essential 

to obtain the highest amount of active β phase through the 

manufacturing process, in order to enhance the piezoelectric 

response. PVdF in its polar form is supposed to be a ferroelectric 

material and this means that it is not only a polar crystal, but 

that its crystal polarization can be reoriented applying an 

electric field to the material [81]. 

PVdF copolymers: Poly(vinylidene fluoride-

Trifluoroethylene) (PVdF-TrFE) is one of the most studied 

copolymer of the PVdF with the aim of increasing polymer 

performance. Its chain structure is reported in Figure 4.4. It 

differs from PVdF due to the fact that it shows always the 

ferroelectric β crystalline phase when used in specific molar 

ratios. Indeed, the addition of the third fluoride in the TrFE 

monomer unit with a large steric hindrance favors the all-trans 

conformation and induces therefore the ferroelectric β phase, 

independently of the used processing method [85]. This 

situation occurs when the VDF content is between 50 and 80% 

[94]. 

 

Figure 4.4 Scheme of chain conformation of PVdF-TrFE [85]. 

Another interesting property of this copolymer is that it 

shows the Curie temperature below its melting temperature, 

contrary to PVdF homopolymer [95]. The Curie temperature 

can vary from 55 to 128 °C for an amount of VDF between 55 

and 88 mol%. 
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It is worth noting that it is not sufficient to obtain a high 

amount of β phase in the polymer structure, but it is mandatory 

to pole the dipoles under an electric field.  

Semi-crystalline polymer films are usually stretched in order 

to preferentially align polymer molecules in the parallel 

direction of the stretch, because unstretched film usually 

present isotropy. The deformation of polymer chains induces a 

higher β-phase content in the crystals [96], [97]. Moreover, 

polymers are also poled to align the dipoles normal to the 

stretch direction [81].  

4.4.1 Electrospun piezoelectrics 

Recently, the study of energy sources or devices self-powered 

by harvesting or scavenging energy from ambient, such as solar, 

thermal and vibration energy has significantly increased 

interest. In particular, several works were published in 

literature dealing with the use of nanomaterials with 

piezoelectric behavior. For instance, PVdF nanofibers show a 

good set of properties, such as flexibility, lightweight and the 

possibility to be manufactured in different shapes and 

thicknesses. All of these features are important parameters for 

energy harvesting applications and wearable or implantable 

devices [37]. 

Since electrospinning has been already reported as a 

feasible, versatile and cost-effective technique to produce 

polymeric nanofibers, most of the literature has focused on this 

process to realize nanofibrous piezoelectric materials. 

Moreover, conventional fabricating techniques, such as solvent 

casting, melt blending, spin-coating, etc., require complex and 

energy-intensive procedures to enhance the piezoelectric 

behavior of the polymers [86], [87]. On the other hand, poling 

and stretching of the polymer during material manufacturing 

are peculiar features of the electrospinning technique. The high 

voltage applied to the polymeric solution during the 
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electrospinning process, in fact, is able to orientate the dipoles 

of polymer chains during material manufacturing [98]. 

Furthermore, the stretching of the electrostatically charged jet 

provides a further transformation from alpha to beta crystalline 

phase [90] and orientate dipolar domains at the nanoscale [99]. 

These features permit to avoid any post-processing treatment 

of the polymeric material to increase the β phase of the 

electrospun membrane.  

The possibility to realize electrospun PVdF-TrFE 

piezoelectrics has been showed by Persano et al. [100]. It is well 

known that the amount of active material in electrospun mats 

is significantly low, due to high mat porosity. Furthermore, 

fiber mobility is higher compared to film material, thus leading 

to high sensitivity [101]. For this reason, the use of electrospun 

piezoelectrics is more cost effective, due to higher specific 

energy [102].  

Electro-mechanical characterization of electrospun 

piezoelectrics has not deep investigated in literature yet, since 

most of the studies have been focused mainly on the study of β 

phase content in the spun mats or the application of these 

materials in the biomedical area [103]–[105]. For this reason, 

most of the experimental campaign will be focused on these 

characterizations. 

4.4.2 Electrospun ferroelectrets 

Electrospun PVdF or PVdF-TrFE mats cannot be considered 

just piezoelectrics, since electrospinning provides charges to the 

polymeric solution during material manufacturing. Moreover, 

polymers are usually insulating materials that retain this 

charge.  

Polymer jet accumulates charge during electrospinning [106] 

due to: 
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- Charge injection from the metallic needle to the 

polymeric solution; 

- Corona discharge occurring at the needle tip;  

- Corona discharge occurring in the surroundings of the 

Taylor cone. 

On the other hand, a fraction of the accumulated charge is 

dissipated during polymer solidification by solvent evaporation, 

humid enviroment and charge transfer to the grounded 

electrode [106]. These phenomena contribute to the presence of 

residual charge inside the electrospun mats.  

Charge retention in electrospun materials is known in 

literature [106], [107], but not deeply investigated, neither 

associated to electroactive polymers yet. Therefore, the complex 

structure of electrospun materials leads to a new definition: 

ferroelectret instead of piezoelectric. This definition is more 

precise, due to the simultaneous presence of: 

- Ferroelectric nature of dipoles associated to the β-

phase;  

- Electret space charge injected during electrospinning 

and trapped in the dielectric.   

4.5 Triboelectricity 

Triboelectricity is a type of contact electrification that leads 

certain materials to become electrically charged after they come 

in contact with a different material and then are separated. 

This electrostatic process involves the accumulation of charge 

on material surfaces and each material retains charge of 

opposite polarity. These charges remain on the material until 

they are neutralized by recombination or through a discharge 

[108]. The reason behind this behavior is the tendency to gain 

or lose electrons of several materials when in contact with other 

materials [109]. These phenomena were deeply studied in the 

past and are reported in literature as triboelectric series [110]. 
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The series allows distinguishing between the relative polarity 

of the charge acquired during contact and starts from those 

materials that get more positive charge with respect to those 

placed in the lower part of the series.  

The triboelectric effect is known to be a highly irreproducible 

phenomenon [111]. This behavior is mainly related to the 

surface characteristics of the materials and the nature of the 

contact. It is very important to highlight that the charge 

transfer is an interfacial phenomenon that is thus affected by 

surface roughness. Furthermore, material treatments or the 

presence of contaminants are other important parameters. 

Moreover, the ambient conditions can affect the amount of 

charge mainly due to the humidity that can increase surface 

conductivity, thus reducing charge build-up. Multiple contacts 

can obviously increase the contact area and consequently the 

amount of charge transferred [110]. 

This effect can be positively exploited in order to realize the 

so-called triboelectric nanogenerators (TENGs) for energy 

harvesting [109]. According to the triboelectric series, these 

devices are composed by a multi-layer structure of at least two 

different materials that are put in repeated contact generating 

a voltage bias [112]. These devices can be used to supply low 

power-consuming devices and micro- or nano-systems, such as 

wearables sensors. Very recently, electrospun mats have been 

used to realize TENGs, due to their easy fabrication, low cost 

and high voltage output related to the nano-roughness of fibers 

[113], [114].  

For the sake of our purposes, the triboelectric effect is 

another phenomenon that can overlap to the electret and 

piezoelectric response. This is due to the unavoidable contact 

between a dielectric, e.g. PVdF, and a metal electrode during 

the measurement of the electric signal associated to a 

mechanical stress applied to the electrospun samples.  
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Chapter 5  

Experimental campaign on 

electrospun separators  
 

 

 

 

 

5.1 Separator manufacturing 

The experimental campaign has been mainly carried out 

using PVdF polymer, due to its aforementioned interesting 

properties. Regarding the cross-electrospinning technique, 

PVdF has been combined with Nylon 6,6 (Ny), in order to exploit 

its high mechanical properties in the final composite material. 

Furthermore, PEO separators have been studied in order to 

evaluate nanoparticle dispersion inside the polymeric fibers. 

PEO, indeed, can be dissolved in water, thus avoiding the use 

of toxic solvents during material manufacturing. 

PVdF Solef 6008 (Mw = 255 kDa) was kindly provided by 

Solvay Specialty Polymers and was dissolved at a concentration 

of 15% w/v in Acetone (Ac):Dimethyl sulfoxide (DMSO) (70:30, 

v/v). Ny Zytel E53 NC010 was kindly provided by DuPont and 

was dissolved at a concentration of 20% w/v in Triflouroethanol 

(TFE):Formic acid (FA) (70:30, v/v). PEO (Sigma Aldrich, Mw = 

1000 kDa) was dissolved at a concentration of 4% w/v in 

bidistilled water. 

A study on the effect of nanofillers inside nanofibers on the 

properties of PVdF separators was carried out. Fumed Silica 
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nanoparticles (SiO2, average diameter: 7 nm) and Tin oxide 

nanoparticles (SnO2, average diameter < 100 nm) were 

purchased from Sigma-Aldrich and used as received. In this 

particular section, after polymer dissolution, nanoparticles 

were added to PVdF polymeric solutions in proper amounts in 

order to produce membranes containing either 1 wt% and 5 wt% 

of SiO2 or 0.5 wt%, 1 wt% and 5 wt% of SnO2. After 30 min of 

mechanical stirring homogeneous suspensions were achieved 

by sonicating the colloidal solutions for 10 minutes by using a 

UP200St “Hielscher” (Ultrasound Technology) working at 20 W. 

The sonication was performed in an ice bath to limit solvent 

evaporation. The plasma-assisted nanoparticle dispersion will 

be described in a further section.  

For the fabrication of separators, a laboratory 

electrospinning machine was used (Spinbow Lab Unit, Spinbow 

S.r.l., Italy). The machine was equipped with a multi-jet linear 

sliding apparatus, equipped with 4 needles, a rotating collector 

and a syringe pumping system with adjustable flow rate. 

Solutions were electrospun by using the operating conditions 

reported in Table 5.1. It is important to notice that the cross-

electrospun PVdF-Ny mat was realized using the same 

apparatus equipped with 6 needles, 2 fed by the PVdF solution 

and 4 fed by the Ny solution. In this way, a 50:50 w/w polymeric 

membrane was manufactured, due to the different optimized 

flow rate of the solutions. This membrane was electrospun 

using the same needle-to-collector distance and voltage bias of 

Ny also for PVdF.  
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Table 5.1 Electrospinning operating conditions for different polymers 

 

 

Polymer 

PVdF Ny PEO 

Flow rate 

[ml/h] 
0.6 0.3 0.3 

Needle-to-

collector 

distance [cm] 

15 17.5 20 

Voltage bias 

[kV] 
16.5 21 13 

Temperature 

[°C] 
 22 25 24 

Relative 

humidity [%] 
33 40 31 

 

Membranes 30×40 cm2 were produced for each type of 

solution composition and used for further characterization. 

5.2 Plasma treatments 

An investigation of plasma treatments on the properties of 

PVdF electrospun separators was carried out, aiming at 

increasing electrolyte uptake. Plasma pre-treatment of the 

polymeric solution (before the electrospinning process) and 

plasma post-treatment of the electrospun separators will be 

described in the following sections. It will be more clear that a 

synergistic effect of both treatments exists on the increase of 

electrolyte uptake of electrospun separators.  

For the sake of this work, control is referred to a PVdF 

electrospun separator that has been neither plasma treated, nor 

spun from a treated polymeric solution. 

5.2.1 Plasma pre-treatment 

Plasma treatment of electrospinning solutions was 

previously performed by Shi et al. [80] who demonstrated that 

treatment of PEO water solution could increase the 
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electrospinnability of the polymeric solution. Similar results 

were reported by Colombo et al. on the pre-treatment of a 

poly(L-lactic acid) PLLA solution, by using a nanosecond-pulsed 

atmospheric pressure plasma jet, in order to improve the 

electrospinnability in pure dichloromethane (DCM)[79], [115] 

avoiding the use of dimethylformamide (DMF), conventionally 

added to increase the dielectric constant of the solution [116], 

[117]. Plasma pre-treatment of the PLLA solution allowed 

obtaining bead-free fibers and mats with good mechanical 

properties. The typical aspect of an Ar plasma jet during the 

treatment of water is reported in Figure 5.1. 

 

Figure 5.1 Plasma treatment on water: glow regime (A), streamer regime 

(B). 

Plasma pre-treated mats were electrospun from a PVdF 

solution (12 ml) exposed to a nanosecond pulsed atmospheric 

pressure Ar plasma jet for 120s, using the following operating 

conditions: peak voltage (PV) of 22 kV, pulse repetition 

frequency (PRF) of 1 kHz and a stand-off of 5mm, as reported 

in [79].  

Similarly, to what reported in literature for PLLA, the 

exposure of the PVdF electrospinning solution to an 

atmospheric pressure plasma jet permits the production of 

defect free fibers. Furthermore, good quality PVdF separators 

easy to handle also after imbibition in the electrolyte can be 

produced, as will be described in electrolyte uptake section. 
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5.2.2 Plasma post-treatment 

Both control and pre-treated PVdF separators were plasma 

treated by means of an atmospheric pressure dielectric barrier 

discharge (DBD) for 5 minutes. The DBD was operated in 

ambient air and consisted of two aluminum electrodes. The high 

voltage (HV) upper electrode had a surface of 6x6 cm2, while the 

grounded electrode had a surface of 15x9 cm2. The HV electrode 

was covered by a 1 mm thick alumina layer and the gap between 

the dielectric and the grounded electrode was 1 mm. The HV 

electrode was driven by a nanosecond-pulsed generator, 

producing high voltage pulses with a slew rate of few kV/ns, a 

PV of 7–20 kV into a 100–200 Ω load impedance and a PRF of 

1000 Hz. During the post-treatment of PVdF electrospun 

separators (Figure 5.2), PV and PRF were kept constant at 20 

kV and 125 Hz, respectively. 

 

Figure 5.2 Schematic of the atmospheric pressure DBD during treatment. 

5.3 Material Characterization 

Several characterization techniques were carried out in 

order to study solution properties and morphological, thermal, 

mechanical, electrical and electrochemical properties of 

electrospun separators.  
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5.3.1 Polymeric solution rehometry 

This study on the polymeric solution has been done in order 

to study the effect of plasma pre-treatment on the rheological 

properties of the solution. 

Viscosity measurements were carried out using an Anton 

Paar Rheometer MCR 102 equipped with a cone-plate 

configuration (50 mm diameter, 1°). Experiments were 

performed at constant temperature of 23°C controlled by the 

integrated Peltier system and a Julabo AWC100 cooling system. 

A solvent trap (H-PTD200) was used to avoid solvent 

evaporation during the measure. The flow curves of both 

untreated and plasma-treated PVdF solution (15% w/v) were 

acquired at shear rate ranging from 0.01 s-1 to 10000 s-1. 

The 15% w/v PVdF solution was analyzed by means of a 

rheometer before and after the plasma treatment. The plasma 

treated solution was characterized by viscosity values higher 

than those showed by the untreated solution in the whole range 

of shear rate investigated (0.01 s-1 to 10000 s-1). The comparison 

of the viscosity values at a fixed shear rate of 0.01 s-1 

(approaching the zero-shear viscosity range), the viscosity 

values were 3.77 Pa*s and 0.85 Pa*s for the plasma treated 

solution and the untreated solution respectively. This 

particular behavior could be related to the development of 

intermolecular interactions between PVdF macromolecules due 

to the plasma treatment. 

5.3.2 Scanning electron microscope and energy 

dissipation spectroscopy 

A scanning electron microscope (SEM) (PHENOM PROX 

Desktop SEM) equipped with an energy dissipation 

spectroscopy probe was used applying an accelerating voltage 

of 15 kV on samples sputter-coated with gold, in order to 

evaluate fiber quality, fiber diameter distribution and to 
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analyze the presence of inorganic nanoparticles. Fibermetric 

software (Phenom) permitted to evaluate fiber diameter 

distribution through the measurement of about 200 fibers and 

the results were given as average diameter ± standard 

deviation. 

Concerning the study of pristine PVdF (not filled with 

nanoparticles) and PVdF nanofilled separators, fiber 

morphology is showed in Figure 5.3. In particular, pristine 

PVdF fibers are shown in Figure 5.3a. Good quality fibers 

without defects have been spun. On the other hand, a 

commercial Celgard 2400 separator is shown in Figure 5.3b. 

Comparing the morphology, commercial separators are realized 

in thin films, having a porosity around 40%, while an 

electrospun membrane is not created in a form of a film but as 

a non-woven tissue made of several fibrous layers. As can be 

seen in the cross section (Figure 5.3a inset), the path from the 

surface to the bottom of the electrospun membrane is 

characterized by a significant tortuosity, due to the randomly 

oriented pattern of fibers. Interconnected pores, even if large, 

do not cross directly the material, thus preventing short circuit 

if the membrane thickness is optimized. On the contrary, 

Celgard porosity is characterized by through holes from one 

surface to the other. Battery nanofibrous separators containing 

1% w/w and 5% w/w of either SiO2 or SnO2 were successfully 

electrospun. Indeed, SEM images in Figure 5.3c-f show that 

each electrospun membrane was made up of good quality fibers 

without bead-like defects. The distributions of fiber diameters 

(average values and standard deviations) are also reported 

(mean fiber diameters range between 480 nm and 670 nm). 
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Figure 5.3 SEM images of PVdF pristine polymer (a transversal section is 

shown in the inset) (a), Celgard 2400 (b), and PVdF containing 1 wt% SiO2 (c), 

5 wt% SiO2 (d), 1 wt% SnO2 (e), 5 wt% SnO2 (f); Scale bar = 8 μm. 

EDS spectra of electrospun membranes were collected to 

verify the presence of nanoadditives in electrospun mats. EDS 

spectra are reported in Figure 5.4 in the range 0-8 keV, since at 

energies higher than 8 keV no peaks were detected. Samples 

filled with the nanoparticles showed the characteristic peaks of 

Si and Sn elements, whose intensities were proportional to the 

weight content of inorganic particle. 
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Figure 5.4 EDS spectra of PVdF samples loaded with SiO2 (a) and PVdF 

samples loaded with SnO2 (b). 

Concerning plasma treated sampled, PVdF solutions, either 

untreated (control) or pre-treated via atmospheric pressure 

plasma, were successfully electrospun and the morphology of 

resulting fibers is shown in Figure 5.5. Control mats (Figure 

5.5A) displayed beaded fibers, i.e. showed a large number of 

defects along the fiber axis which are known to worsen mat 

mechanical properties [118]. The plasma pre-treatment of the 

PVdF solution caused a remarkable decrease of beads number, 

and therefore an improvement of the electrospinnability, 

leading to randomly arranged fibers with a uniform mean 

diameter of about 336 ± 85 nm (Figure 5.5B). This finding is in 

agreement with previously reported results on plasma pre-

treatment of different polymeric solutions [79], [80], [115]. The 

plasma post-treatment of the electrospun mats did not induce 
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any modification of the fiber morphology, since no evidence of 

mat damage was found, as shown in Figure 5.5C and Figure 

5.5D. 

 

Figure 5.5 SEM images of electrospun samples: (A) control mat obtained 

without plasma treatment of the electrospinning solution (control), (B) fibers 

obtained from a pre-treated solution (pre-treatment), (C) control mat post-

treated with nanopulsed DBD (post-treatment), (D) pre-treated mat post-

treated with nanopulsed DBD (pre&post-treatment). Magnification: 2000X 

(main image) and 6000X (insert). 

The swollen fibers of the separators soaked in the electrolyte 

are compared in Figure 5.6. It is possible to observe that all 

samples retained the porous fibrous structure. Control and 

post-treated specimens (Figure 5.6A and Figure 5.6C 

respectively) still showed the presence of beads along the fibers. 

All soaked separators displayed an increase in fiber diameter 

due to high fiber swelling in the electrolyte solution (in this 

case, it was not possible to evaluate fiber diameters). 

Furthermore, fibers became more entangled, having larger 

contact to each other, thus decreasing the overall pore 

dimension of the separator. This behavior is related to the 

absorption of a large amount of electrolyte, due to a strong 
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interaction between the polymer and the electrolyte solution 

[118]. 

 

Figure 5.6 SEM images of electrospun samples soaked in electrolyte: (A) 

control, (B) pre-treatment, (C) post-treatment, (D) pre&post-treatment. 

Magnification: 2000X (main image) and 6000X (insert). 

Concerning cross-electrospun Ny-PVdF separator, fiber 

morphology is reported in Figure 5.7. Good quality fibers 

without bead-like defects have been successfully electrospun.  

 

Figure 5.7 SEM image of cross-electrospun Ny-PVdF separator. 

It is possible to observe that the diameter distribution of the 

fibers is not homogeneous. Fiber diameter is strongly affected 

by solvent system (e.g. solution viscosity) and by polymer 
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concentration in the solution [119]. It has been reported that Ny 

6,6 fibers electrospun from FA solution, using the same polymer 

concentration of this work, have diameters below 200 nm [120]. 

Moreover, analyzing SEM image it is possible to distinguish 

between two populations: PVdF fibers, which have been 

previously measured about 500 nm (see Figure 5.3A), and Ny 

fibers. A deep investigation of fiber morphology of cross-

electrospun mats has not reported in literature yet. 

Furthermore, it is possible to hypothesize that the partial 

overlap of the two different polymer jets during whipping 

instability can alter fiber diameter, but not enough to obtain 

one diameter population. 

5.3.3 Thermo-gravimetric analysis 

Thermogravimetric analysis (TGA) were performed to 

evaluate thermal stability and to quantify the inorganic 

fraction in the filled PVdF separators, using a thermo-

gravimetric analyzer (TA Instruments TGA2950) from room 

temperature to 600°C in air, with a heating rate of 10°C/ min. 

Results are shown in Figure 5.8. 

Nanoparticle addition did not change the thermal 

degradation mechanism of the polymer, neither the initial 

degradation temperature that is about 320°C for all tested 

membranes. Pristine polymer reached zero mass at the end of 

the test. Samples containing 1 wt% and 5 wt% of SnO2 showed 

about 2% and 6% residue of the initial mass, respectively. Both 

samples containing silica showed a residue of only 1%. This low 

value can be explained by hypothesizing that during the 

degradation of the sample, some volatile silicon-based 

compounds were generated. In particular, it is expected that the 

presence of hydrogen and fluorine in polymer chain led to the 

formation of gases at the high temperatures here considered, 

i.e. silane (SiH4) and tetrafluorosilane (SiF4) [68]. However, the 
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aforementioned EDS results confirmed qualitatively the 

presence of SiO2 in the fibers according to the expected amount. 

 

Figure 5.8 Thermogravimetric curves of PVdF electrospun samples. 

5.3.4 Differential scanning calorimetry  

Differential Scanning Calorimetry (DSC) measurements 

have been carried out on PVdF electrospun separators and in 

particular on pristine PVdF, plasma treated PVdF separators 

and on nanofilled PVdF separators. 

DSC measurements were carried out using a TA 

Instruments Q100 DSC equipped with the Liquid Nitrogen 

Cooling System accessory. DSC scans of electrospun samples 

were performed from -50°C to 200°C at a heating scan rate of 

20°C/min in helium atmosphere. 

Calorimetric curves of PVdF electrospun separators, both 

treated and not treated by means of plasma, are reported in 

Figure 5.9. All samples were semicrystalline and the only 

appreciable thermal event in the DSC curve was melting, 

characterized by a temperature around 170°C and a melting 

enthalpy of about 55 J/g. Therefore, the plasma treatments here 

performed did not affect thermal properties of PVdF 

electrospun separators.  
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Figure 5.9 Calorimetric curves of control (black), pre-treated sample (red), 

post-treated sample (blue) and pre&post treated sample (green). 

No differences among pristine and nanofilled samples have 

been found, highlighting that nanoadditives did not affect 

crystalline properties of the polymer. For the sake of brevity, 

curves have not been reported. 

5.3.5 Mechanical properties 

Tensile tests were carried out with a tensile testing machine 

(Instron 4465) on rectangular electrospun membranes (5 mm 

wide). The gauge length was 20 mm and the crosshead speed 

was 2 mm/min. Tests were performed on 10 specimens for each 

mat and results were processed through the Weibull probability 

distribution, providing the 63.2th percentiles (α, scale 

parameter) with the relevant confidence intervals at 90% 

probability. The following mechanical data were provided: (i) 

elastic modulus, (ii) stress-at-break and (iii) elongation-at-

break. 

Figure 5.10 shows elastic modulus, stress-at-break and 

elongation-at-break of PVdF separators. PVdF loaded with both 

type of additives in each weight concentration showed higher 

Young’s moduli with respect to pristine PVdF (Figure 5.10a). 

Furthermore, the addition of 1 wt% of SiO2 led to a remarkable 

increase of elongation-at-break and a small increase of stress-
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at-break, thus making the membrane tougher than the pristine 

PVdF. On the other hand, the addition of SnO2 greatly 

increased stress-at-break, with a consequent decrease in 

elongation-at-break, thus making the membrane stiffer than 

the pristine PVdF. Results show that a small amount of 

nanoadditive (about 1 wt%) is highly effective in changing 

membrane mechanical properties, thus paving the way to the 

industrial use of this type of nanocomposite membranes. It is 

reported that, typical battery manufacturing procedures 

require separators able to sustain a stress of about 13 MPa 

without being damaged [64]. Among the investigated samples, 

PVdF loaded with SnO2 exhibits the best mechanical properties, 

suitable for this application. Therefore, the effect of SnO2 

amount was further investigated in order to achieve the best 

performance in terms of mechanical property increase of the 

separator. In particular, it was possible to observe a remarkable 

increase of stress-at-break by adding only 0.5 wt% of SnO2 to 

PVdF, with respect to pristine polymer (Figure 5.10b). The 

elongation-at-break decreased with respect to pure PVdF but to 

a less extent than with higher concentrations (Figure 5.10c). It 

has to be highlighted that the positive effect of SnO2 on 

mechanical and electric properties of PVdF Lithium battery 

separators is here reported for the first time. 
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Figure 5.10 Mechanical characterization of PVdF separators: elastic 

modulus (a), stress-at-break (b) and elongation-at-break (c). 

Figure 5.11 shows mechanical characterization of PVdF 

plasma treated separators, i.e. elastic modulus, stress-at-break 

and elongation-at break. Control sample shows a very low 

Young’s modulus, as well as stress-at-break, that was 

attributed to the presence of bead defects along the fiber axis, 
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which is known to worsen mat mechanical stability, due to the 

reduction of the cohesive force between the fibers of the non-

woven fiber mats, as previously reported by Huang et al. [118]. 

On the other hand, plasma pre-treatment leads to a massive 

improvement in separator mechanical properties, due to the 

achievement of better fiber morphology and a lower amount of 

defects. This behavior is directly related to the aforementioned 

enhanced stiffness of plasma pre-treated separators, compared 

to control mat. Plasma post-treatment induced a slight decrease 

of the mechanical properties, as already observed by Dolci et al. 

for post-treated electrospun mats [121]. 
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Figure 5.11 Mechanical characterization of electrospun PVdF separators: 

(A) elastic modulus, (B) stress at break and (C) elongation at break. 

Concerning mechanical properties, the performance of the 

aforementioned separators and cross-electrospun separator are 

compared in Figure 5.12. This comparison highlights that 

pristine PVdF is not suitable for industrial applications, while 

cross-electrospun separator fulfills battery assembly 

requirements in terms of stress-at-break, displaying a value of 

about 13 MPa. This behavior is similar to that of PVdF filled 

with 0.5 wt% of SnO2, but has been achieved without the use of 

any nanoadditive inside the fibers. The choice of the proper 

supporting polymer (e.g. nylon) can be tuned in order to 



65 

 

increase both mechanical and electrochemical properties of the 

separator. 

 

Figure 5.12 Mechanical property comparison between pristine PVdF, 

PVdF filled with 0.5 wt% of SnO2 and cross-electrospun Ny-PVdF: (A) elastic 

modulus, (B) stress at break and (C) elongation at break. 

5.3.6 Electronic conductivity 

Since silica and tin oxide are made of conventionally active 

materials for LIB electrodes, i.e. Si and Sn, electronic 
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conductivity of the membranes non-soaked in the electrolyte 

was measured, in order to ensure electrical insulation. Samples 

placed between two electrodes have been subjected to DC 5 

kV/mm electrical field. The charging current flowing through 

the separators was measured until the steady-state conduction 

current was reached. The high voltage electrode had a 27 mm 

diameter while the lower electrode was divided in a central 

electrode of around 15mm diameter surrounded by a 27 mm 

guard ring connected to ground. This configuration was chosen 

to prevent a possible contribution of surface currents to the 

measurement. Each sample was preliminarily sputter-coated 

with gold replicating electrode area on sample. A sketch of the 

experimental apparatus is reported in Figure 5.13a, while the 

gold sputtering of electrospun and Celgard 2400 separators are 

shown in Figure 5.13b and c, respectively. Thanks to this 

technique, the electronic conductivity can be determined by 

measuring the conduction current through an ammeter, as 

reported in the equations (5.1–5.4): 

𝐽 =
𝐼

𝑆
              (5.1) 

𝐽 =  𝜎 ∗ 𝐸      (5.2) 

𝐸 =
𝑉

𝑑
            (5.3) 

𝜎 =  
(𝐸 ∗ 𝑆)

𝐼
 (5.4) 

where J = electric current density, I = electric current, S = 

electrode area, σ = electronic conductivity, E = electric field, V = 

applied voltage, d = sample thickness. 
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Figure 5.13 DC conductivity measurement system (a) and pictures of gold 

sputtered electrospun (b) and Celgard 2400 (c) separators. 

Electronic conductivity results are reported in Table 5.2. At 

room temperature the values of conductivity of all electrospun 

mats are in the range of insulating materials. Indeed, electronic 

conductivity is well below 10−8 S/m, which is the limit value for 

a material to be considered insulating for electronic charge 

carriers. In order to investigate the change of electrical 

conductivity as a function of the temperature, the same analysis 

was carried out also at 40°C and 70°C. These measurements 

were performed only on the nanostructured separators filled 

with 1 wt% of inorganic additives since will be later 

demonstrated that such a low concentration is enough to 

positively affect electrolyte uptake. At the high temperatures 

investigated, the electrospun membranes are still insulating 

materials, being the electronic conductivity much lower than 

10−8 S/m.  
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Table 5.2 Electronic conductivity of electrospun and Celgard 2400 

separators at 25°C, 40°C and 70°C. 

Sample 
Conductivity 

[S/m] at 25°C 
Conductivity 

[S/m] at 40°C 
Conductivity 

[S/m] at 70°C 

PVdF 1.8·10
-14

 1.7·10
-13

 7.2·10
-12

 

PVdF+1% SiO
2
 7.9·10

-14
 2.9·10

-13
 3.9·10

-12
 

PVdF+5% SiO
2
 1.3·10

-13
 n.d. n.d. 

PVdF+1% SnO
2
 8.4·10

-14
 5.0·10

-13
 6.5·10

-12
 

PVdF+5% SnO
2
 7.9·10

-13
 n.d. n.d. 

Celgard 2400 1.4·10
-15

 1.7·10
-15

 4.5·10
-15

 

 

The Arrhenius plot of conductivity reported in Figure 5.14 

shows that the addition of nanoparticles to PVdF has the effect 

of decreasing the activation energy related to electronic 

conduction mechanism. Therefore, the increase of electronic 

conductivity at high temperature is smaller in the case of loaded 

membranes with respect to pristine polymer. In addition, by 

considering the value of activation energy, at very high 

temperatures, close to thermal runaway, the loaded 

membranes have lower electronic conductivity than pristine 

PVdF, thus ensuring higher safety against short circuit. 
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Figure 5.14 Arrhenius plot based on the temperature dependence of 

electronic conductivity of electrospun membranes and activation energy (Ea) 

values. 

5.3.7 Contact angle measurements 

Static contact angle measurements were performed on 

electrospun membranes by using a KSV CAM101 instrument 

under ambient conditions by recording the side profiles of 

electrolyte drops for image analysis. The shape of the drop was 

recorded in a time range of 0–2 s, by collecting an image every 

66 ms. At least four drops for each sample were tested. 

Contact angle measurements were carried out to evaluate 

the wettability of the different separators (i.e. pristine PVdF, 

PVdF filled with nanoparticles and Celgard) by the electrolyte 

solution. Electrolyte drop on Celgard (Figure 5.15b) displayed a 

contact angle of about 61° and it was not completely absorbed 

by the separator. On the contrary, all mats were able to 

completely absorb the electrolyte drop within 2 s after the 

beginning of the analysis. However, by comparing the very 

initial stage of the experiments, differences in the rate of drop 

absorption emerged. In Figure 5.15c-e the shape of the drops 

and the corresponding contact angles values at 66 ms are 

reported for pristine PVdF and for PVdF mats loaded with 5 

wt% of nanoparticles. The presence of SiO2 accelerated 

electrolyte drop absorption so that at 66 ms the drop was 

already completely absorbed by the mat. On the contrary, the 

electrolyte contact angle at 66 ms in the case of SnO2 loading 
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was higher when compared with the pristine PVdF mat, thus 

confirming the results of capillarity measurements, as can be 

highlighted in the following section. It is pointed out that when 

only 1 wt% of nanoparticles were added to the polymer, no 

significant differences in contact angles were observed. 

 

Figure 5.15  (a) SEM image of PVdF electrospun separator soaked in 

electrolyte; scale bar = 5 μm. Electrolyte drop in contact with Celgard (b), 

pristine PVdF (c) and PVdF containing 5 wt% SiO2 (d) and 5 wt%SnO2 (e). 

5.3.8 Capillarity measurements 

Electrolyte uptake was preliminary evaluated through 

capillarity measurements. Each membrane (1×5 cm2) was fixed 

to a rectangular PTFE frame and was vertically immersed in 

the electrolyte solution for a couple of millimeters. The 

electrolyte solution instantaneously wet the membrane and its 

level rose under the capillary action. Electrolyte uptake of the 

different membranes was evaluated by comparing the time 

needed for the electrolyte to reach the height of 4 cm. The height 

of 4 cm was chosen to ensure the achievement of steady state 

condition in the rate of electrolyte uptake. 

Results of capillarity measurements for PVdF electrospun 

separators (pristine and filled with nanoparticles) are reported 

in Table 5.3. The reported values were calculated by considering 

the time taken for the electrolyte to reach the height of 4 cm in 

the pristine PVdF as a reference (about 400 s). Analyzing the 
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data reported in Table 5.3, it is possible to observe that the 

presence of nanoparticles inside the nanofibers significantly 

affects electrolyte uptake. In particular, SiO2 nanoparticles 

accelerate electrolyte uptake, while SnO2 nanoparticles slow 

down the process with respect to pristine polymer. This 

behavior could be associated to the high polar nature of SiO2 

nanoparticles, which can locally increase membrane polarity, 

thus favoring electrolyte uptake. However, all the tested 

electrospun separators are able to uptake a higher amount of 

electrolyte than commercial Celgard 2400. Indeed, when the 

latter was immersed in electrolyte solution for capillary uptake 

measurements, the level of electrolyte after one hour rose a 

little bit and never reached the height of 4 cm. 

Table 5.3 Relative time to reach 4 cm in capillarity measurements for 

electrospun samples, referred to pristine PVdF as reference. 

Sample 
Relative time to 

reach 4 cm 

PVdF 1.0 

PVdF + 1% SiO2 1.0 

PVdF + 5% SiO2 0.6 

PVdF + 1% SnO2 1.3 

PVdF + 5% SnO2 1.5 

 

5.3.9 Electrolyte uptake measurements 

Separators were vacuum dried at 80°C for 2 hours before 

electrolyte uptake procedure using a static laboratory dryer 

(BUCHI B-585). Electrolyte uptake measurements were 

performed in dry box (MBraun Labmaster SP glove box - water 

and oxygen content < 0.1 ppm), soaking 10 round separators for 

each investigated case in 1.3 ml of LP30 electrolyte for 2 hours. 

The procedure is reported in Figure 5.16. Uptake was evaluated 

using the following equation:  

𝑈𝑝𝑡𝑎𝑘𝑒 [%] =  
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
∗ 100     (5.5) 
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where wwet was the weight of the soaked membrane, while 

wdry the weight of dried separator. 

 

Figure 5.16 Representative pictures of the protocol implemented for 

electrolyte uptake evaluation: PVdF electrospun mat (A), cutting process of 

round separators (highlighted in the insert) from the mat (B), weight 

measurement of separator (C), electrospun separator being soaked in LP30 in 

dry box (D). 

Considering plasma treated separators, the electrolyte 

uptakes of PVdF electrospun separators are reported in Figure 

5.17. Control mat exhibited electrolyte uptake of about 500%. 

Fiber morphology improvement, due to plasma pre-treatment, 

led to larger uptake values, up to 800%. In addition, the post-

treatment induced an increase of the electrolyte uptake, since 

post-treated mats showed an uptake of about 800%.  

Furthermore, it is possible to highlight a synergistic effect 

between plasma pre-treatment and plasma post-treatment, 

leading to a huge uptake improvement in the case of pre&post-
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treated separator, where an electrolyte uptake larger than 

1200% was achieved. Confidence interval associated to uptake 

measurements of pre&post-treated samples are quite larger 

compared to those associated to the other samples. It is 

important to highlight that electrospun mats are not 

homogeneous, due to the random fiber deposition on the 

collector and this could result in a not homogenous effect of the 

plasma post-treatment. Furthermore, the pre&post-treated 

sample uptake measurement is affected by the combination of 

the pre-treatment and post-treatment uncertainties. 

 

Figure 5.17 Electrolyte uptake of PVdF electrospun separators. 

It is worth noting that control electrospun separators showed 

a worse behavior in terms of handability after being soaked in 

electrolyte with respect to pre-treated electrospun samples, as 

reported in Figure 5.18. Indeed, pre-treated separators were 

stiffer than control specimens and they kept the round shape 

also after swelling.  
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Figure 5.18 Comparison of control (A) and pre&post-treated (B) 

electrospun separators after being soaked in electrolyte. 

It is important to highlight that the electrolyte uptake of Ny-

PVdF separators is about two times larger than PVdF, as shown 

in Table 5.4. This result can be related to the lower MacMullin 

number of these separators, as described in the following 

section. 

Table 5.4 Electrolyte uptake comparison between PVdF and Ny-PVdF 

electrospun separators 

Sample Electrolyte uptake [%] 

PVdF 514±81 

Ny-PVdF 1102±70 

 

5.3.10  X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were 

carried out on a SPECS Hemispherical analyzer using a Mg Kα 

X-ray source (1253.6 eV). The X-ray source in the standard 

conditions had been working at a 100 W, 10 kV, and 10 mA. The 

base pressure of the instrument was 9*10-10 Torr and an 

operating pressure of 2*10-8 Torr was adopted. A pass energy of 

40 eV and 20 eV was used for widescans and narrowscans, 

respectively. For acquiring the spectra, a take-off angle of 45° 

was used. The semi-quantitative surface analyses were carried 

out by the determination of the photoelectron peak areas 
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obtained by multiplying the experimental values with the 

appropriate sensitivity factor. Calculation of the areas 

corresponding to the different photoelectron peaks and the 

curve fitting elaborations were done by means of PeakFit 

software (version 4, from SPSS Inc.). 

This technique has been carried out in order to study the 

effect of plasma treatment on electrospun separators. The 

widescans of the four set of analyzed samples are shown in 

Figure 5.19. These spectra show that in the outermost layers of 

control and pre-treated samples, carbon (~285 eV) and fluorine 

(~688 eV) only are present, while the post-treated and 

pre&post-treated ones present oxygen too (~533 eV). 

 

Figure 5.19 Widescans of the analyzed samples. 

The atomic percentual composition of each sample has been 

calculated from the peak areas and the results are shown in 

Table 5.5. The values shown in the table have been corrected 

subtracting the contribution of the hydrocarbon contamination, 

usually found in samples analyzed by XPS, determined by peak 

fitting the C1s envelope. From these data is evident that pre-

treated sample surface composition doesn’t differ significantly 
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from control sample one, although a slightly lower fluorine 

concentration is present, while the post treatment introduces 

on the surface a relatively low concentration of oxygen 

containing functionalities and determines a presence of  a lower 

fluorine concentration on the surface. 

Table 5.5 Surface composition (atomic percentage) as obtained from XPS 

analysis after correction from hydrocarbon contamination. 

Sample C F O 

Control 52 48 - 

Pre-treated 53 47 - 

Post-treated 51 46 3 

Pre&post-treated 52 45 3 
 

More information can be obtained from the analysis of the 

single regions (i.e. F1s, C1s and O1s). In all the samples F1s peak 

has been curve fitted with a single component centered at 

688.3±0.1 eV. Its position is in accordance with the PVdF chain 

structure and with what reported in literature [122].  

The control sample C1s curve fitting elaboration shows the 

presence of three contributions (Figure 5.20). The one centered 

at 285.0±0.1 eV is attributable to the hydrocarbon 

contamination, while the ones centered at 286.5±0.1 eV and 

290.9±0.1 eV are due to CH2-CF2- and CH2-CF2-, respectively. 

The position of these last two components is in accordance with 

literature [122] and their area ratio is 49:51 close to what 

expected from the polymer structure (50:50). 

 



77 

 

 

Figure 5.20 Results of C1s and O1s envelope curve fitting for the analyzed 

samples. 

The pre-treated sample C1s envelope has been curve fitted 

using the same three components present in the control sample 

C1s, but this time their area ratio between CH2-CF2- and CH2-

CF2-components is 51:49 indicating that during the pre-

treatment some defluorination occurs. 

The C1s envelope of the post-treated and pre&post treated 

samples, besides to the three components present in the 

previous samples, shows the presence of two new contributions 

centered at 287.9±0.1 eV and 289.3±0.1 eV that could be 

assigned to -CF2-CH-(OH)- and CF2-COOH(R) functionalities, 

respectively.  
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These assignments are in accordance with the presence of 

oxygen on the surface and with the O1s curve fitting (Figure 

5.20) resulting in the presence of two contributions: the first 

(less intense) centered at 532.9±0.1 eV due to O-C=O groups, 

the other centered at 534.4 ±0.1 eV due to O-C=O, and -CF2-CH-

(OH). The relative abundance of the four main components of 

the C1s envelope are 45:2:6:47 in the post-treated sample, while 

are 43:3:6:48 in the pre&post-treated one. 

These results suggest the hypothesis that, during the 

pretreatment, the presence of the solvent determines, as the 

main polymer modification reaction, a process through which 

radicals are formed mainly in the perfluorinated portion of the 

repeat unit and their recombination produces a light 

crosslinking (or increase of the average molecular weight) of the 

chains. This could contribute to explain the increase of treated 

solution viscosity and of the mechanical properties observed on 

pre and pre&post treated electrospun PVdF separators. From 

the other side, the post-treatment promotes a light oxidation 

interesting mainly the aliphatic portion of the repeating unit 

that contributes to determine the increasing of the electrolyte 

uptake [123], [124]. 

 

5.3.11  Electrochemical impedance spectroscopy 

and MacMullin number 

Pristine electrospun PVdF resistance was measured at 30°C 

by means of a conductivity meter (MeterLab CDM210 – 

Radiometer analytical). The membrane (10 mm diameter) was 

soaked in LP30 electrolyte and interposed between two 

stainless steel blocking electrodes, in a Swagelok-like cell. 

MacMullin number was calculated as ratio between the 

resistivity of the separator soaked in electrolyte and the 

resistivity of the electrolyte (7.53*103 Ohm*cm). 
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Electrospinning of PVdF led to sub-micrometric bead-free 

fibers with smooth fiber surface, resulting in 40–50 μm thick 

membranes. It is worth noting that thickness of electrospun 

separators is significantly higher than that of commercial 

separators (i.e. 25 μm), due to the different nature of the two 

materials. Indeed, conventional separator is a laminate, which 

can be realized in thin film, while electrospun membrane is a 

non-woven tissue made of several fibrous layers and requires 

higher thickness to avoid short-circuit. Experimental campaign 

on electrospun separators, not reported here for the sake of 

brevity, was carried out with the aim to optimize the thickness 

needed to prevent short circuits, i.e. 40–50 μm. However, the 

higher porosity and pore interconnectivity of electrospun 

membranes compared to Celgard (Figure 5.3) are expected to 

increase ionic conductivity and consequently decrease internal 

resistance of the cell, thus to better perform at high currents 

and in power-intensive applications. Indeed, MacMullin 

number measured on pristine electrospun PVdF was about 3 

(see Table 5.6), while that of Celgard 2400 is reported to be 

about 16 [55]. An example of a transversal section of PVdF non-

woven membrane is reported in the inset of Figure 5.3a. As can 

be seen, the path from the surface to the bottom of the 

membrane is characterized by a significant tortuosity, due to 

the randomly oriented pattern of fibers. Interconnected pores, 

even if large, do not cross directly the material, thus preventing 

short circuit if the membrane thickness is optimized. 
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Table 5.6 Impedance spectroscopy measurements on PVdF; resistance at 

intercept evaluated at 1 kHz in Nyquist diagram. 

50 µm thick 

electrospun 

PVdF 

Resistance 

at the 

intercept 

[Ω*cm2] 

Conductivity  

[S/cm] 

Resistivity 

[Ω*cm] 

MacMullin 

number 

Just 

assembled 

cell 

3 1.7*10-3 5.9*102 8 

15 h at 30°C 1.3 3.8*10-3 2.6*102 3 

23 h at 30°C 1.1 4.5*10-3 2.2*102 3 

39 h at 30°C 1.2 4.2*10-3 2.4*102 3 

41 h at 30°C 1.3 3.8*10-3 2.6*102 3 

46 h at 30°C 1.1 4.5*10-3 2.4*102 3 

 

Ny-PVdF separator showed very low values of MacMullin 

number, as can be observed in Table 5.7. This finding is related 

to a very low contribution of the separator to the internal 

resistance of the cell. 

Table 5.7 Impedance spectroscopy measurements on Ny-PVdF; resistance 

at intercept evaluated at 1 kHz in Nyquist diagram. 

70 µm thick 

electrospun 

Ny-PVdF 

Conductivity  

[S/cm] 
Resistivity 

[Ω*cm] 
MacMullin 

number 

Just assembled 

cell 

7.28*10-3 
1.4*102 1.8 

15 h at 30°C 7.96*10-3 1.3*102 1.7 

41 h at 30°C 9.8*10-3 1.03*102 1.4 

 

5.3.12  Electrochemical stability and 

charge/discharge cycles  

Pristine PVdF and PVdF loaded with 0.5 wt% SnO2 were 

used in half cells vs. Li. Cell assembly was performed in a 

MBraun Labmaster SP glove box (water and oxygen content < 

0.1 ppm). The membrane thickness (about 40–50 μm) was 

measured by a digital micrometer (Borletti MDE1, resolution 
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0.001 mm) that applies a compressive force between 8 N and 10 

N. The nanofibrous membrane, soaked with 500 μL of LP30 

electrolyte, was put on LiFePO4 electrode and both placed in 

“Swagelok-like” electrochemical cells vs. Li in excess and Li 

reference electrode. LiFePO4 electrode composition (in wt%) 

was 90% LiFePO4 (Advanced Lithium Electrochemistry Co.), 

5% Super P (Erachem) conductive carbon and 5% PVdF Kynar 

HSV 900 (Arkema). The electrodes had a LiFePO4 loading in 

the range of 5–7 mg/cm. The electrochemical tests were carried 

out by a Biologic VMP multichannel potentiostat/galvanostat at 

30°C. 

Cyclic voltammetries (CVs) were performed in LP30 at 1 

mV/s in three-electrode configuration on glassy carbon (0.636 

cm2) as working electrode and Li as reference and counter 

electrode, at 30°C. The results are shown in Figure 5.21 and 

compared with those obtained with Whatman GF/D separator. 

The cells with the three separators perform almost identically. 

During the cathodic scan, it is first observed the reduction of 

the ethylene carbonate between 1.5 and 1.0 V vs. Li+/Li, 

responsible of the formation of a surface passivation layer 

important in the case of a graphite anode, and the deposition of 

the lithium at lower potentials. Therefore, the cathodic currents 

are only related to the electrolyte and no evidence of the 

electroactivity of PVdF+0.5 wt% SnO2 separator is 

recognizable. 
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Figure 5.21 CVs at 1 mV/s in LP30 on glassy carbon electrodes between 

OCV (ca. 3.00 V vs. Li+/Li) down to 0.02 V and, then, up to 4.50 V vs. Li+/Li 

with pristine PVdF (red line), PVdF + 0.5 wt% SnO2 (green line) and 

Whatman (black line) separators. 

LiFePO4 in half cells vs. Li with PVdF based separators were 

characterized by deep galvanostatic charge/discharge cycles.  

Observing poor electrochemical performance of LiFePO4 

electrodes in half-cells vs Li., electrospun separators had been 

pressed, in order to increase adhesion and contact with the 

electrode. This procedure was carried out using a hydraulic 

press working at 400 psi for 15 min. Pressure value was chosen 

in order to preserve the fibrous nature of electrospun 

specimens. The aspect of a pressed separator is reported in 

Figure 5.22. For the sake of brevity, the comparison of the 

electrochemical characteristic of pressed and not pressed 

separators is reported only for cross-electrospun specimens, in 

Figure 5.23. It is worth noting that specific capacity at high C-

rate, i.e. 1C, dramatically increased using pressed electrospun 

separators. Furthermore, this procedure permitted a significant 

increase in specimen handability. After these tests, pressed 

separators had been used for charge-discharge tests. 
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Figure 5.22 Electrospun separator after (left) and before (right) being 

pressed. 

 

Figure 5.23 Comparison of the electrochemical performance of a LiFePO4 

electrode in half-cell vs. Li with not pressed cross-electrospun Ny-PVdF 

(green) and pressed cross-electrospun Ny-PVdF (black). 

The voltage profile during the 1st charge/discharge cycle at 

C/10 between 2.5 and 4.2 V with PVdF+0.5 wt% SnO2 separator, 

shown in Figure 5.24a, displays that the delivered capacity by 

LiFePO4 is very close to the theoretical value of 170 mAh/g. The 

discharge capacities at different C-rates (2 cycles for each 

discharge rate) of LiFePO4 electrodes fully charged at C/10 in 

cells with PVdF (triangle) and with PVdF + 0.5 wt% SnO2 

(circle) separators are shown in Figure 5.24b and evince a good 

cycling performance for both cells.  
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Figure 5.24 Charge/discharge voltage profile at C/10 of LiFePO4 electrode 

in half cell vs. Li with PVdF + 0.5 wt% SnO2 separator in LP30 (a); discharge 

capacities at different C-rates (2 cycles for each discharge rate) of LiFePO4 

electrodes fully charged at C/10 with PVdF (triangle) and PVdF + 0.5 wt% 

SnO2 separators (circle) in LP30 (b). 

A comparison between electrospun PVdF and commercial 

Whatman GF/D separators is reported in Figure 5.25. It is 

possible to highlight a better electrochemical performance of 

electrospun separator, due to higher specific capacity over all 

the tested C-rates. Specific capacity at high current (1 C) was 

about 15% higher than that of commercial separator.  

 

Figure 5.25 Charge (empty)-discharge (full) capacities at different C-rates 

(2 cycles for each discharge rate) of LiFePO4 electrodes with electrospun PVdF 

(circle) and Whatman GF/D separators (square) in LP30. 

5.3.13  Novel plasma assisted nanoparticle 

dispersion for LIB separators 

Fumed silica nanoparticles (Sigma-Aldrich, average size = 7 

nm) were added to the PEO solution in proper amount in order 
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to produce a final membrane containing 3% by weight of 

nanoadditive. 

The plasma source used in this work was a single electrode 

plasma jet, described in [125]. Two separate gas inlets are used 

to control the production of reactive species; the primary gas is 

usually Ar, while O2, N2 or Air can be used as secondary gas. In 

this case, Ar was used as primary gas (flow rate = 2 slpm in all 

cases), while no secondary gas was used. The typical aspect of 

the plasma jet, working in the aforementioned conditions, is 

shown in Figure 5.26. The plasma source has been driven by a 

pulse generator producing high voltage pulses with a slew rate 

of few kV/ns, a peak voltage (PV) of 7-20 kV into a 100-200 Ω 

load impedance and a maximum pulse repetition rate (PRR) of 

1000 Hz. The polymeric solution was exposed to the plasma 

source for different treatment times and under various 

operating conditions. 

 

Figure 5.26 Picture of the plasma jet operated in Ar at flow rate 2 slpm, 

driven by the nanopulsed power generator, PRR 1000 Hz and PV 17 kV. 

Different plasma treatments were applied to PEO solutions 

either before or after nanopaticle addition. A PEO solution not 

treated with plasma was loaded with fumed silica and 

electrospun to produce a control mat. All solutions were 

mechanically stirred after nanoparticle addition. If plasma 

treatment has been implemented after nanoparticle addition 

another stirring step has been done. 

The effect of plasma treatment on particle aggregation in 

PEO solutions was evaluated by observing the distribution of 
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nanoadditive in the final electrospun fibers. Transmission 

electron microscope (TEM) analysis allows identifying the 

presence of particles inside and on the external surface of the 

fibers. Indeed, inorganic particles (black spots) in the organic 

matrix (grey background) may be recognized. Electrospun 

fibers, supported on conventional copper micro-grids, were 

observed by using a Philips CM 100 transmission electron 

microscope TEM operating at 60 kV in order to control the 

particle dispersion in the fibers.  

Several steps reported in Table 5.8 composed every tested 

procedure. Mat electrospun starting from a solution prepared 

following protocol A was considered as a control for the 

comparison with all the other membranes. The other 

procedures consisted of different plasma treatments of 

polymeric solutions before or after nanoparticle addition. 

Plasma treatment #1 was carried out exposing the solution for 

30 seconds to the plasma jet driven by a waveform with PRR = 

500 Hz and PV = 22 kV. Plasma treatment #2 was performed 

exposing the solution for 3 minutes to the plasma jet driven by 

a waveform with PRR = 1000 Hz and PV = 27 kV. 

Table 5.8 Experimental procedures. The letters A-E indicate different 

treatment protocols. 

 

 Step 1 Step2 Step 3 Step 4 

A 
Nanoparticles 

addition 

10 minutes 

stirring 
- - 

B 
Plasma 

treatment #1 

Nanoparticles 

addition 

10 minutes 

stirring 
- 

C 
Plasma 

treatment #2 

Nanoparticles 

addition 

10 minutes 

stirring 
- 

D 
Nanoparticles 

addition 

10 minutes 

stirring 

Plasma 

treatment 

#1 

10 minutes 

stirring 

E Nanoparticles 

addition 

10 minutes 

stirring 

Plasma 

treatment 

#2 

10 minutes 

stirring 
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Electrospun fibers produced from differently plasma treated 

PEO solutions containing nanosilica appeared morphologically 

similar in the SEM observations reported in Figure 5.27. Image 

analysis of the fibers electrospun starting from both the plasma-

exposed and the control solutions did not show the presence of 

defects. Indeed, good quality fibers without beads have been 

collected with all the procedures. 

 

Figure 5.27 SEM images of the electrospun nanofibers loaded with 3% of 

fumed silica: protocol A (0); protocol B (1), protocol C (2), protocol D (3), 

protocol E (4). Scale bar = 2 μm. 

TEM images highlighted the differences in silica distribution 

inside the fibers, as a consequence of the different procedures 

applied. Indeed, control fiber (i.e. obtained from a non-treated 

solution) contained silica aggregates, demonstrating that 

mechanical stirring is not sufficient for a homogeneous 

nanoadditive dispersion. Indeed, as shown in Figure 5.28, black 

aggregates are localized in a very narrow area, while the 

remaining part of the fiber does not present any additive. 
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Figure 5.28 Fibers electrospun following protocol A. Fiber containing 

aggregates (0), scale bar = 500 nm; electrospun fiber containing aggregates 

(0’), scale bar = 200 nm. 

The exposure of PEO solutions to plasma improved the 

homogeneity of particle distribution in the final fibers, as can 

be noted comparing Figure 5.28 with Figure 5.29, Figure 5.30, 

Figure 5.31 and Figure 5.32. The best result in terms of particle 

dispersion was obtained by exposing PEO solution to plasma 

before silica addition, using the following operating conditions: 

PRR = 1000 Hz, PV = 27 kV and treatment time = 3 minutes 

(Figure 5.30). Indeed, nanoparticles are disseminated 

homogeneously inside the fiber, as black spots distribution 

highlights.  
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Figure 5.29 Fibers electrospun following protocol B: solution exposed to 

plasma (PRR = 500 Hz, PV = 22 kV, treatment time = 30 seconds) before 

nanoparticle addition. Scale bar = 500 nm. 

 

Figure 5.30 Fibers electrospun following protocol C: solution exposed to 

plasma (PRR = 1000 Hz, PV = 27 kV, treatment time = 3 minutes) before 

nanoparticle addition. Scale bar = 200 nm. 

 

Figure 5.31 Fibers electrospun following protocol D: solution exposed to 

plasma (PRR = 500 Hz, PV = 22 kV, treatment time = 30 seconds) after 

nanoparticle addition. Scale bar = 1 μm. 
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Figure 5.32 Fibers electrospun following protocol E: solution exposed to 

plasma (PRR = 1000 Hz, PV = 27 kV, treatment time = 3 minutes) after 

nanoparticle addition. Scale bar = 1 μm. 

Polymeric solutions have been exposed to different plasma 

driven by two combinations of operating conditions, i.e. plasma 

treatment #1 (for protocol B and D) and plasma treatment #2 

(for protocol C and E): differences in particle distribution inside 

the electrospun fibers could be evaluated comparing Figure 5.29 

with Figure 5.30 and Figure 5.31 with Figure 5.32. 

Comparing mats obtained from plasma treated solutions, a 

better nanofiller distribution has been achieved increasing PV, 

PRR and the treatment time during the plasma treatment. 

Particle aggregates have been found in the fibers (Figure 5.29 

and Figure 5.31) even if areas not presenting nanoadditives are 

smaller than in the control. In some aggregates can be detected 

even if a large amount of nanoparticles is dispersed along fibers 

length, unlike in the control mat. Comparing fibers obtained 

using the protocol C and E the first one, where there is no 

detection of aggregates, can be identified as the best procedure 

to improve nanoparticle dispersion. 
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Chapter 6  

Experimental campaign on 

electrospun ferroelectret 

materials 
 

 

 

 

 

6.1 Electrospun mats manufacturing 

The experimental campaign has been mainly carried out 

using PVdF-TrFE copolymer, due to its aforementioned 

property of crystallize in the electroactive β phase. PVdF 6008 

was tested in order to highlight the difference between PVdF 

homopolymer and copolymer. 

PVdF-TrFE Solvene (25% mol TrFE, 75% mol VDF, Mw = 

410 kDa) was kindly provided by Solvay Specialty Polymers and 

was dissolved at a concentration of 15% w/v in Acetone 

(Ac):Dimethyl sulfoxide (DMSO) (70:30, v/v). PVdF 6008 was 

realized as mentioned in Separator manufacturing section. 

The experimental apparatus used to manufacture 

electrospun ferroelectrets has been previously described in 

Separator manufacturing section (section 5.1) and it has not 

reported here for the sake of brevity. Electrospinning operating 

conditions are reported in Table 6.1. 
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Table 6.1 Electrospinning operating conditions for PVdF-TrFE 

Flow rate [ml/h] 1 

Needle-to-collector 

distance [cm] 
17.5 

Voltage bias [kV] 20 

Temperature [°C] 25 

Relative humidity [%] 21 
 

Finally, a commercial piezoelectric film of PVdF 

(Goodfellow), about 500 µm thick, was tested after silver ink 

metallization. In addition, other films realized by solvent 

casting, about 60 µm thick, were poled after poly(3,4-

ethylenedioxythiophene) (PEDOT) electrode deposition and 

were also tested. 

6.2 Material characterization  

After morphological analysis, different mechanical stimuli 

were applied to the material in order to study its electrical 

response. Therefore, several characterizations were carried out 

and the main results are summarized in the following sections. 

It is important to highlight that only direct piezoelectric 

effect has been investigated, aiming at studying the electrical 

behavior of these materials. This led to the study of sensors or 

energy harvesters, rather than actuators. 

Electrospun piezoelectric samples were sandwiched between 

aluminum-foil electrodes for each electromechanical test, as 

reported in Figure 6.1 . 
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Figure 6.1 Example of tested sample: Electrodes (1, 2), electrospun 

piezoelectric sample (3); the dotted line surrounds the active area of the 

specimen. 

6.2.1 Scanning electron microscope 

Fiber morphology was evaluated through the same 

apparatus used for separator characterization. Good quality 

fibers without defects were successfully electrospun. Both 

random and aligned fiber patterns were produced. Aligned 

fibers were created using a high-speed rotating drum collector. 

Random fibers (Figure 6.2) showed average diameters of about 

820±100 nm, while aligned fibers (Figure 6.3) of about 720±100 

nm. 

 

Figure 6.2 SEM image of electrospun PVdF-TrFE with random fibers. 
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Figure 6.3 SEM image of electrospun PVdF-TrFE with aligned fibers. 

6.2.2 X-ray spectroscopy 

X-ray diffraction (XRD) spectroscopy was implemented to 

detect crystalline phases of the PVdF. X-ray diffraction patterns 

were obtained with CuKα radiation in reflection mode by means 

of an X’Pert PANalytical diffractometer equipped with a fast 

X’Celerator detector, step 0.1°, 150s /step. 

Figure 6.4 shows the XRD spectra of the nanofibrous PVdF-

TrFe specimen and PVdF commercial film. As can be seen, both 

materials show evidences of β-phase, which is indicated by the 

peak around 20°. The commercial PVdF film, however, exhibits 

also α-phase, which has not piezoelectric behavior, 

corresponding to the peaks at 17.5° and 26° [126]. It is worth 

noting that these peaks are absent in the electrospun 

nanofibrous specimen, indicating that β-phase is much larger 

than that shown by the commercial film. This feature will 

positively affect also the piezoelectric behavior of the two 

materials, as will be shown in the following. 
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Figure 6.4 XRD spectra of electrospun PVdF-TrFe and commercial PVdF 

film. 

Figure 6.5 shows the XRD spectra of the nanofibrous PVdF-

TrFe samples. The polymer exhibits α-phase, which is claimed 

to show weak piezoelectric behavior, corresponding to the peak 

at 17.5°. Furthermore, the polymer shows evidences of β-phase, 

detected by the peak around 20°. In particular, PVdF-TrFe 

having aligned fibers shows a lower content of α-phase with 

respect to random fibers. Indeed, peak intensity associated to α-

phase decreases in the sample having aligned fibers. This 

behavior is directly linked to the stretching force, provided by 

the high-speed rotating drum collector, on the polymer chains 

spun during the electrospinning process. Such force provided a 

partial transformation from α-phase to β-phase, thus leading to 

enhanced piezoelectric behavior. 
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Figure 6.5 XRD spectra of electrospun PVdF-TrFE: comparison between 

random and aligned fiber pattern. 

6.2.3 Repetitive impact electrical response 

Piezoelectric samples of 30 x 40 mm2 were subjected to 

repetitive mechanical impulses given at different frequencies, 

ranging from 0.5 Hz to 5 Hz, through an electromagnetic piston 

(10 mm diameter), controlled with National Instruments 

LabVIEWTM. Two different masses were connected to the 

system thus the total weight of the piston was 350 g and 500 g, 

respectively. Every test was carried out acquiring at least ten 

signals at each frequency for any weight. Aluminum foils 

deposited on the electrospun specimen surfaces were used as 

electrodes and connected to a digital oscilloscope (Tektronix 

DPO 5034) in order to detect and record the electric signals 

generated by mechanical impulses. The experimental 

apparatus is sketched in Figure 6.6. 
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Figure 6.6 Experimental apparatus of the electro-mechanical tests carried 

out on electrospun samples. 

Highly reproducible waveforms were detected from the 

impulsive mechanical tests, as can be observed in Figure 6.7, 

which displays the electrical response to 350 g stress at 4 Hz for 

PVdF 6008 and PVdF-TrFe. From waveform analysis, peak-to-

peak voltage spectra can be also obtained as shown in Figure 

6.8 and Figure 6.9 for PVdF-TrFe and PVdF 6008, respectively. 

Since all the samples tested in this work provided voltage 

signals having large amplitude, i.e. in the Volt range, the use of 

an amplifier to process the signal could be avoided. Looking at 

Figure 6.8 and Figure 6.9, it can be clearly observed that 

electrical signals related to PVdF-TrFe samples are 

significantly larger than those relevant to PVdF 6008. This 

behavior can be explained considering that PVdF 6008 is a 

homopolymer having almost linear chains while PVdF-TrFe is 

a co-polymer, specifically designed to enhance piezoelectric 

behavior, due to a higher content of polar β-phase. The electric 

response with frequency of PVdF-TrFe shows that the higher 

the frequency, the larger the peak-to-peak voltage detected. On 

the contrary, PVdF 6008 shows that voltage signal increases, as 

the frequency rises, up to a given value, beyond which a sudden 

decrease is observed. This behavior could be explained 

considering that the co-polymer, having a structure 

characterized by highly polar branch chains, is able to provide 

good piezoelectric response at higher frequencies with respect 

to PVdF 6008. It is worth noting that for the 500 g mechanical 
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stress on PVdF 6008 the piezoelectric response saturates at 

frequencies larger than 2 Hz. For the 350 g mechanical stress 

an increasing trend is seen up to 4 Hz, beyond which the signal 

drops. It can be speculated that for 350 g mechanical stress, 

saturation phenomenon could likely occur at a higher 

frequency, exceeding the range here investigated [127].   

 

Figure 6.7 Plots reporting overlapped waveforms obtained from repetitive 

tests carried out under a stress of 350 g at 4 Hz on electrospun PVdF 6008 (A) 

and PVdF-TrFe (B). 
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Figure 6.8 Voltage response (peak-to-peak value) of electrospun PVdF-

TrFe as a function of frequency. 

 

Figure 6.9 Voltage response (peak-to-peak value) of electrospun PVdF 

6008 as a function of frequency. 

In order to assess the effect of repetitive mechanical stress 

on material conditions, SEM images of PVdF-TrFe after several 

impacts given by the electromagnetic piston (500 g) are reported 

in Figure 6.10. In particular, Figure 6.10A displays a large 

specimen region showing two different zones, one clearly 

affected by mechanical stress and another one where the typical 

fibrous structure is still present. Zooming in the impact zone 

(Figure 6.10B), it is evident that the typical fibrous pattern of 

electrospun mats radically changes into a film-type structure. 

Indeed, repeated impacts applied to the fibrous material press 
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the mat, reducing the air gaps between fibers and, 

consequently, compacting the fibrous sample into a less porous 

material. In general, such phenomenon is not a symptom of 

material degradation, since electric response may remain quite 

large also for higher impact rate (see Figure 6.8), but affects 

permanently sample morphology, thus modifying piezoelectric 

signals obtained after several mechanical impulses. 

Nevertheless, sometimes a significant degradation of the 

material is observed after several impacts, particularly in 

thinner specimens, leading to electrode short-circuiting in short 

times. This can explain also the large confidence intervals 

shown in Figure 6.8 and Figure 6.9. It has to be pointed out, 

however, that particularly harsh mechanical stress conditions 

have been here used to investigate piezoelectric behavior. With 

the aim of using these nanofibrous specimens as impact sensors 

or in energy storage applications, permanent changes in the 

polymer morphology should be avoided, applying lower 

mechanical stresses to piezoelectric fibers. 

 

Figure 6.10 SEM image of electrospun PVdF-TrFe after several 

mechanical impulses generated by the piston: transition from fiber-like to 

film-like structure (A) and detail of impact zone (B); scale bar = 200 µm (A) 

and 10 µm (B). 

A commercial PVdF film was tested with the aim of 

comparing voltage response to that of electrospun mats. Results 

are summarized in Table 6.2, which reports a selected 

frequency of testing, i.e. 2 Hz. It is possible to highlight that the 

response of commercial piezoelectric is larger than that of 
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electrospun PVdF 6008, in particular at 500 g stress. The 

contrary, electrospun PVdF-TrFe shows values of peak-to-peak 

voltage much higher than commercial PVdF, i.e. about four 

times greater. This behavior can be explained considering that 

the piezoelectric effect is associated also with the so-called 

“domain wall motion” [101]. In this case, nanofibrous nature of 

electrospun material allows larger mobility of domain walls, 

leading to higher piezoelectric responses with respect to film 

materials. Furthermore, the most interesting issue coming from 

the experimental results is that a so large piezoelectric effect is 

obtained from a fibrous sample constituted of about 80-90% vol. 

of air. Considering the measured average weight of an 

electrospun specimen and of a commercial PVdF film as about 

30 mg and 1 g, respectively, the values of average specific 

piezoelectric response (in V/g) are reported in Table 6.3. It can 

be highlighted that specific response of electrospun PVdF is 1-

2 orders of magnitude larger than commercial PVdF. These 

findings could allow sensors and/or harvesters having very low 

weight to be manufactured for high energy density applications. 

Table 6.2 Voltage response of electrospun samples and commercial PVdF 

film stressed with 350 g and 500 g at 2 Hz. 

Sample 
Piezoelectric response (peak-to-peak) [V] 

350 g 500 g 

Commercial PVdF film 1.4 ± 0.4 2.3 ± 0.5 

Electrospun PVdF 6008 2.0 ± 0.3 3.8 ± 0.4 

Electrospun PVdF-TrFe 8.7 ± 0.9 8.5 ± 3.1 

 

Table 6.3 Specific voltage response of electrospun samples and 

commercial PVdF film stressed with 350 g at 2 Hz. 

Sample Specific piezoelectric response [V/g]  

Commercial PVdF film 1.4 

Electrospun PVdF 6008 67 

Electrospun PVdF-TrFe 290 
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6.2.4 Electric response under vibrations 

The aforementioned samples were subjected to mechanical 

vibrations given by a metallic piston (15 mm diameter) 

connected to a vibration shaker (The Modal Shop, model 

K2110E-HT). Such vibration shaker was driven by a sinusoidal 

waveform at different frequencies, ranging from 30 Hz to 200 

Hz. The magnitude of the shaker peak-to-peak displacement (d) 

is a function of frequency (f) and acceleration (G), according to 

the following equation  provided by the supplier: 

d =  496.82 ∗
𝐺

𝑓2
      (6.1) 

In order to avoid any material damage, a Poly(methyl 

methacrylate) (PMMA) plate (thickness = 2 mm), which allows 

good mechanical wave propagation, was placed between the 

sample and the piston. Every test was carried out acquiring five 

signals at each frequency and for different accelerations of the 

vibration shaker: from 1G to 8G, detected through an 

accelerometer. The specimens were connected through a BNC 

cable to a digital oscilloscope (Tektronix DPO 5034), in order to 

detect and record the electric signals generated by mechanical 

vibrations. A picture of the experimental apparatus is reported 

in Figure 6.11. 
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Figure 6.11 Experimental apparatus of the electro-mechanical tests 

carried out on electrospun samples composed of: sample holder (1), piston (2), 

vibration shaker (3), and accelerometer (4). 

By way of example, waveforms at 50 Hz and 100 Hz at 5G of 

PVdF-TrFe film and electrospun PVdF-TrFe having random 

and aligned fibers are reported in Figure 6.12 and Figure 6.13, 

respectively. All samples displays signals having the same 

frequency of the mechanical stress. It is worth noting that the 

electrical response to mechanical stimulus of PVdF-TrFe 

having aligned fibers has very low rise and fall times, providing 

very fast impulses. Furthermore, there is no delay between the 

electric response and the mechanical stress, with respect to the 

random sample, which have a remarkable phase shift. PVdF-

TrFe film shows no delay too, but at a frequency of 100 Hz a 

sequence of repetitive impulses having different amplitude is 

detectable, i.e. one peak having higher amplitude followed by a 

lower peak, both positive and negative. Moreover, such 

behavior can be observed also for PVdF-TrFe random. This 

phenomenon can be associated to a slow relaxation mechanism 

for both materials, as can be observed in Figure 6.13A and 

Figure 6.13B. Indeed, signal fall times are much longer than 

those of aligned PVdF-TrFe samples, thus providing a slower 

response. Therefore, at high frequency electrical response to a 

further mechanical impulse could be affected by a previous 

impact. 
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Figure 6.12 Waveform comparison between PVdF-TrFe film (A) and 

electrospun PVdF-TrFe having random (B) and aligned fibers (C) at 50 Hz 

and 5G. 
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Figure 6.13 Waveform comparison between PVdF-TrFe film (A) and 

electrospun PVdF-TrFe having random (B) and aligned fibers (C) at 100 Hz 

and 5G. 

Figure 6.14 shows the comparison between the electric 

signals generated by the three types of piezoelectric materials 

when subjected to several accelerations at 4 frequencies: 30 Hz, 

50 Hz, 100 Hz and 200 Hz. Random fibers show signals much 

lower than those of PVdF-TrFe film, while aligned fibers exhibit 

a larger electric response with respect to the other materials. 

This behavior can be associated to the aforementioned XRD 

results, which confirmed the beneficial effect of the stretching 

of the polymer chains caused by the high-speed rotating drum. 

It is possible to observe that bulk material displays a lower rate 

of increase of Vpp with G, at a fixed frequency, with respect to 

electrospun mats. This can be explained by mat morphology 

which have higher fiber mobility due to its lower stiffness. 

Indeed, the high surface-to-volume ratio of nanofibrous 

materials is claimed to be the most important advantage of such 

electrospun structures, with respect to films. Furthermore, as 



106 

 

G increases, mechanical stress causes a reduction of sample 

thickness and porosity of the membrane. This temporary effect 

may increase electrical permittivity of the mat, leading to a 

higher piezoelectric coefficient. In the range of tested 

frequencies, no saturation effect is detected [128]. 

 

Figure 6.14 Acceleration dependence of peak-to-peak voltage response at 

different frequencies of PVdF-TrFe film (A), PVdF-TrFe having random fibers 

(B) and PVdF-TrFe having aligned fibers (C). 

Finally, all the samples have been tested with air gap 

between the PMMA slab and the vibrating piston, in order to 

detect the acoustic waveform generated by the vibrating 



107 

 

system. The test was carried out with a gap of 1 mm and 1.5 

mm. Results show that samples detected sinusoidal waveforms 

at the same frequency of the mechanical vibration. Magnitude 

of such signals decreases with the air gap increase, for all the 

three material type. By way of example, results at 100 Hz and 

5G are summarized in Table 6.4. Hence, the feasibility to realize 

acoustic devices using electrospun mats has been proved. 

Table 6.4 Acoustic response of PVdF-TrFE 

Air gap 

[mm] 

Vpp [mV] 

Film 
Random 

fibers 

Aligned 

fibers 

1 61±1 40±3 72±2 

1.5 50±1 22±2 53±3 

 

6.2.5 Electric response to drop weight tests 

A drop weight apparatus was realized in order to test the 

electrical response of electrospun materials, when subjected to 

a mechanical impulse generated by a mass falling on the 

sample. A picture of the system is reported in Figure 6.15. The 

metallic mass of 12 mm diameter falls by 40 cm height. A 

polycarbonate (PC) tube of 15 mm diameter, through which the 

mass of 4 g falls on the sample, is vertically placed on the 

specimen that is sandwiched between two aluminum-covered 

polymethyl methacrylate (PMMA) electrodes. A BNC connector 

permits to plot and analyze voltage waveforms on an 

oscilloscope.  
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Figure 6.15 Drop weight apparatus: (1) support cylinder, (2) block system, 

(3) perforated plate, (4) PC tube, (5) sample compartment, (6) anti-shock base 

plate. 

The aim of this experiment was to characterize the 

piezoelectric response of electrospun PVdF-TrFE membranes 

through a series of 15 impacts occurred in different regions of 

the samples. Specimen geometry is shown in Figure 6.16. 

 

Figure 6.16 Electrode (left) and sample (right) geometry expressed in 

millimeters. 

Typical piezoelectric waveform generated by a PVdF-TrFE 

film is reported in Figure 6.17. Analyzing several impacts on 

the same sample, triboelectric effect between the material and 

the aluminum electrode was detected (see Figure 6.18). Indeed, 

it is possible to observe a contribution to the electric signal 

preceding the piezoelectric response. The same behavior was 
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observed for electrospun samples, as reported in Figure 6.19 

and Figure 6.20. Moreover, electrospun specimen waveforms 

show only one polarity. This polarity differs from random and 

aligned fibers. This behavior can be ascribed to electret effect 

and triboelectric effect and therefore to a different relative 

motion between sample and electrodes. In particular, signal 

polarity depends on which electrode moves towards the sample. 

Another evidence of a different phenomenon from a pure 

piezoelectric effect can be highlighted comparing waveforms 

relevant to film specimens (Figure 6.17) and electrospun 

materials (Figure 6.19 and Figure 6.20). Indeed, waveform fall 

time of a film is much smaller than that of electrospun samples.  

 

Figure 6.17 Example of waveform obtained on PVdF-TrFE film. 

 

 

Figure 6.18 Influence of triboelectric effect on PVdF-TrFE film waveform, 

highlighted in red. 
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Figure 6.19 Example of waveform measured on PVdF-TrFE random. 

 

Figure 6.20 Example of waveform detected on PVdF-TrFE aligned 

specimen. 

Three different samples (P1, P2 and P3) of random 

electrospun PVdF-TrFE were tested on both sides: side A (the 

side on which the last fibers were spun) and side B (the side on 

which the first fibers were spun). The analysis of voltage 

waveforms is reported in Figure 6.21. It is possible to observe 

that signal polarity does not change when sample is reversed. 

This behavior could suggest that electrospun membranes do not 

show any piezoelectric effect. Even supposing that the 

piezoelectric behavior exists due to electrical poling of β-phase 

during the electrospinning process, the electrical signal 

detected could be ascribed also to electret behavior and 

triboelectric effect related to PVdF-electrode contact. 

Furthermore, the amplitude of the piezoelectric response could 

be smaller than that generated by the other contributes. 

Moreover, another evidence of these phenomena can be found 

in the low measurement repeatability of electric signals, which 
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showed large amplitude of confidence intervals. If a significant 

contribution to the electric signal was due to electret effect, this 

effect could be intrinsically not homogeneous. Indeed, the 

charge trapped during electrospinning process can be non-

homogeneously distributed in the sample [81], particularly in 

the case of randomly spun fibers. In the same way, triboelectric 

effect strongly depends on surface roughness, contact extension, 

ambient condition, etc., which are typically factors difficult to 

keep under control [110]. 

 

Figure 6.21 Voltage waveforms of three different electrospun PVdF-TrFE 

samples obtained by impacts on side A (red) and side B (blue). 

Therefore, the existence of different electrical phenomena, 

i.e. piezoelectric, triboelectric and electret effects, requires a 

deep study of the charge trapped in the electrospun 

ferroelectrets, as will be discussed in the following sections. 
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6.2.6 Space charge measurements by means of 

pulsed electroacoustic (PEA) method   

Space charge trapped in electrospun PVdF-TrFE 

ferroelectrets was evaluated through the pulsed electroacoustic 

(PEA) technique. The technique, described by Dissado et al. 

[129], is based on the application of a voltage pulse, 

superimposed on a much higher continuously applied DC 

voltage to the sample. This causes an electromechanical 

stimulus on space charge which generates an acoustic 

waveform detected by means of a piezoelectric sensor, located 

under the ground electrode. Waveform profile is proportional to 

the net space charge located in the insulation bulk. Moreover, 

the delay time between the electric signal and the voltage pulse 

application gives the space charge location along the insulation 

thickness, since the acoustic pulse travels at the known speed 

of sound in the material [129]. Therefore, time length of the 

recorded signal corresponds to material thickness. The 

experimental apparatus has a spatial resolution of about 10-20 

μm. 

A schematic of the experimental apparatus is reported in 

Figure 6.22. Test cell was equipped with an 8 mm diameter 

semi-conductive disc installed on the upper electrode, where the 

high voltage (HV) is applied. Specimens were tested placing the 

samples in contact with the HV electrode and with the ground 

aluminum electrode.  
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Figure 6.22 Schematic of PEA method experimental setup. 

A 8 kV/mm electric field (positive voltage) and a voltage 

pulse of 300 V and 10 ns duration were applied at room 

temperature to unpoled film (34 μm thick), poled film (65 μm 

thick) and electrospun mat (150 μm thick). PEA signals are 

reported in Figure 6.23, Figure 6.24 and Figure 6.25, 

respectively. Analyzing unpoled film signal Figure 6.23, as 

expected, very small amount of space charge was detected 

before voltage application. At the end of the depolarization 

phase, a similar amount of charge is still present in the 

material. This charge is probably surface charge associated to 

triboelectric effect, since it cannot be injected by the electrodes, 

due to the low applied electric field, i.e. 8 kV/mm. Considering 

2370 m/s as sound speed in PVdF-TrFE, it was possible to detect 

each voltage peak associated to electrodes, i.e. HV and ground. 

Anode and cathode are highlighted through vertical bars in the 

following figures (Figure 6.23B, Figure 6.24B and Figure 

6.25B), respectively.  

Analyzing poled films (Figure 6.24), polarization associated 

to dipole alignment experiences polarity inversion when the 

specimen is reversed (results not reported for the sake of 

brevity). Moreover, signal detected did not change during 

voltage transient. It can be hypothesized that the applied 
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electric field was lower than that associated to material dipoles. 

It should be observed that this low field was chosen in order to 

compare film and electrospun materials, since porous 

electrospun structures have poor dielectric strength being 

mainly made of air. Considering the aforementioned sound 

speed, it was possible again to detect each voltage peak 

associated to electrodes.  

Analyzing PEA signals of electrospun samples (Figure 6.25) 

it was difficult to clearly identify electrode positions, even if 

sample thickness was known. This behavior is due to the 

presence of several air-polymer and polymer-polymer interfaces 

in electrospun specimens. This drawback also affects the choice 

of the correct speed sound in electrospun PVdF-TrFE. Since 

fibrous materials can be identified as soundproof structures, 

PEA method has some limitation for non-wovens. Moreover, the 

high capacitance of electrospun samples, of the same order of 

magnitude of the coupling capacitance of pulse generator, 

causes a distortion of voltage pulse and a consequent decrease 

of PEA spatial resolution. However, the most important 

information could be the presence of charge of both polarity 

inside the material. Indeed, Figure 6.25 shows that during the 

poling stage (voltage on phase) voltage peak associated to anode 

and cathode, highlighted through vertical bars in Figure 6.25, 

increased at the same level (i.e. compare Figure 6.25A with 

Figure 6.25B). Moreover, negative and positive charge 

increased close to cathode and anode, respectively, due to 

charge injection. At the end of the depolarization phase (voltage 

off phase), it is possible to observe bipolar charge accumulation 

in the material (compare Figure 6.25A with Figure 6.25F). 
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Figure 6.23 PEA signal evolution of unpoled PVdF-TrFE film: initial stage 

(no voltage applied) (A), 5 s after voltage on (B), 150 s after voltage on (C), 

voltage on steady stage (D), 5 s after voltage off (E) and voltage off steady 

state (F). 
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Figure 6.24 PEA signal evolution of poled PVdF-TrFE film: initial stage 

(no voltage applied) (A), 5 s after voltage on (B), 150 s after voltage on (C), 

voltage on steady stage (D), 5 s after voltage off (E) and voltage off steady 

state (F). 
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Figure 6.25 PEA signal evolution of electrospun PVdF-TrFE specimen: 

initial stage (no voltage applied) (A), 5 s after voltage on (B), 150 s after 

voltage on (C), voltage on steady stage (D), 5 s after voltage off (E) and voltage 

off steady state (F). 

Analyzing further PEA signals of 100 μm electrospun PVdF-

TrFE samples, tested on both membrane sides at 4 kV/mm, it is 

possible to highlight that the specimen contain a larger amount 

of negative charge than positive. This phenomenon can be 

observed comparing the PEA signal at the end of the 

polarization phase, acquired applying positive or negative 

voltage to the sample and reported in Figure 6.26. It must be 

noticed that: (i) the ground electrode shows negative charge 

when positive voltage is applied to the sample; (ii) the low 

resolution of PEA system results in overlapping of surface 

charge and/or trapped charge in the bulk close to the electrode 

with image charge, during polarization phase. Differences in 
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the peak position along specimen thickness and amplitude 

between positive (red) and negative (blue) applied voltage 

confirm that the material is strongly negatively charged. It is 

worth noting that side B of the material shows a larger amount 

of negative charge if compared to side A. This can be associated 

to the fact that side A is the mat side on which the last fibers 

were spun and this can lead to the presence of a lower content 

of trapped charge in the material. It can be concluded that 

fluorinated polymer strongly attracts negative charges. 

As a further confirmation, a specimen electrospun using 

negative polarity voltage (-20 kV) and the same other operating 

conditions seems to retain even more negative charge (see 

Figure 6.27). This behavior is probably due to a higher amount 

of negative charges generated by negative corona discharges at 

the needle tip and in the surroundings of Taylor cone and 

trapped in the polymer. 

 

Figure 6.26 PEA signal, at the end of poling stage, of both sides of PVdF-

TrFE electrospun using positive voltage. 
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Figure 6.27 PEA signal, at the end of poling stage, of both sides of PVdF-

TrFE electrospun using negative voltage. 

Different types of specimens were tested in order to overcome 

the abovementioned PEA method limitations for electrospun 

materials. In particular, trying to reduce the porosity (air 

content), electrospun mats were pressed at different pressures, 

ranging from 5 bar to 20 bar, and the PEA signals were 

compared to that relevant to a non-pressed membrane. Such 

specimens were tested at 6 kV/mm using a 100 V pulse with 10 

ns duration. The relevant PEA signals are reported in Figure 

6.28. It can be noted that detected signal shape is not influenced 

by pressure. Again, voltage peak associated to HV electrode is 

not easily detectable, even if mat porosity is smaller. It is worth 

noting that reducing air content in the mat the amount of 

negative charge increases, likely due to the increase of specimen 

capacitance.  
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Figure 6.28 PEA signal, at the end of poling stage, of pressed electrospun 

PVdF-TrFE mats. 

Finally, a thicker specimen was investigated in order to 

match better with the spatial resolution of the used PEA 

apparatus. For this purpose, five layers of electrospun mats 

were pressed together at 10 bar obtaining a 275 μm thick 

specimen. The overall capacitance is smaller: electrical 

permittivity increases due to porosity reduction, but thickness 

increase is dominant. In this case, this less porous and thicker 

specimen allowed the electric field to be increased up to 18 

kV/mm. Both positive and negative voltage were applied to the 

sample (see Figure 6.29). As can be highlighted in Figure 6.29, 

electric field increase does not seem to have any influence on 

waveform shape, except on the first peak magnitude. It has to 

be emphasized that voltage peak associated to HV electrode still 

is hard to be detected, probably due to soundproof properties of 

electrospun textiles. Furthermore, trapped charge of both 

polarities can be observed. 
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Figure 6.29 PEA signal, at the end of poling stage, of 5 layers of 

electrospun PVdF-TrFE pressed at 10 bar and tested at different electric 

fields of both polarities: ±8, ±10, ±15 and ±18 kV/mm. 

6.2.7 Impact study through high-speed imaging  

A high-speed camera Memrecam NAC GX-3 was used to 

study the dynamics of mechanical impacts on PVdF-TrFE 

samples. Impacts were carried out using the drop-weight 

apparatus described before. In addition to the metallic sphere, 

test using a metallic cylinder of about 20 g were also carried 

out. Acquisition rate was kept at 24000 frame per second (fps). 

Moreover, camera trigger was synchronized with oscilloscope 

trigger. This study was carried out in order to distinguish the 

triboelectric effect in the detected signal, since it is related to 

the relative movement of electrode and sample. Impact time 

was highlighted through two vertical black bars in the acquired 

images. Indeed, using the aforementioned fps value it is not 

possible to detect the exact frame of the impact, but only 

identify the time interval of the impact. 

The typical piezoelectric waveform of film material is shown 

in Figure 6.30. The piezoelectric response occurs just after the 

contact time of the sphere. Image of sphere falling before and 

during the impact on the material is reported in Figure 6.31. 
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Figure 6.30 Poled PVdF-TrFE film waveform. 

 

Figure 6.31 Sphere falling before the impact on poled PVdF-TrFE film (A) 

and sphere impact on the sample (B). 

As expected, the unpoled film does not show any piezoelectric 

behavior, see Figure 6.32. In this case, the measured waveform 

can be associated only to triboelectric effect caused by relative 

motions between electrodes and film after the impact. 
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Figure 6.32 Unpoled PVdF-TrFE film waveform. 

In case of electrospun sample, the specimen was 

intentionally kept separated from the upper electrode, in order 

to highlight the presence of triboelectric phenomenon, as shown 

in Figure 6.33. Analyzing the waveform detected in this case 

(see Figure 6.34), it is possible to highlight that the first part of 

the waveform is in advance with respect to the impact. 

Therefore, this part of the signal can be ascribed to the 

triboelectric effect, while the electrode approaches to the 

sample. 

 

Figure 6.33 Falling sphere in contact with electrode (A) and with 

electrospun sample (B). 
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Figure 6.34 Waveform associated to sphere impact on electrospun PVdF-

TrFE.  

A similar behavior can be observed also using a cylinder as 

impact tool as can be seen in Figure 6.35 that shows the gap 

between electrode and electrospun sample, before the impact. 

The blue line in Figure 6.36, which displays the detected signal, 

represents the time of Figure 6.35A. The electric signal 

associated to triboelectric effect is thus comprised between the 

blue line and the first black line of Figure 6.36. It is evident that 

the amplitude of triboelectric signal is much lower than the 

other part of the electric signal. As expected, the amplitude 

strongly depends on the gap size between electrode and sample. 

Moreover, waveform detected after the impact on the material 

is different if compared to film signal (see Figure 6.30). In 

addition, it is worth noting that waveform time length of 

electrospun samples is larger than that relevant to film 

material.  
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Figure 6.35 Cylinder impact on electrospun PVdF-TrFE. 

 

Figure 6.36 Waveform associated to cylinder impact on electrospun PVdF-

TrFE. 

Triboelectric effect was then intentionally minimized firstly 

reducing relative material motion between electrodes and 

electrospun mat, e.g. bonding the sample and the electrodes. 

Waveform associated to sphere impact on this sample is 

reported in Figure 6.37. The absence of the triboelectric 

contribution is clear. Moreover, electrospun sample was 

metallized on the surface, to avoid any relative motion between 

electrode and specimen. Again, any triboelectric effect cannot 

be observed, as can be seen in Figure 6.38. However, a signal of 

single polarity is detectable, suggesting a dominant 

contribution of the electret effect on the piezoelectric. 
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Figure 6.37 Waveform associated to sphere impact on bonded electrospun 

PVdF-TrFE. 

 

Figure 6.38 Waveform associated to sphere impact on metalized 

electrospun PVdF-TrFE. 

Finally, it is very important to highlight that not only single 

polarity waveforms or peaks of both polarities were detected, as 

shown in Figure 6.39. Indeed, it is possible to observe the 

presence of two peaks that can be associated both to the 

piezoelectric and to the electret effects. 
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Figure 6.39 Waveform associated to sphere impact on electrospun PVdF-

TrFE. 
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Chapter 7  

Discussion about experimental 

results 
 

 

 

 

 

7.1 Electrospun separators 

Plasma assisted nanoparticle dispersion 

The improvement of polymer properties through good 

nanoparticle dispersion can ensure the realization of high-

performance materials, e.g. battery separators, showing 

enhenced or novel properties. Usually, mechanical or ultrasonic 

treatments are implemented as conventional methods to 

disaggregate nanoparticle clusters in fluids. In this work, a 

novel plasma treatment based on a different physical 

mechanism, i.e. through the activation of ionic and electrostatic 

interactions between the polymer and the nanoadditive, has 

been presented. This method has been compared to the typical 

mechanical stirring of nanoparticles inside polymeric solution. 

It was demonstrated that plasma treatment is a valuable 

means to favor nanoparticle dispersion in polymeric solutions, 

since electrospun fibers produced from these solutions 

displayed a better particle dispersion with respect to the ones 

produced from untreated solution. Indeed, TEM images 

highlighted remarkable differences in particle distribution 

inside the fibers and SEM images did not show any 

morphological modification due to plasma application.  
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The aforementioned described plasma assisted procedure 

could represent a promising way to disperse nanofillers in 

polymer solutions. It is worth noting that this dispersion 

technique is general. Indeed, besides electrospinning and 

separators for Lithium-ion batteries, this technique can be 

applied to realize any kind of solid nanocomposites through 

different procedures, e.g. solvent casting, sol-gel, melt-blending, 

and for different application fields.  

Plasma assisted electrolyte uptake improvement 

The effect of pre-treatment of a PVdF electrospinning 

solution and post-treatment of PVdF electrospun separators on 

the electrolyte uptake has been here presented for the first 

time. The exposure to the plasma source was carried out aiming 

at increasing the amount of liquid electrolyte absorption of the 

separator. This feature can lead to higher ionic conductivity of 

the cell. 

Plasma pre-treatment of the PVdF electrospinning solution 

caused an increase of the solution viscosity and a light 

crosslinking (or increase of the average molecular weight) of the 

chains, leading to the improvement of electrospinnability and 

enabling the production of defect-free nanofibers. Indeed, SEM 

images highlighted good quality nanofibers without beads, 

while fibers electrospun from an untreated solution displayed a 

large number of defects. Moreover, an improvement of 

mechanical properties has been achieved thanks to a better 

fiber morphology compared to control PVdF. Electrolyte uptake 

of pre-treated samples significantly increased compared to 

control electrospun mats, due to the achievement of a better 

fiber morphology.  

The use of a nanosecond-pulsed DBD for mat post-treatment 

did not affect thermal properties of the separator, neither fiber 

morphology. Moreover, the treatment significantly increased 

the electrolyte uptake, due to a chemical modification induced 
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on the PVdF surface, improving the polymer electrolyte affinity. 

Indeed, XPS analysis highlighted the presence of oxygen on the 

surface, due to O-C=O and -CF2-CH-(OH) groups, inducing an 

increase of the electrolyte uptake [123], [124]. 

The post-treatment of PVdF separators electrospun starting 

from a pre-treated polymeric solution enabled the increase of 

the electrolyte uptake up to 1200%, about ten times higher than 

the uptake of commercial Celgard separators [130], [131]. This 

result highlights a synergistic effect of plasma pre-treatment 

and plasma post-treatment, leading to a dramatically increase 

of electrolyte uptake of electrospun separators. It could be 

possible to achieve a breakthrough in power-intensive 

applications of these cells thanks to this important feature and 

very low internal resistance of LIBs with electrospun 

separators. 

Finally, a remarkable improvement in electrospun separator 

handability was achieved thanks to plasma pre-treatment of 

polymeric solution. This behavior is very important in order to 

simplify battery assembly operations and to prevent possible 

short-circuits. 

Nanofilled electrospun separators 

PVdF electrospun separators loaded with inorganic 

nanoparticles of SiO2 and SnO2 were successfully produced by 

electrospinning. The addition of nanoparticles mainly affects 

PVdF mat mechanical properties. SiO2 tends to increase the 

toughness of the separator while SnO2 tends to increase its 

stiffness, thus improving PVdF mechanical properties and 

making it more suitable to resist to battery assembly 

procedures. This achievement represents a fundamental 

requirement in order to develop electrospun separators for the 

market. 
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Furthermore, it has been demonstrated that even a low 

amount of nanoparticles significantly affect electrolyte uptake. 

Indeed, fumed SiO2 enhances the rate of electrolyte uptake 

while SnO2 slightly decreases it with respect to pristine PVdF 

membrane, probably due to the high polarity of SiO2. As a 

matter of fact, all the investigated electrospun membranes 

display a remarkable higher electrolyte uptake than 

commercial separator. This property leads to high ionic 

conductivity and excellent Li+ ion transport, thus increasing the 

rate capability of the battery.  

It is important to highlight that silicon and tin are active 

materials that can be used as electrodes in LIBs. For this 

reason, electrical conductivity of separators filled with oxides of 

these elements was investigated, in order to study possible 

reduction of the oxides at the electrode. No evidence of this 

phenomenon was observed, since electronic conductivity was 

much lower than 10−8 S/m, thus nanofilled separators could be 

considered  good insulating materials. Moreover, the addition of 

nanoparticles decreases the activation energy for electronic 

conduction, thus improving the insulating properties of the 

membranes at high temperatures and providing a safer 

behavior in case of overheating.  

Cross-electrospun separators 

The possibility to manufacture electrospun separators 

having mechanical properties suitable for industrial scale up 

has been investigated through a novel process. The use of a 

sustain polymer to increase stress-at-break of PVdF 

electrospun separators has been studied for the first time. This 

proof of concept can be further studied in order to achieve the 

best result in terms of mechanical properties and 

electrochemical performance, exploring the use of different 

polymers.  
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The most important feature of this novel technique is the 

possibility to avoid safety issue related to the use of toxic or 

hazardous nanoadditives. It is worth noting that cross-

electrospinning is indeed a cost effective technique that does not 

need the use of expensive additives. 

Comparison of electrochemical cycling performance  

Electrochemical results of several charge-discharge cycles at 

1C using different separators are shown in Figure 7.1. The 

comparison highlighted that cross-electrospun separators 

exhibited the lowest specific capacity. This behavior can be 

related to the presence of Nylon, which could not be the best 

polymer in terms of electrochemical affinity with the used 

electrolyte (i.e. LP30). Moreover, plasma pre-treated separators 

showed an increase of specific capacity if compared to pristine 

PVdF. This improvement has been achieved thanks to the 

increased ionic conductivity. However, specific capacity at high 

C-rate obtained using electrospun separators is slightly lower 

than that relevant to Whatman separator. Battery assembly 

improvement and pressing stage optimization represent some 

of the possible strategies to increase electrochemical 

performance of electrospun materials.  

Future experiments will be also carried out on pre&post-

treated electrospun separators, in order to exploit the 

synergistic effect of plasma pre-treatment and plasma post-

treatment observed on electrolyte uptake.  
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Figure 7.1 Comparison of electrochemical performance of a LiFePO4 

electrode in half-cell vs. Li with different separators: Whatman GF/D (azure), 

pre-treated PVdF 6008 (red), PVdF 6008 (green) and cross-electrospun Ny-

PVdF (blue). 

Electrochemical performance of electrospun separators 

showed promising results in terms of specific capacity when 

compared to commercial separators, e.g. Whatman fiberglass. 

In particular, the use of nanofilled separators, e.g. tin oxide 

nanoadditive, slightly decreased specific capacity (see Figure 

5.24 and Figure 5.25), but the use of nanofiller is mandatory for 

an industrial scale up of this technology. Furthermore, good 

stability of specific capacity at different C-rates and good 

capacity recovery at low C-rate, i.e. C/10, after discharge 

capability represent interesting features of nanofilled 

separators. 

7.2 Ferroelectrets  

The feasibility to manufacture electrospun piezoelectric 

materials has been investigated. Most of literature papers claim 

that the presence of PVdF β-phase and an electric response to a 

mechanical stress indicate that PVdF-based electrospun 

materials are piezoelectrics, as reported before. This study has 

demonstrated that the behavior of electrospun materials is 

much more complex, due to the existence of the electret and 

triboelectric effect. From the analysis of voltage waveforms of 
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electrospun samples, it is evident that electret effect and 

triboelectric effect are dominant in terms of waveform shape 

and electret effect also in terms of voltage amplitude. In 

general, only reversing a supposed piezoelectric sample and 

keeping the same voltmetric connection it is possible to detect 

if the signal is effectively generated by a piezoelectric effect, as 

highlighted in Figure 7.2A and Figure 7.2C. Most of the 

waveforms collected from electrospun ferroelectrets did not 

show any polarity inversion. This suggested the existence of 

other contribution to the material response. 

 

Figure 7.2 Electric signal generated by a piezoelectric material subjected 

to a compressive force: material side A connected to the voltmeter positive 

electrode (A), material side A connected to the voltmeter negative electrode 

(B), material side B connected to the voltmeter positive electrode (C), material 

side B connected to the voltmeter negative electrode (D). 

In particular, PVdF-based electrospun mats attract electrons 

when they came in contact with electropositive materials, due 

to the high electronegativity of fluorine atoms in the molecular 

chain. Indeed, fluoropolymers have the ability to become 

negatively charged during contact with other materials, both 

insulating or metals according with triboelectric series. The 

relative motion of the upper electrode generate a charge flow in 

the external circuit caused by the variation of the electrostatic 

charges induced in the electrodes, as outlined in Figure 7.3. 

This figure describes the relative motion after the first contact 

between the materials. Indeed, in the original state no electrical 

potential exists between the top electrode and nanofibers while 

they are separated and they have not been in contact yet. When 
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they come in contact, the surfaces of the electrode and PVdF 

nanofibers are charged with the same surface density. Then, 

when a pressing force is applied to the top electrode, a voltage 

bias drives the electrons towards the top electrode flowing 

through the external circuit, which produces the observed 

current. Fluoropolymers become always negatively charged on 

the surface that comes in contact with the electrode (the top 

electrode in this case). For this reason, no difference in 

waveform polarity is observed when the specimen is reversed, 

keeping the same voltmetric connections. 

This behavior leads to electrostatic surface charge that 

strongly affects the electric signal of the material. Indeed, 

surface roughness and fiber mobility of nanofibrous structures 

can generate random electric response.  

 

Figure 7.3 Electric signal generated by triboelectric effect when a 

fluorinated polymer is subjected to a compressive force: material side A 

connected to the voltmeter positive electrode (A), material side A connected to 

the voltmeter negative electrode (B), material side B connected to the 

voltmeter positive electrode (C), material side B connected to the voltmeter 

negative electrode (D). 

Moreover, charge trapped in electrospun mats represent 

another source of electric response of the material. The 

mechanism of charge retain in electrospinning is reported in 

Figure 7.4. In particular, charge injection during polymeric 

solution electrification and corona poling of the polymeric jet 

during electrospinning can affect significantly the electric 

response. Charge injection from the metallic needle to the 
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polymeric solution is due to the high electric field applied 

between the needle and the grounded collector. Corona 

discharges (see Figure 7.5) occurring at the needle tip and in 

the surroundings of Taylor cone represent another source of 

charge generation in the polymeric jet. Although charge 

removal occurs due to solvent evaporation, presence of humidity 

in the ambient and charge transfer to the collector, electrospun 

fibers still retain charge [106].  

 

 

Figure 7.4 Charge generation, injection and retain during electrospinning 

[106]. 
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Figure 7.5 Positive corona poling during electrospinning carried out with 

positive HVDC. 

The evidence of charge trapped in electrospun PVdF-TrFE 

was highlighted through PEA method measurements reported 

in Section 6.2.6. In particular, charge of both polarity was 

detected, due to charge injection during electrification and 

corona discharge phenomena. Moreover, surface charge 

neutralization did not affect the aforementioned measurement, 

strengthening space charge existence in electrospun samples 

that leads to electret behavior.  

Figure 7.6 and Figure 7.7 show the typical behavior of an 

electret having a uniform charge Qi. The electret is an 

electrostatic converter based on a capacitive structure 

composed by the electret and the electrodes. The electret 

induces charges on electrodes and Qi has then to be equal to the 

sum of Q1 and Q2. Q1 is the amount of charges on the electrode 

and Q2 the amount of charges on the counter-electrode. A 

relative movement of the counter-electrode towards the electret 

induces a change in the capacitor geometry. Indeed, the air gap 

changes and then the electret influence on the counter-

electrode. This leads to a reorganization of charges through the 

load R, e.g. oscilloscope impedance, resulting in a current 
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circulation through R and a portion of the mechanical energy, 

associated with the relative movement, is turned into electric 

energy [132].  

The relationship between voltage and capacitance in an 

electret is reported in Equation 7.1: 

 𝑉 =
𝑄

𝐶(𝑡)
+ R

𝑑𝑄

𝑑𝑡
               (7.1) 

 

Figure 7.6 Electret-based charge induction scheme [132].  

 

Figure 7.7 Capacitance variation of an electret during counter-electrode 

motion [132]. 

This capacitance variation is dramatically enhanced in 

electrospun porous structures, due to the sponge-like 

deformation that temporarily decreases the air content in the 

material during the mechanical stress. The capacitance 

variation is associated to a change in electrical permittivity, due 

to a smaller amount of air in the compressed electrospun mat.  

Furthermore, fiber mobility of electrospun materials induces 

several relative movements between the electret and the other 

electrode during mechanical stress, thus leading to a more 

complex waveform output of the compressed material, as 
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previously reported in the experimental section. Both electret 

and triboelectric phenomena can contribute to this 

modification. Finally, it is not possible to assume that 

electrospun materials have uniformly distributed charge, due 

to the random electrical and fluid dynamics that take place 

during whipping instability. This leads to another cause of 

waveform distortion from the conventional electret output.  

Finally, from high-speed camera test it was possible to 

distinguish the triboelectric contribution to the detected signal. 

Indeed, an electrical signal was detected before the impact and 

from the high-speed images it was possible to relate it to the 

electrode approach to the electrospun mat. It is possible to 

speculate that the waveform detected after impact on 

electrospun samples can represent the sum of piezoelectric and 

electret contribution. When electret contribution is dominant 

on piezoelectric effect, the electric signal detected is then 

associated to capacitance variation, due to the air gap reduction 

in the material. On the other hand, it is possible to observe the 

presence of two peaks in the waveform that can be associated 

both to the piezoelectric and to the electret effects. 
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Chapter 8  

Conclusions 
 

 

 

 

 

Elecrospun polymers have been deeply investigated in order 

to realize innovative components for energy storage, energy 

harvesting and sensors. Unless this technique has been widely 

studied in literature for different purposes, many 

improvements are still needed to increase electrospun material 

performances.  

In particular, separators have been currently accepted as 

promising candidates for next generation LIBs. However, 

literature papers have not showed the strong limitation of these 

materials yet. Indeed, mechanical behavior of electrospun 

separators have been carefully considered in this work, in order 

to achieve material stress-at-break able to sustain industrial 

machinery operations. Without this precaution the use of 

electrospun separators for LIBs is limited to the research field. 

Two different techniques have been carried out for this purpose, 

showing the effectiveness of both cross-electrospun nanofibers 

and nanofilled electrospun nanofibers. This achievement 

highlighted the possibility to scale up the electrospinning 

manufacturing technique. In particular, the use of Nylon 6,6 in 

cross-electrospun separators increased mechanical properties 

of PVdF, showing a feasible method to avoid the use of any toxic 

nanoadditive. On the other hand, nanofilled separators showed 

good mechanical and chemical properties although silica and 
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tin oxides are made of conventionally active components for LIB 

electrodes. Furthermore, nanofilled materials showed better 

behavior against short-circuit compared with pristine 

separator. Moreover, no evidence of any electroactive activity 

was found due to the presence of such additives. 

Electrochemical performance of electrospun separators was 

compared with commercial materials, showing promising 

results. Plasma assisted electrolyte uptake improvement of 

these separators was also studied and this technique could 

represent a novel method to further increase LIB 

electrochemical behavior in terms of ionic conductivity. It is 

worth noting that the very low internal resistance of LIBs with 

electrospun separators can lead to a breakthrough in power-

intensive applications.   

Considering PVdF-based polymers in the polar crystalline 

phase, a deep study of the electrical signal generated by 

electrospun materials subjected to mechanical impulses has 

been carried out. Literature paper analysis has showed that 

most of reported waveforms generated by electrospun samples 

were associated to the piezoelectric effect. This is commonly 

explained thanks to the presence of the crystalline PVdF β-

phase in the material. However, β-phase must be oriented 

through material electrical poling in order to obtain a 

piezoelectric polymer. So far, in literature is claimed that poling 

during electrospinning is achieved due to the presence of a high 

electric field between the needle and the grounded electrode. 

Nevertheless, waveform analysis has highlighted a more 

complex situation. This is related to the existence of 

triboelectric effect between metallic electrodes and dielectric 

PVdF sample. This phenomenon modifies waveform output and 

can not be well controlled due to its dependency by ambient 

conditions and surface roughness. Moreover, electrospinning 

provides charge accumulation in these polymers, due to their 

fluorine content, that shows deep charge traps. In addition to 
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that, porous structure of electrospun materials leads to an 

electret behavior that depends on material capacitance 

variations related to porosity decrease during mechanical 

impacts. Currently, it is not possible to find the evidence of 

piezoelectric effect in the electrical signal detected, or clearly 

distinguish between pure piezoelectric and electret effect. 

Nevertheless, the high specific electrical response to 

mechanical stimuli of electrospun PVdF-based materials can be 

successfully exploited to realize high performance energy 

harvesters or impact/health monitoring nanostructured 

sensors. Dipole polarization of electrospun fibers is currently 

under investigation by means of piezoresponse force 

microscopy. Preliminary results have shown that fibers are 

characterized by a negative surface potential. This can be either 

due to a total negative charge of the fibers or due to a dipolar 

structure with the dipole pointing into the surface. It is thus 

possible that negative trapped charge shields the positive 

contribution of dipoles. These findings suggest that the electret 

effect results dominant over the piezoelectric. 
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