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Abstract 

 

Smart and functional materials are increasingly being developed based on polymer 

materials, showing tailorable properties for a broad range of applications in different 

areas such as sensors and actuators, tissue engineering and electronic displays, among 

others.  

Electroactive polymers (EAP) combines the attractive properties of polymers 

(lightweight, inexpensive, fracture tolerant, pliable and easily processing) with possible 

added functionalities that can be introduced by specific fillers, allowing to tailor polymer 

active response and leading to smart materials that respond to external stimuli such as 

an electrical field, pH, magnetic field and light. 

In this context, the present work is devoted to the development of low 

voltage/large deformation polymer based actuators.  First an evaluation of different 

conductive polymers has been carried out. Intrinsically conductive core-shell 

polypyrrole (PPy)/poly(vinylidene fluoride) (PVDF) electrospun fibers have been 

developed and their DC electrical conductivity and electrochemical properties 

evaluated. The surface of PVDF has been completely covered with a smooth layer of 

polypyrrole that increases with increasing the pyrrole polymerization time until a 

maximum of 160±25 nm, showing an electrical DC conductivity of 70±4 S.m-1. 

Further, actuators based on ionic liquid (IL)/polymer composites have been 

produced and characterized. 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2])/PVDF samples with different IL 

content and thickness have been produced and their morphological, mechanical and 

thermal study were performed in order to improve the actuation behaviour. 

[C2mim][NTf2] works as a plasticizer of PVDF, reducing the elastic modulus down to 12% 

of the initial value. Moreover, the composites show significant displacement and 

bending under applied voltages of 2, 5 and 10 V. 

Ionic polymer actuators, based on N,N,N-trimethyl-N(2-hydroxyethyl)ammonium 

bis(trifluoromethylsulfonyl)imide (N1 1 1 2(OH)NTf2)/PVDF and 1-ethyl-3-

methylimidazolium ethylsulfate ([C2mim][C2SO4])/PVDF, respectively, were also 

developed. The two ILs were selected in order to evaluate the effect of the ionic size 
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between cations and anions of the IL in the ionic mobility of the composite and in the 

actuator performance. The suitability of these materials for biomedical applications was 

assessed through cytotoxic evaluation. The highest electrical conductivity was found for 

IL/PVDF composites with 40 wt% of  N1 1 1 2(OH)NTf2. It was also found that the strain 

displacement of the actuators depends more on IL content than on IL type, and the best 

strain bending response was verified for the IL/PVDF composite with 25 wt% of 

N1112(OH)[NTf2] at 5.0 V. Further, it is shown that [C2mim][C2SO4]/PVDF composites do 

not show cytotoxic behaviour, being suitable for biomedical applications. 

In order to increase the applicability of the developed materials for biomedical 

applications, IL/PVDF composites were also developed in the form of fibers.  The 

influence of different amounts of the IL ([C2mim][NTf2]) incorporated into PVDF during 

the electrospinning process on polymer morphology and the physical-chemical 

properties was investigated. The charge structure of [C2mim][NTf2] induces the 

crystallization of the PVDF fibers in the piezoelectric -phase with full crystallization in 

this phase for an IL content of 10 wt%. Thermal degradation studies show a single 

degradation process which is strongly influenced by the polymer-IL interactions. Finally, 

the non-cytotoxicity of the fiber mats was confirmed. 

In conclusion, IL based electroactive polymer composites were developed and fully 

characterized in order to be used as actuators. The simple processability, 

biocompatibility and high performance of the actuators represent a relevant 

contribution for increasing the use of these materials in advanced applications, including 

in the biomedical field. 
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Resumo 

 

Os materiais inteligentes e funcionais baseados em materiais poliméricos têm sido 

cada vez mais desenvolvidos, mostrando propriedades personalizadas para uma ampla 

gama de aplicações em diferentes áreas como sensores e atuadores, engenharia de 

tecidos e dispositivos eletrónicos, entre outros. 

Os polímeros eletroativos (EAP) combinam as propriedades atrativas dos 

polímeros (leves, baratos, tolerantes a fraturas, flexíveis e fáceis de processamento) com 

possíveis funcionalidades adicionais que podem ser introduzidas por reforços 

específicos, permitindo adaptar a resposta ativa do polímero e levando a materiais 

inteligentes que respondem a estímulos externos, como campo elétrico, pH, campo 

magnético e luz. 

Neste contexto, o presente trabalho prende-se com o desenvolvimento de 

atuadores baseados em polímeros de baixa diferença de potencial/grande deformação. 

Em primeiro lugar, foi realizada uma avaliação dos diferentes polímeros condutores, 

desenvolvendo-se fibras de polipirrole (PPy)/poli(fluoreto de vinilideno) (PVDF) por 

electrospinning. A condutividade elétrica DC e as propriedades eletroquímicas também 

foram avaliadas. A superfície do PVDF foi completamente coberta com uma camada lisa 

de polipirrole que aumenta com o aumento do tempo de polimerização do pirrole até 

ao máximo de 160±25 nm, apresentando uma condutividade elétrica DC de 70±4 S.m-1.  

Além disso, os atuadores baseados em compósitos de líquidos iónicos 

(IL)/polímeros foram produzidos e caracterizados. Para isso, as amostras de 1-etil-3-

metilimidazólio bis(trifluorometilsulfonil)imida ([C2mim][NTf2])/PVDF foram produzidas 

com diferentes quantidades de IL e espessuras e seu estudo morfológico, mecânico e 

térmico foi realizado para melhorar o comportamento de atuação. O [C2mim][NTf2] 

funciona como um plastificante de PVDF, reduzindo o módulo elástico até 12% do valor 

inicial. Além disso, os compósitos mostram um deslocamento e uma flexão significativa 

sob a aplicação de tensões de 2, 5 e 10 V. 

Atuadores de polímero iónico com base em N, N, N-trimetil-N (2-hidroxietil) 

amónio bis(trifluorometilsulfonil)imida [N1112(OH)][NTf2])/PVDF e 1-etil-3-metilimidazólio 

sulfato de etilo ([C2mim][C2SO4])/PVDF, respetivamente, foram também desenvolvidos. 
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Os dois ILs foram selecionados para avaliar o efeito do tamanho iónico entre 

catiões e aniões do IL na mobilidade iónica do compósito e na performance do atuador. 

A adequação destes materiais para aplicações biomédicas foi avaliada através da 

avaliação citotóxica. A maior condutividade elétrica foi encontrada para compósitos de 

IL/PVDF com 40% em peso de N1 1 1 2(OH)NTf2. Verificou-se que o deslocamento da 

deformação dos atuadores depende mais da quantidade de IL do que o tipo de IL. A 

melhor resposta de bending foi encontrada para o composto de IL/PVDF com 25% em 

peso de N1112(OH)NTf2 a 5 V. Além disso, os compósitos de [C2mim][C2SO4]/PVDF não 

apresentam comportamento citotóxico, demostrando ser adequados para aplicações 

biomédicas. 

Para aumentar a aplicabilidade dos materiais desenvolvidos na área biomédica, os 

compósitos de IL/PVDF também foram produzidos sob a forma de fibras. A influência de 

diferentes quantidades de IL ([C2mim][NTf2]) incorporadas no PVDF durante o processo 

de electrospinning na morfologia do polímero e nas suas propriedades físico-químicas 

foram investigadas. A estrutura de carga do [C2mim][NTf2] induz a cristalização das fibras 

de PVDF na fase piezoelétrica com uma cristalização completa nesta fase para uma 

quantidade de líquido iónico de 10% em peso. Os estudos de degradação térmica 

mostram um único processo de degradação que é fortemente influenciado pelas 

interações polímero-IL. Finalmente, a não citotoxicidade das fibras foi confirmada.  

Em conclusão, os compósitos de polímeros eletroativos baseados em líquido 

iónico foram desenvolvidos e totalmente caracterizados para serem usados como 

atuadores. A simples processabilidade, biocompatibilidade e alto desempenho dos 

atuadores representam uma contribuição relevante para aumentar o uso desses 

materiais em aplicações avançadas, inclusive no campo biomédico. 
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This chapter presents a general introduction on smart materials and actuators, 

followed by the description and technical applications of electroactive polymers and ionic 

liquids. Further, the main objective of the work is indicated, as well as, the thesis structure 

and methodology. 
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1.1. Smart Materials 

 

In the last 20 years, a new class of materials with interesting properties, known as 

smart materials, has emerged. These can also be called intelligent, adaptive, and 

structural materials [1]. When they are subjected to an external stimulus, e.g. electrical 

potential, these types of material may experience a change in the volume, while in 

contact with heat or cold the materials may shrink, expand or move. Similarly, there are 

smart materials that produce electrical signals when folded or extended [1, 2]. In Figure 

1.1, a schematic representation of a piezoelectric smart material is presented. 

 

 

In general, a material that tunes its mechanical features (strain, velocity, position, 

etc) or characteristics (stiffness, viscosity, etc) upon the application of an external field 

(electric, magnetic, thermal, pH, etc.) is considered a smart material [3, 4]. These 

materials exhibit the coupling between several physical domains and allows for 

converting electrical signals into a mechanical deformation or converting the mechanical 

deformation into an electrical output [1]. Others type of smart materials are the ones 

able to convert thermal energy to a mechanical strain [1], among several other 

possibilities. Domain is defined as any physical quantity described by a set of two state 

variables. An example that may consider the mechanical domain whose state variables 

MECHANICAL WORK ENERGY 

(ELECTRICAL) 

E W 

ACTUATOR 

EAP 

SENSOR 

Figure 1.1: Schematic representation of a piezoelectric smart material (EAP stands for 

electroactive polymer). 
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are the material stress and strain. More examples of the different physical domains are 

described in Table 1.1. 

 

Table 1.1: Examples of different physical domains and corresponding state variables [1]. 

Mechanical Electrical Thermal Magnetic Chemical 

Stress Electric field Temperature Magnetic field Concentration 

Strain Electric displacement Entropy Magnetic flux Volumetric flux 

 

When a change in the state variable in a physical domain causes a change in the 

state variable of a separate physical domain, the coupling occurs. As an example, when 

the temperature of a material change (state variable in the thermal domain) this will 

cause a change in the strain (mechanical state variable). This effect is called a 

thermomechanical coupling once the thermal and mechanical physical domains occurs 

[1]. Figure 1.2 shows a representation of the idea of physical domains and the coupling 

between them. 

 

The ability to convert an electrical signal into a mechanical response and vice versa 

is characteristic of electromechanical materials. This reciprocal relationship between the 

two couplings is defined as two-way coupling. When heated, the thermomechanical 

materials produce a mechanical deformation, but the inverse does not occur, and it is 

defined as one-way thermomechanical materials [1]. 

Figure 1.2: Visual representation of physical domains and the coupling between them [1]. 
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The advantage of these materials is their ability to minimize life-cycle cost and/or 

expand the performance. One of the active research fields in this area is the 

development of biologically inspired multifunctional materials with the capability to 

adapt their structural characteristics [3, 5].  

 

1.2. Actuators  

 

Within smart materials, the actuators are a class of materials that have been 

drawing increasing attention [6, 7]. In fact, the application of hydraulic, electric, 

pneumatic and mechanical actuators in modern technology has been steadily growing 

[3, 8]. Conventional actuators present major disadvantages namely: their size, weight, 

slow response time, high energy consumption, tendency to return to the starting 

position, weak performance, and control of stiffness; while the main advantages are 

their reliability, low cost, familiarity and large stroke [3].  

The macroscopic or microscopic devices or polymer chains (molecular motor), 

known as polymeric actuators convert different sources of energy such as electric 

current, electrical field, light, temperature and pressure in mechanical energy. In the 

literature, these actuators (electromechanical, chemomechanical, photomechanical, 

thermomechanical, baromechanical) are mainly known as artificial muscles [9-11]. 

Smart material actuators are usually compact and modify their characteristics 

under the application of external fields such as electric, magnetic and thermal stimuli.  

Examples of typical smart material actuators are: piezoelectric, electrostrictive, 

magnetostrictive, shape memory alloys, and electrorheological/magnetorheological 

fluids (ERF/MRF) [3, 4]. 

For assembling actuators, crucial performance parameters need to be taken into 

consideration such as bandwidth, maximum block force (restrained condition), 

maximum stroke or strain (free condition) and stiffness [3]. Other less important 

parameters are the sensitivity to temperature, linearity, repeatability and reliability, 

brittleness and fracture toughness (fatigue life), power density, field requirement, 

compactness, heat generation, and efficiency [3]. 
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In the actuator, the total strain is the sum of the induced strain, frequently 

considered as thermal strain caused by the electric field, and the mechanical strain 

caused by the applied stress. The displacement compatibility between the actuator and 

the host material is essential to obtain a strain response in the host structure [3]. 

For piezoelectric materials, the application of an electric field tends to orient the 

dipoles of the material along the field, which cause the material to strain. For 

electrostrictive materials, the interaction between the electric field and the electric 

dipoles is intrinsically non-linear [3]. In magnetostrictive materials, the response is based 

on the coupling between the magnetic field and the magnetic dipoles in the material, 

being a non-linear effect. In shape memory materials, it results from the phase 

transformation due to the variation in temperature of the material (caused by a thermal 

field). This transformation is non-linear [3]. As a functional element, the actuator 

connects the information from the processing part of the device of an electronic control 

system with a e.g. biological process. Therefore, they can be used to control the flow of 

energy, volume or mass. In an actuator, the output quantity is the energy or power in 

the form of a mechanical working potential "force times displacement" [12]. In order to 

achieve the control in an actuator it is necessary to use very low electrical power, with 

currents and voltages, microelectronically compatible [12]. 

Regarding soft actuators (based on soft materials), these are devices that can 

directly change different types of energy into mechanical work, deforming by an 

external input signal. For these type of materials, there are several candidates, where 

electroactive polymers (EAP) (discussed in the next point) stand out for the vast family 

of active materials that intrinsically alter the volume, but also for polymer composites 

in which the polymer is passive. In response to an electrical stimulus, the EAPs share the 

ability to change the shape and/or dimensions [13-15]. 

 

1.3. Electroactive polymers 

 

For several years, materials based on EAP have not been of much interest to 

researchers because of the few available materials and their poor ability to perform as 

an actuator. In the last 15 years, new materials with large displacement in response to 
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an electric stimulus have emerged. This property allowed them to be used as actuators 

due to their operational similarity with biological muscles, in specific their damage 

tolerance, quiet operation, resilience and the ability to induce large actuation strains 

(stretching, contracting or bending) [16]. Although the fact that the strength of actuation 

and the robustness require an additional improvement, there are successful cases in the 

development of EAP-based actuated mechanisms. Nevertheless, the replacement of 

conventional actuators by EAP remains a challenge. For this, it is extremely necessary to 

identify applications where EAP materials do not compete with existing technologies 

[16]. 

EAP are distinguished from piezoelectric ceramics and shape memory materials 

mainly by their fundamental material structure [1].  

Polymers are mostly cost effective and exhibit characteristics such as lightweight, 

pliable and fracture tolerant. In addition to these features, it is possible to configure in 

almost any imaginable shapes and its properties can be adapted to serve a wide range 

of requirements. With the application of electrical stimulation, some polymers respond 

significantly through shape or size change, leading to large application potential [16].  

Electrical polymeric actuators or electric artificial muscles are divided in two 

families: electrochemomechanical and electromechanical muscles [9]. 

Electrochemomechanical muscles are comprised any redox material, organic or 

inorganic, which can be laminated or embedded into electrode films and possess 

available redox points for oxidation/reduction reactions, inducing ionic exchange and 

thus a balance between the ions to obtain a response. [9]. On the other hand, 

electromechanical muscles are artificial capacitive muscles that are capable of being 

responsive to electric fields. They consist of electrically and electronically insulating 

polymers, salts solvated with polymers (salt + polymer) or gels (polymer + solvent + salt) 

[9]. The variations that occur in the material are proportional to the electrostrictive or 

piezoelectric, ferroelectric, electrostatic (including ions) and electrokinetic (electro-

osmotic) actuators (including ions and solvents). In this case, the polymer chains do not 

experience chemical reactions during the actuation [9]. 

EAPs are one of the most interesting and future-oriented classes of materials for 

soft actuators. EAPs actuators hold important advantages over conventional actuators, 

such as low cost, easy processing, large actuation strains, high compliance, low mass 



Chapter 1. Introduction 

 

8 
 

density, light, flexible, low-driven voltage, among others [13, 17-19]. In this way, they 

can be used in many health-oriented applications such as biomedical applications [20, 

21], limb prosthetics, bionic implant, large area display, ubiquitous electronic display 

(tactile display), among others.  

Various types of EAP materials have been investigated for these purposes and can 

be divided in two crucial categories, electronic and ionic, according to their activation 

mechanism [1, 13, 22-24]. Table 1.2 shows examples of different types of EAP. 

 

Table 1.2: Different types of EAP materials [1, 13, 22-24]. 

Electronic  Ionic 

Piezoelectric Polymers Ionic polymer gels 

Dielectric Elastomers Ionomeric polymer–metal composites 

Electrostrictive Graft Elastomers Conductive polymers 

Electrostrictive paper Carbon nanotubes 

Electrovisco-elastic Elastomers Electrorheological Fluids 

Liquid-Crystal Elastomer Materials  

 

1.3.1. Electronic electroactive polymer materials 

 

The electronic EAP materials present a coupling due to the polarization-based or 

electrostatic mechanisms. The properties of these materials resemble those of 

piezoelectric materials because they are insulators containing the bound charge in the 

form of electronic dipoles [1]. 

Electronic EAP materials (driven by electric field or Coulombic forces [10, 23]) 

(electrostrictive, electrostatic, piezoelectric and ferroelectric) require high activation 

electronic fields [13] ( 200 MV.m-1) near to the dielectric breakdown field levels in 

polymers to be responsive and act as an actuator or sensor. The electronic EAP have 

fundamentally longitudinal and transverse deformation mechanisms caused by dipole 

moment orientation. They can be activated in normal environmental conditions without 

relevant restrictions and they have a higher density of mechanical energy [22]. 
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The advantages of electronic EAP materials include holding the generated 

displacement under a DC voltage making them attractive for robotic applications, rapid 

response and relatively large actuation forces. Nevertheless, their main disadvantages 

are the high electric field required for activation that can be close to the dielectric 

breakdown level and high voltages and a compromise between strain and stress  

[15, 25, 26]. A brief overview of the different electronic EAP materials will be disclosed 

in the following sub-chapters. 

 

1.3.1.1. Piezoelectric Polymers 

 

Piezoelectricity was discovered in 1880 by Pierre and Paul-Jacques Curie when 

they compressed some types of crystals (e.g. tourmaline, quartz, and Rochelle salt) that 

led to the production of an electrical voltage (direct effect). They also discovered that 

these crystals withstand an elongation after the application of an electric current, a 

phenomenon called the inverse effect [10].  

Piezoelectricity is detected only in noncentro-symmetric materials and when 

these nonconducting crystals or dielectric materials show spontaneous electrical 

polarization, the phenomenon is called ferroelectricity. The most extensively exploited 

ferroelectric polymers are the poly(vinylidene  fluoride) (PVDF) and vinylidene  fluoride 

(VDF) copolymers [10]. 

The PVDF is a polymer with particular scientific and technological interest due to 

its excellent properties including, biocompatibility, non-toxicity, chemical resistance, 

good mechanical properties, and excellent electrical properties such as piezo-, pyro-, 

and ferroelectricity [27, 28]. This is a semi-crystalline polymer known by its 

polymorphism [28]. Depending on the processing conditions, PVDF shows a 

multifaceted structure and can present up to five distinct crystalline phases connected 

to different chain conformations intended as all trans (TTT) planar zigzag for the -

phase, TGTG´ (trans-gauche–trans-gauche) for the  and  phases and T3GT3G´ for  and 

ε phases [27]. Figure 1.3 shows the representation of the chain conformation of the 

most investigated phases of PVDF. 
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The electroactive properties are increasingly important for different applications 

such as sensors and actuators, separators and filtration membranes, smart scaffolds, 

biomedicine applications, energy generation and storage and monitoring and control, 

among others [27]. 

 

1.3.1.2. Dielectric Elastomers 

 

The dielectric elastomer actuators are produced based on highly deformable 

dielectric media. The Coulombic forces between charges generate a stress (Maxwell 

stress), which causes the electrodes to move closer, when an electric field is applied 

through the parallel plates of a capacitor. This movement squeezes the elastomer, 

causing an expansion in the lateral direction [23]. 

In order to induce actuation strain by subjecting them to an electrostatic field, 

polymers with low elastic stiffness and high dielectric constant can be used [10]. 

Examples of common dielectric elastomers are silicon and acrylic [29-32]. 

 

1.3.1.3. Electrostrictive Graft Elastomers 

 

In 1998, a graft-elastomer EAP was developed at the National Aerospace Agency 

(NASA) Langley Research Center, which showed a high electric-field-induced strain due 

to electrostriction. This electrostrictive polymer consists of two components, a flexible 

backbone macromolecule and a grafted polymer that can produce a crystalline 

Figure 1.3: Representation of the chain conformation for the , and  phases of PVDF [27]. 
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structure. This grafted phase offers moieties in response to an applied electric field and 

crosslinking sites for the elastomeric system [10, 23]. 

 

1.3.1.4. Electrostrictive paper 

 

It was demonstrated the use of paper as an electrostrictive EAP actuator [10]. The 

paper is constituted by a multiplicity of discrete particles, mostly fibrous in nature, that 

create a network structure [10]. It is possible to prepare a paper with electroactive 

properties, since it is possible to engineer it in different shapes using several mechanical 

processes with chemical additives. For example, the bonding of two silver laminated 

papers with silver electrodes placed on the outside surface result in an EAP actuator. 

When an electric voltage is applied to the electrodes, the actuator produces a 

bending displacement and its performance depends on the excitation voltages, type of 

adhesive, frequencies used and the properties of the host paper [10]. The 

electrostriction effect associated with these type of actuators results from the 

electrostatic forces and the intermolecular interaction of the adhesive, as some studies 

indicate [10]. Thus, the resulting actuator is lightweight and simple to manufacture. 

Currently, several applications include flexible speakers, active sound-absorbing 

materials and intelligent shape control devices were developed [10, 23]. 

 

1.3.1.5. Electro-viscoelastic Elastomers 

 

The electro-viscoelastic elastomers are typically composed of silicone elastomer 

and a material bearing a well-defined polar phase. Prior to cross-linking, in the uncured 

state, they perform as ERF. During the curing step, performed to orient and correct the 

position of the polar phase in the elastomeric matrix, an electric field is applied. 

Although these materials present a shear modulus (both real and imaginary parts) that 

changes with an applied electric field, they remain in the "solid" state [10]. 

Electro-viscoelastic elastomers are the solid form of an ERF (a suspension of 

dielectric particles). The formation of complex anisotropic structures comes from the 

induced dipole moments that cause the particles to form chains in the directions of the 
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field, when these ERF are subjected to an electric field [23]. Examples of electro-

viscoelastic elastomers are electrodes, synthetic rubber and silicone [29]. 

  

1.3.1.6. Liquid-Crystal Elastomer Materials 

 

Liquid-crystal elastomers can be used to produce an EAP actuator with 

piezoelectric characteristics and they are electrically activated by applying a Joule 

heating effect. The phase transition between nematic and isotropic phases, during a 

period of less than one second is involved by the actuation mechanism. The reverse 

process is slower once it requires cooling causing the expansion of the elastomer to its 

original length, taking about 10 seconds [10, 23]. 

 

1.3.2. Ionic electroactive polymer materials 

 

Ionic EAPs exhibit electromechanical coupling properties due to the diffusion or 

conduction of charged species within the polymer network. This motion of charge 

species is due to the accumulation of charge within the material which causes 

electromechanical coupling [1]. Ionic materials (more related to conductors) conduct 

charged atoms or molecules, while an electronic conductor conducts electrons [1]. 

To act as an actuator, ionic EAP materials (activated by electrically transport of 

ions and/or solvent [13]) (gels, ionomeric polymer–metal composites (IPMCs), 

conductive polymers (CPs) and carbon nanotubes (CNTs)) require drive voltages as low 

as a few volts and fields of about few hundred volts per meter ( 2–4 kV.m-1) [22]. The 

ionic exhibit mainly bending processes that are caused by ion mobility or diffusion  

[10, 23]. 

The ionic-type EAP actuators consist of the EAP electrodes, an electrolyte and the 

counter electrode. The actuation of these actuators is based on electrochemical 

processes like the redox reactions of the EAP or the charging/discharging of the double-

layer between the EAP and the electrolyte. Thus, the electrolyte is vital for EAP actuators 

like other electrochemical devices such as supercapacitors, fuel cells, batteries, etc. [13]. 

EAP electrodes, such as CPs or CNTs combining gel electrolytes or IPMCs, have been 

studied [13]. On the other hand, ionic liquids (ILs) are considered ideal electrolytes for 
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the solid state EAP actuators once they can operate without special conditions due to 

the fact that they are almost non-volatile, have high ionic conductivities and large 

potential windows [13]. 

The main advantage of ionic-type EAPs is their low voltage operation (less than 3 

V) compared to the electronic-type (typically requiring very high voltages, higher than 

several kV), which is mostly useful in portable and battery applications, and often allows 

actuators to be driven without the need of extensive and costly voltage conversion 

circuitry. In addition, to apply human friendly applications, low-voltage ion-type EAPs 

are very promising due to their safety. The ionic EAP requires low voltages and provides 

primarily bending actuation. On the other hand, they have a slow response and the 

bending EAPs induce a relatively low actuation force, the need to maintain electrolyte 

wetness, low conversion efficiency ( 1%) and difficulties that sustain constant 

displacement under activation of a DC voltage (except for conductive polymers) [13, 25]. 

The different ionic EAP materials will be discussed in the following sub-chapters. 

 

1.3.2.1. Ionic polymer gels 

 

The synthesis of polymer gels has been a way of producing strong actuators with 

the potential of mimicking the force and energy density of biological muscles. Usually, 

to activate these materials (e.g., polyacrylonitrile), a chemical reaction is required, 

usually by inducing a change from an acid to an alkaline environment, which causes the 

gel to get denser or to swollen. Thus, when these gels are activated they bend as a result 

to the cathode side becoming more alkaline and the anode side becoming more acidic. 

However, the need to diffuse ions through the gel makes the response of this multilayer 

gel structure relatively slow [10, 26]. 

In the literature, there are some studies using gelatin and polyacrylamide (PAAM), 

able to improve the performance of the material as an actuator and for specific 

applications [33-43]. 
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1.3.2.2. Ionomeric polymer–metal composites 

 

The electrical activation result from cations mobility in the polymer network is the 

response of an IPMC (a bending EAP). The base polymer provides channels for mobility 

of positive ions in a fixed network of negative ions on interconnected clusters. To form 

an IPMC´s material, two types of base polymers are commonly used: Nafion 

(perfluorosulfonate made by DuPont) and Flemion (perfluorocarboxylate, 

manufactured by Asahi Glass) [10]. Important research efforts have been developed to 

improve performance and applicability of the materials [14, 26, 44-57]. 

 

1.3.2.3. Conductive polymers 

 

Conductive polymers typically function through the insertion and expulsion of 

reversible counter-ions during the redox cycle [10]. In electrodes, the reaction of 

oxidation and reduction with an electrolyte occur, which induces a considerable volume 

change mainly because of the exchange of ions. An EAP actuator consists of a sandwich 

of two conductive polymer electrodes (e.g., polypyrrole (PPy) or polyaniline (PANI) or 

PANI doped in HCl encasing an electrolyte [10, 58]. The oxidation at the anode and the 

reduction at the cathode occurs when a voltage is applied between the electrodes. The 

H+ ions migrate between the electrolyte and the electrodes to balance the electrical 

charge. The addition of ions induces the polymer swelling while the removal of ions 

causes its shrinkage, which causes the bending of the sandwich [10, 26, 58].  

Conductive polymers such as PPy [9, 59-96] and PANI [59, 97-109] have been 

extensively studied for a wide range of applications and for improving the properties of 

the materials. 

 

1.3.2.4. Carbon nanotubes 

 

The mechanism of action of CNT is a result of the carbon-carbon bond in CNT, 

which are suspended in an electrolyte, and to the change in the bond length. A network 

of conjugated bonds provides the connection of all carbons and offers a path for the 

flow of electrons along the bonds. The electrolyte, together with the CNT, form an 
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electric double layer and allow the injection of large charges that affect the balance of 

the ionic charge between the CNT and the electrolyte. The CNT transport a net positive 

charge, producing repulsion between adjacent carbon nuclei and increasing the C-C 

bond length due to the removal of electrons. The lengthening of the bond results in an 

increase in the diameter and length of the nanotube, and is also triggered by the 

injection of electrons into the bond [10]. Some studies have been published on these 

materials for practical applications [26, 65, 110-119]. 

 

1.3.2.5. Electrorheological Fluids 

 

ERF undergo viscosity variations when subjected to an electric field. These fluids 

are obtained from suspensions of an insulating base fluid and particles from 0.1 to 100 

μm in size. The electrorheological effect was first explained by Winslow in 1940s, using 

the fine powder oil dispersions. The difference in the dielectric constants of the fluid and 

particles is elapsed through the electrorheological effect, sometimes called the Winslow 

effect. The particles, in the presence of an electric field, will form chains along the field 

lines. The viscosity of ERF, yield stress and other properties are altered by the induced 

structure allowing ERF to change the consistency of the liquid to something that is 

viscoelastic, such as a gel, with response times to changes in electric fields on the order 

of milliseconds [10].   

  

1.4. Ionic Liquids 

 

Ionic liquids are a diversified group of salts that are liquid at room temperature 

and show a wide range of property [120]. The main properties of ILS are presented in 

Table 1.3 [17, 121].  
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Table 1.3: Properties of ILs [17]. 

Low melting point • Considered liquid at ambient temperature 

• Wide usable temperature range 

Nonvolatility • Thermal stability 

• Flame retardancy 

Composed by ions • High ion density 

• High ion conductivity 

Organic ions • Various kinds of salts 

• Designable 

• Unlimited combinations 

 

Ionic liquids are "fine - tunable" or "designable". So, large developments with the 

use of these remarkable materials are expected in the near future [122]. Figure 1.4 

shows the framework of the ILs. 

 

The key advantages of ILs are their outstanding characteristics and effectiveness 

for different applications. They usually exhibit very high ionic conductivity, flame 

retardancy and non-volatility since they are only composed by ions. Organic liquids with 

high ionic conductivity and flame retardancy are attractive for electrochemistry 

Figure 1.4: Positioning of ILs in the different liquid materials [123]. 
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applications [17, 124]. In fact, ILs have also attracted much interest for other 

applications in energy, biomedicine, solvents, property improvements, among others 

[44, 125-160]. 

Generally, the IL cation is an organic structure of low symmetry. Often a positively 

charged nitrogen or phosphorus is enveloped by the cationic center. Up to date, the 

cations are based on ammonium, imidazolium, oxazolium, picolinium, phosphonium, 

pyrazolium, pyridinium, pyrrolidinium, sulfonium or thiazolium, generally completely 

substituted. With the modification of the cation, the properties of the liquid can be 

altered, namely the melting point, viscosity and miscibility with other solvents [120]. 

Depending on the cation, the ILs can be divided into five groups: ammonium, 

phosphonium and sulphonium cations; chiral cations; five membered heterocyclic 

cations; functionalized imidazolium cations and six-membered benzo-fused heterocyclic 

cations [120]. 

Anions which form ILs at room temperature are generally composed of weak basic 

inorganic or organic compounds bearing a diffuse or protected negative charge. Based 

on the anion, the ILs can be divided into six groups: anion-based ILs such as alkylsulfates, 

alkylsulfonates, alkylphosphates, alkylphosphinates and alkylphosphonates; anion-

based ILs such as mesylate (CH3SO3
-), tosylate (CH3PhSO3

-), trifluoroacetate (CF3CO2
-), 

acetate (CH3CO2
-), thiocyanate (SCN-), triflate (CF3SO3

-) and dicyanamide ((N(CN)2
-); ILs 

based on AlCl3 and organic salts; ILs based on amide and methanide anions; ILs based 

on anions such as PF6
-, BF4

- and SbF6
- and ILs based on anions such as borates and 

carboranes [120]. Figure 1.5 shows some chemical structures of representative cations 

and anions used in protic, aprotic, dicationic, polymeric, magnetic and solvate ILs. 

The ILs selected for the present work are presented in Table 1.4. One of the main 

reasons for the selection of the IL was their biocompatibility, in order to apply the 

materials in biomedical applications. Further, IL was also selected in order to allow 

evaluation of the effect of anion and cation on actuator performance. 
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Cations 

 

Anions 

 

Figure 1.5: Some chemical structures of representative cations and anions used in protic, 

aprotic, dicationic, polymeric, magnetic and solvate ILs. From left to right, the cations (top row) 

include: ammonium, pyrrolidinium, 1-methyl-3-alkylimidazolium, 1,3-bis(3-methylimidazolium-

1-yl) alkane; (second row) phosphonium, pyridinium, poly(diallyldimethylammonium), metal 

(M+) tetraglyme. The anions include (third row) halides, formate, nitrate, hydrogen sulfate, 

hepta fluorobutyrate, bis(perfluoromethylsulfonyl)imide, tetra fluoroborate, (bottom row) 

thiocyanate, hexafluorophosphate, tris(pentafluoroethyl)trifluorophosphate, dicyanamide, 

poly(phosphonic acid), and tetrachloroferrate [123]. 

 

Table 1.4: Description of the ILs used in this work. 

Scientific Name Structure Abbreviation 

1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

 

[C2mim]NTf2 

N,N,N-trimethyl-N-(2-

hydroxyethyl)ammonium 

bis(trifluoromethylsulfonyl)imide 
 

N1 1 1 2(OH)NTf2 

1-ethyl-3-methylimidazolium 

ethylsulfate 

 

[C2mim][C2SO4] 
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The ILs are classified based on their chemical structure. However, ILs have 

structural characteristics that resemble molten salts, ionic crystals, ionic surfactants and 

molecular fluids, and the potential of pure ILs is enormous. The two most common IL 

types, based on the well-established division between proton-donating (protic) and 

nonproton-donating (aprotic) molecular solvents, are protic and aprotic ILs [123]. 

 

1.4.1. Protic ILs 

 

Protic ILs (PILs) are obtained by proton transfer from an equimolar combination of 

a Brønsted acid and a Brønsted base. Therefore, PILs are generally simpler and cheaper 

to prepare than other IL classes because there are no byproducts. In PILs, proton transfer 

has been concerned in many properties (conductivity, vapor pressure, catalytic activity 

thermal stability, protein stabilization) or for explosive PILs [123]. 

 

1.4.2. Aprotic ILs 

 

Aprotic ILs (AILs) does not share a common structural feature as do PILs. The 

possibility of covering a variety of chemical structures of anions and cations, some of 

which H-bond and some of which do not, come from AILs. The preparation of AILs is 

usually more expensive and complicated than PILs, often involving multiple reactions. 

This occurs because the ions are formed by the formation of covalent bond between 

two functional groups [123].  

 

1.4.3. Other ILs subclasses 

 

In the literature, a number of other subclasses of IL are reported based on distinct 

structural features, such as a chiral center (chiral ILs), a divalent ion (divalent ILs), a 

fluorocarbon moiety (fluorous ILs), a paramagnetic atom/group (magnetic ILs), a 

polymeric or polymerizable ion (polymeric ILs), or a coordinated ion (solvate ILs) [123].  
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1.5. Ionic liquid/Polymer composites  

 

Intensive research has been carried out on ILs for different applications, namely 

for obtaining composites based on a polymer matrix and ILs. Table 1.5 presents the 

compilation of already published works.  

Up to now, various polymers have been investigated, such as PVDF and its 

copolymers, poly(etherurethane urea) (PEUU), single-walled carbon nanotubes 

(SWCNT) composites, nafion and poly(3,4-ethylenedioxythiophene) (PEDOT) with 

different processing approaches ranging from films, blends, ionogels and self-assembly 

techniques.  

Although there are few studies on these materials for biomedical applications 

[161-168], the polymer/IL composites have been mainly apply for other applications 

such as: electrochemical capacitors [169, 170], filtration membranes [171, 172], 

electrochemical [173-175] and electrochromic devices [176-178], catalytic systems 

[179], electronic devices [180], tactile displays [181], wastewater treatment applications 

[166], sensors [182-184], actuators [182, 184-186], fuel cells [182, 184] and batteries 

[182-184, 187, 188]. 

In this work, more emphasis will be given to PVDF and its copolymers due to their 

polar phases and semi-crystallinity. He et al. [189] reported a facile and effective 

development of a β crystalline phase PVDF via the incorporation of imidazolium ILs and 

they conclude that the room temperature ionic liquids (RTILs) significantly influenced 

the mechanism of nucleation and growth of PVDF crystallites. 

In other study, ILs was able to modify PVDF crystalline structure, miscibility, and 

physical properties. The incorporation of IL simplified the production of polar  and  

crystals and the obtained IL/PVDF blends exhibited excellent mechanical properties due 

to the enhanced elongation at break and enhanced tensile strength, and showed 

excellent anti-electrostatic properties and good miscibility between PVDF and IL [190].  

Xing et al.[191] studied nanostructured IL/PVDF composites and showed dominant 

nonpolar α-phase of PVDF crystals, exhibited greater electrical properties, enhanced 

Young’ s modulus and ductility, and improved dielectric performance when compared 

with neat PVDF. So, are promising for its potential use in superthin dielectric capacitors. 
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Polar - and - forms of PVDF were produced using melt crystallization in the 

presence of an IL [192]. Moreover, the combination of PVDF and IL has been used as a 

strategy to improve the properties modified clay nanocomposites [184]. 

In order to investigate the effect of IL on the crystal phase, morphology and 

dieletric relaxation behavior of PVDF, films of IL/PVDF have been prepared [193]. These 

films showed an increase on ion mobility, high values of dielectric permittivity and 

accelerate DC conductivity. 

Different works successfully obtained actuator films based on IL/polymer 

composites. Terasawa et al. used polymers such as Nafion, poly(vinylidene fluoride-co-

hexafluoropropylene) P(VDF-HFP) and SWCNT [169] and PEDOT:Poly(4-

styrenesulfonate)(PSS)/vapor-grown carbon fibre, P(VDF-HFP) [186] in order to obtain 

information on the most suitable matrix for combined the IL.  

The fabrication of plastic actuators based on ionic-liquid-based bucky gel with 

P(VDF-HFP) and SWNTs have been investigated by Mukai et al. [163]. The low-voltage 

produce a solid-state actuator showing a maximum stress and strain of 4.7 MPa and 

1.9%, respectively. These results are comparable with any other technology used in the 

development of low-voltage solid-state EAP actuators. 

The work presented in this thesis aims the improvement the performance of ionic 

EAPs through the insertion of ILs in the polymer matrix, with the objective to control the 

force, frequency, displacement and stability of the composites and, if possible, at low 

voltages. 

To fulfill these objectives, PVDF was used as an electronic EAP. This polymer has a 

crystalline structure, which may exhibit various phases of crystallization with different 

polarity and degree of crystallinity and possess many attractive features such as: non-

toxicity, biocompatibility, strong piezoelectricity, high mechanical strength, semi-

crystallinity, etc [27]. Moreover, it has chosen the ILs to form the composites. Joining 

the particular properties of each constituent it could obtain an ionic actuator. From one 

side, it is possible control the stiffness, phase and molecular size of PVDF; while in the 

case of ILs we may control the size, mobility, polarity and concentration. Joining these 

specific and important features it obtained a highly manageable actuator using a novel 

approach, which makes the study presented in this thesis a valuable contribution for 

future applications in actuators.  
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Table 1.5: Polymer matrix, ionic liquids, type of processing and applications. The extended name of IL can be found in the corresponding list in page XXVII. 

Polymer matrix Ionic Liquid Processing Applications  References 

Nafion; P(VDF-HFP); SWCNT [C2mim][BF4]; 

[C2mim][TFSI] 

Bucky-gel actuator Electrochemical kinetic 

model 

[194] 

Polystyrene- 

block-poly(methyl methacrylate)-block-

polystyrene (SMS) 

[C2mim][NTf2] Ion-gel Self-Assembly Ion-gel electrolytes [195] 

Sulfonated chitosan (PSC) 

Functionalized graphene oxide (GO)  

[C2mim][OTf] Membranes Artificial muscles [161] 

Nafion [C2mim][BF4];  

[C4mim][BF4]; 

[C4mim][BF6] 

Ion exchange Work in dry air 

environment 

[196] 

PSS-b-PMB block copolymers [C2mim][BF4]; 

[C2mim][PF6]; 

[C6mim][PF6] 

Films Biomimetic actuators with 

Human affinity 

applications 

[162] 

PSS − PMB and PSS − PMB − PSS Block 

Copolymers 

[C6mim][PF6]; 

[C6mim][BF4]; 

[C6mim][TFSI] 

Membranes Electrochemical devices [173] 

Nafion [C2mim] [Tf] LbL self-assembly process Equivalent circuit models [197] 
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P(VDF − CTFE) 

P(VDF − CTFE)/PMMA 

P(VDF − CTFE)/PMMA 

[C2mim][TfO] Films 

Blends 

Cross-linked films 

Electrolyte [198] 

PEDOT:PSS; PEDOT:PSS/SWCNTs [C2mim][BF4]; 

[C2mim][CF3SO3], 

Film Electrochemical capacitor [169] 

PEDOT:PSS [C2mim][TFSI] Inkjet printing Filtration [171] 

P(VDF-HFP); SWNTs [C2mim]C[BF4] Bulky gel Artificial muscles [163] 

P(VDF-HFP)/(POSS-OH) [C4mim][BF4] Nanofibrous mats Electrochromic device [177] 

P(VDF-HFP) [C4mim][BF4] IL-loaded cross-linked 

electrospun 

Electrochromic device [176] 

PVDF [C6(mpy)2][NiCl4]2- Nanofiber Catalytic system [179] 

PVDF [C4mim][PF6]; 

[C4mim][BF4]; 

[C4mim][FeCl4]; 

[C4mim][Cl] 

Films  [189] 

P(VDF-HFP); [HEMIm][Cl]; 

[HEMIm][BF4] 

Gel film Electronic devices [180] 

PEUU [C2mim][NTf2] Film Electrolyte [199] 

PVDF [C4mim][PF6] Blends  [190] 
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P(VDF-HFP); [C4mim][BF4] Membranes  [200] 

PVDF/MWNT 3-aminoethyl imidazolium 

bromide 

Solvent cast 

Melt blending 

 [201] 

P(VDF-HFP); [C2mim][TCB] Film Electrochemical capacitors [170] 

PVDF [VBIM][Cl] Blend Superthin dielectric 

capacitors 

[191] 

P(VDF-TrFE) [N1112(OH)][NTf2] Membranes Energy storage [187] 

PVDF [C4mim][PF6] Nanofibers Micro/nanoelectronic 

devices 

[202] 

PVDF [C4mim][BF4] Film  [192] 

DNA [N1112(OH)][NTf2] Membranes Electrochemical devices [174] 

Agar  [C2mim][C2SO4];  

[Ch][OAc];  

[C2mim][OAc]; 

Membranes Electrochromic device [178] 

SMS; PMMA [C2mim][TFSI] Self-assembly Electrochemical devices [175] 

PVDF; P(VDF-HFP); SWCNT [C2mim][BF4]; 

[C2mim][TFSI] 

Bucky-gel actuator Tactile displays [181] 
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Agarose [C4mim][Cl]; 

[C4mim][C1OSO3]; 

[C4mpy][Cl];  

[MA][HCOO];  

[EA][HCOO];   

[HEA][HCOO] 

Ionogel Biomedical applications [164] 

PEDOT/NBR [C2mim][TFSI] Films Actuator [185] 

Nafion [C2mim] [Tf];  

[BMP][TFSI]; 

[TES][TFSI] 

Film Sensors, actuators, fuel 

cells and batteries 

[182] 

Polyethyleneimine alkyl halides Micro-emulsion 

polymerization 

Antimicrobial materials 

and drug delivery devices 

[165] 

Polyurethane [C4mim][PF6] Fibers Biomedical and 

wastewater 

Treatment applications 

[166] 

PMMA [C4mim]2[CuCl4] Ionogel Filtration [172] 

Cholesterol [C16mim]C[Cl] Vesicular solutions Controlled release and 

drug delivery 

[167] 

Collagen  [C10mim][Cl];  - Biomedical applications [168] 
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[C4mim][Cl];  

[C2mim][Cl] 

Nanoparticles Fe3O4 @SiO2 imidazole ionic liquid - Heme proteins [203] 

P(VDF-TrFE) [C2mim][OAc]; 

[C2mim][CF3SO3]; 

[C2mim][HSO4]; 

[C2mim][SCN]; 

[C2mim][Lactate] 

Membrane Energy storage 

applications 

[183] 

PVDF; montmorillonite clay [C4mim][Cl];  

[C6mim][Cl];  

[C16mim][Cl] 

Films Sensors, actuators, 

Batteries 

[184] 

P(VDF-HFP) [C2mim][DCA] Film Battery  [188] 

PEDOT:PSS vapor-grown carbon fibre; 

P(VDF-HFP) 

[C2mim][BF4]; 

[C2mim][CF3SO3] 

Film Actuator [186] 

PVDF 1-Benzyl-3-

methylimidazolium 

hexafluorophosphate 

Film  [193] 
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1.6. Objectives 

 

The main motivation and objective of this thesis is the production, 

characterization and optimization of EAP actuators able to develop large deformations 

at low voltage. Materials have been produced in the form of films and fibers. The 

produced materials will be thoroughly evaluated and characterized in terms of their 

structural, thermal, mechanical, electrical and electroactive properties.  

 

The main specific objectives of this work are: 

❖ To obtain new and highly responsive and reliable ionic EAP. 

❖ To obtain them in the form of films and fibers. 

❖ To get a deeper knowledge of the physical and chemical origin of the above-

mentioned effect together with the electrical, mechanical, thermal and 

electromechanical properties of the materials. 

❖ To obtain a relationship between the structural and microscopic properties of 

the materials and their macroscopic response. 

❖ To determine and optimize the range of applicability of these materials and 

actuators, both from the point of view of the physical and chemical parameters 

as well as with the areas of applications themselves. 

❖ To develop actuators from the build up materials. 

 

1.7. Thesis structure and methodology 

 

In order to accomplish the general objective defined above, the work and the 

thesis is organized in 6 individual chapters each aiming to fulfill a specific goal, being four 

of them based on published scientific papers. The chapters are presented in a sequential 

order, representing also the methodology of the work. Thus:  

The Chapter 1 presents a general introduction, defining smart materials and 

actuators, followed by the description and technical applications of EAPs and ILs. 

Further, the objective of the thesis is indicated as well as the structure and methodology 

of the work and the thesis. 
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Chapter 2 focus on the study of the electrical properties of intrinsically conductive 

core-shell PPy/PVDF electrospun fibers. In this chapter, the electrical DC conductivity, 

electrical and the electrochemical properties are comprehensively evaluated. 

Chapter 3 deals with the preparation of [C2mim][NTf2]/PVDF samples with 

different IL content and thickness. A morphological, mechanical and thermal study was 

performed in order to improve the actuation behaviour. 

In Chapter 4, two new types of ionic polymer actuators, based on 

N1 1 1 2(OH)NTf2/PVDF and [C2mim][C2SO4]/PVDF, respectively, are presented. The two 

ILs were selected in order to evaluate the effect of the ionic size between cations and 

anions of the IL in the ionic mobility of the composite and in the actuator performance. 

The suitability of these materials for biomedical applications was further assessed 

through cytotoxic evaluation.  

Chapter 5 emphasize the influence of different amounts of an IL ([C2mim] [NTf2]) 

incorporated into PVDF during the electrospinning process on polymer morphology, 

average fiber diameter, crystalline phase and thermal degradation kinetics. Further, the 

adequacy of the fibers for biomedical applications has been also addressed. 

Finally, the Chapter 6 presents the overall conclusions of the work and is devoted 

to an integrative discussion focused on the main contributions of the present work to 

the scientific community in this working area. Suggestions for future directions to 

complement this research are also presented.  
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This chapter is based on the following article: Dias, J.C., Correia, D. M., Botelho, G., 

Lanceros-Méndez, S., Sencadas, V., Electrical properties of intrinsically conductive core–

shell polypyrrole/poly(vinylidene fluoride) electrospun fibers. Synthetic Metals, 2014. 

197: p. 198-203. 

Polypyrrole has been synthesized as a homogeneous layer on the fibers of 

electroactive poly(vinylidene fluoride) electrospun mats via in-situ polymerization of 

pyrrole. A core-sheath structure was obtained, and the conductivity depends on synthesis 

time, which influences the morphology and thickness of polypyrrole layer. Further, the 

thermal coefficient of resistivity was obtained and the temperature dependence of 

electrical DC conductivity of the polypyrrole/poly(vinylidene fluoride) fibers gives evidence 

of a transport mechanism based on Mott’s variable range hopping model. Using this model, 

values for the density of states, hopping energy and distance were assessed. 
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2.1. Introduction 

 

Among conductive polymers, PPy has attracted much interest due to its electrical 

conductivity and potential applications in different areas such as actuators, chemical 

and biosensors, development of electrodes, electronic devices and more recently in 

tissue engineering as porous fibers or scaffolds to promote cell attachment and 

proliferation [1-3]. One of the main problems of PPy that restricts some technological 

developments is its limited control over porosity and poor mechanical properties [2]. 

These limitations have been overcome to some extent by the use of composite 

structures. Several processing methods have been used to produce PPy based 

composite materials, such as electrochemical methods [4, 5], co-precipitation [6], 

inverse emulsion [7], dip-coating [8], diaphragmatic polymerization [9] or in-situ 

polymerization on the surface of other polymers [10]. 

In this way, large research interest has been devoted to find suitable supports for 

PPy with desirable mechanical properties such as carbon nanotubes (CNTs) [11], land 

cellulose, bacterial cellulose (BC) [10] and poly(methyl methacrylate) (PMMA) [12], 

among others. The production of conductive polymers in the form of non-woven fiber 

mats has been attracted large attention, due to the controlled porosity and enhanced 

mechanical properties of the membrane support. 

Electrospinning has gained attention as a method for the preparation of polymer 

fibers of various morphologies and functionalities at low costs. Although unsuitable for 

direct preparation of fibers from conductive polymers, fiber webs obtained by this 

technique, with high surface to volume ratios, can be used as a support for conductive 

layers and as templates for growing conductive polymers. 

PVDF is an EAP known for its chemical resistance and excellent mechanical 

properties [13]. The -phase is the thermodynamically most stable when the material is 

obtained from the melt at moderated or fast cooling rates [13, 14]. Piezoelectric -PVDF 

is usually obtained from solution casting, when solvent evaporation occurs at 

temperatures below 60 °C [14]. The effect of electrospinning parameters on PVDF 

average fiber diameter and electroactive phase content shows that the amount 
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ofPVDF present in the fiber mats can range between 50 and 85% and the average 

fiber diameter between 0.2 and 1.3 m [15]. 

An approach to improve the properties of conducting polymers consist in the use 

of other insulating polymeric materials, like PVDF, that will provide the necessary 

mechanical support. Wang et al. [10] reported a processing protocol for the preparation 

of morphology-controlled PPy-BC with electrical conductivity up to 77 S.m-1. These 

composite fibers show potential for applications in supercapacitors. PPy-

polyoxyphenylene (POP) composites were prepared by in-situ electropolymerization 

with different Py doping agents [16], the temperature dependence of DC conductivity 

giving evidence for a transport mechanism based on the Mott’s variable-range hopping 

(VRH) model.  

In this scope, the temperature dependence of the DC conductivity of 

electrochemically polymerized PPy films with different amounts of tetrafluoroborate 

anions (BF4
-) [17] shows that Mott’s parameters for the undoped and lightly doped 

samples of PPy are close to those expected for those topologically disordered systems. 

The study of the influence of the oxidant on anion exchange properties of fibrous 

cladophora cellulose/PPy fibers [18] shows that the conductivity of the fibers is 

influenced by the presence of the anion and the thickness of the PPy layer on top of the 

cladophora cellulose. 

Charge transport studies in conductive/insulator polymers are important to 

understand the basic mechanisms, as well as, to achieve precise control over device 

applications. In the present work, electrospun electroactive PVDF non-woven fiber mats 

were processed by electrospinning followed by in-situ polymerization of PPy on the 

surface of PVDF. The influence of Py synthesis time on the evolution of PPy layer 

thickness and DC conductivity with temperature is reported.  
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2.2. Experimental 

 

2.2.1. Materials 

 

PVDF (Solef 1100, 300000 g.mol-1) was supplied by Solvay. N,N-Dimethyl 

Formamide (DMF) was purchased from Merck. The polymer was dissolved in DMF with 

a concentration of 20% (w/w) of PVDF. The solution was kept in a magnetic stirrer at 

room temperature until complete dissolution. Lithium perchlorate (LiClO4) 1M (Fluka, ≥ 

98% of purity) was used as electrolyte for electrochemical studies. 

 

2.2.2. Electrospinning  

 

PVDF electrospinning was performed using the method described in detail in [15]. 

Briefly, the polymer solution was placed inside a plastic syringe (10 mL), fitted with a 

steel needle with a tip inner diameter of 0.5 mm. A syringe pump (from Syringepump) 

was used to feed the polymer at a constant rate of 0.5 mL.h-1 and an electric field of  

1.67 kV.cm-1 (Glassman, model PS/FC30P04) was applied between the needle tip and 

the collector, placed at 15 cm from the metallic tip. A plate covered with aluminum foil 

was used as a static collector in order to obtain randomly oriented fiber mats. 

 

2.2.3. Preparation of PPy/PVDF samples 

 

PPy/PVDF fibers were obtained via in-situ oxidative polymerization of pyrrole (Py) 

self-assembled onto the PVDF electrospun fibers. A typical synthesis was as follows: 

PVDF fiber fibers were dispersed in ethanol (absolute synthesis grade, from Merk) until 

full ethanol uptake was achieved by the fiber (2 mL). Pyrrole (14 mmol, 1 mL, reagent 

grade 98% from Sigma-Aldrich) was added to this suspension under vigorous stirring for 

0.5 h to allow Py to self-assemble around the surface of the PVDF fibers. Then a mixture 

of ferric chloride (FeCl3, 7 mmol, 1.14 g, reagent grade 97% from Sigma-Aldrich) and 

hydrochloric acid (16.8 mmol, 1 M HCl, Sigma-Aldrich) was used as oxidant catalyst and 

dopant, respectively. The synthesis temperature was maintained at 0 - 5 °C. As the 
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reaction proceeded, the color of the system was observed to change from colorless to 

dark. The synthesis was allowed to occur for 5 and 30 min, 1, 2, 24 and 48 h. The 

resultant precipitate was filtered off and sequentially washed with ultra-pure water and 

1 M HCl until the filtrate was clear. The resultant fibers were freeze-dried in a vacuum 

freeze-drying machine (Christ Alpha 2-4 LD Plus from BioBlock Scientific) overnight to 

obtain a black solid sample. 

A fine black PPy powder was obtained following the procedure described above 

and the synthesis was allowed to occur during 48 h at 0 - 5 °C, without the PVDF 

substrate present in the synthesis bath. After vacuum drying (Vacuo-temp, JPSelecta) at 

50 °C during 48 h, this powder was pressed at room temperature in order to obtain a 

disk for further characterization.   

 

2.2.4. Characterization 

 

Fiber samples were coated with a thin gold layer using a sputter coating (Polaron, 

model SC502) and their morphology was analyzed using scanning electron microscopy 

(SEM, Leica Cambridge apparatus at room temperature) with an accelerating voltage of 

5 kV. Nanofiber average diameter and their distribution was calculated over 

approximately 50 fibers using the SEM images (1000x magnification) and the ImageJ 

software [19]. Fourier Transform Infrared Spectroscopy (FTIR) was performed at room 

temperature in a Perkin-Elmer Spectrum 100 apparatus in Attenuated total reflection 

(ATR) mode from 4000 to 650 cm-1. FTIR spectra were collected after 32 scans with a 

resolution of 4 cm-1. 

Samples resistivity was measured with a home-made four point probe set-up 

between 296 and 343 K, using a Time Electronics 9818 DC Current Voltage Calibrator 

current source and a Keithley 2182 nanovoltemeter according to the American Society 

for Testing and Materials (ASTM) standard F43-64T [20]. Samples were slightly pressed 

in order to achieve compact samples and a good contact between the electrical contacts 

and the sample. The temperature dependence of the resistivity was measured with air 

circulation oven from HERAEUS Vacuotherm in the temperature range 23 - 80 °C. 
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All the electrochemical studies were performed using an Autolab electrochemical 

workstation (PGSTAT-100 potentiostat-galvanostat) controlled using a personal 

computer with GPES Electrochemical software. 

A platinum electrode with a surface area of 1 cm2 (0.5 cm2 by side) was used as 

the working electrode (WE). One clean stainless steel plate with 4 cm2 of surface area, 

one by side of the WE, was used as the counterelectrode. The reference electrode was 

a Crison Ag/AgCl (3 M KCl) electrode. Before every electrochemical experiment, the 

solution was deaerated by nitrogen bubbling for 10 min. After that, the nitrogen 

atmosphere was maintained by nitrogen flow over the solution. All the experiments 

were performed at 25 °C (room temperature).  

 

2.3. Results and Discussion 

 

2.3.1. PPy/PVDF Morphology 

 

As-spun PVDF fibers show around 80% electroactive -crystalline phase [15] with 

a mean fiber diameter of 204±32 nm (Figure 2.1a). Core-sheath PPy/PVDF conductive 

fiber samples were obtained by in-situ polymerization of pyrrole (Py) on the surface of 

the PVDF fibers for different reaction times. After 5 min synthesis time, the PPy covers 

incompletely the surface of the PVDF fiber and some voids were observed on the top of 

the EAP matrix (Figure 2.1b). A complete covering of the fibers is achieved after 2 h of 

polymerization in which completely wrapped fibers are achieved with the PPy showing 

a well-defined and smooth fiber structure (Figure 2.1c). Further, when the synthesis 

time is allowed to occur for 48 h some particles characteristic of the PPy polymer appear 

in the sample (Figure 2.1d) [10]. 
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The evolution of fiber diameter with Py synthesis time was determined, the 

PPy/PVDF fiber diameter increasing with increasing reaction time up to a fiber average 

of 160±25 nm obtained for the sample after 48 h reaction time (Figure 2.2). In fact, a 

fast increase on PPy/PVDF fiber diameter is observed after 5 min reaction time, the fiber 

diameter reaching a lower growth rate stage after2 h reaction time (Figure 2.2). The 

obtained results are similar in terms of morphology to the ones obtained for 

PPy/bacterial [10] cellulose and with PPy/Cladophora cellulose [18] fibers, in which a 

80 nm and 50 nm thick conductive layer coatings were achieved, respectively. 

Three processes are involved in the PPy/PVDF fibers formation: first, the Py 

monomer is dispersed into the tridimensional network structure of the PVDF fiber mats 

within the water-ethanol (H2O-EtOH) medium then the polymerization of Py catalyzed 

by the FeCl3 occurred at same time of the doping process with HCl. Finally, PPY fiber 

shell formation occurs onto PVDF surface during the reaction. Due to the hydrophobic 

nature of PVDF fiber mats (115.6±3.0 nm) [21] and the presence of water EtOH was 

employed in order to achieve fully solution uptake by the fiber and thus promoting Py 

dispersion through the 3D fiber network. 

Figure 2.1: SEM images of the a) PVDF and PPy/PVDF fibers prepared with addition of Py, FeCl3 

and HCl at 0 °C and at different synthesis times: b) 5 min, c) 2 h, and d) 48 h. 
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Figure 2.2: Evolution of PPy/PVDF fiber diameter with synthesis of time. 

 

FTIR in ATR mode was performed in the materials. Figure 2.3 shows the infrared 

pattern of the PVDF fiber mat matrix, pure PPy and fiber samples produced by in-situ 

polymerization of Py on the surface of the EAP. PVDF electrospun fiber mats show the 

presence of the characteristic absorption bands of the PVDF -crystalline phase  

(840 cm-1), with the presence of a small amount of non-polar -PVDF (absorption bands 

at 765 and 795 cm-1), and without traces of -phase [15, 22], as shown in Figure 2.3a. 

Characteristic PPy bands are given by: fundamental pyrrole rings vibration (C=C 

stretching vibration) (1539 cm-1 and 1454 cm-1), in plane =C-H bond vibrations 

(1292cm-1 and 1038 cm-1), band at 1459 cm-1 corresponding to the C–N stretching 

vibration in the Py ring and the C-N bond stretching vibrations at 1165 cm-1. The 

absorption bands from 870 and 780 cm-1 can be assigned to outside =C-H bond vibration 

(Table 2.1) [10, 23]. 

The conjugation length was characterized by FTIR in order to assess interchain and 

intrachain conductivity. According to [24], the ratio of the integrated absorption areas 

of the antisymmetric stretching mode of the pyrrole ring at 1536 cm-1 to that of the 

symmetric mode at 1447 cm-1 (A1536/A1447) reflects the conjugation length of 

polypyrrole, the conjugation length increases as the (A1536/A1447) decreases. As shown in 

Table 2.1, the PPy layer conductivity increases with increasing conjugation length, which 

is critically dependent on the synthesis time, as previously reported [25, 26].  

 



Chapter 2. Electrical properties of intrinsically conductive core-shell polypyrrole/poly(vinylidene fluoride) electrospun fibers 

 

56 
 

 

Figure 2.3: FTIR-ATR spectra: a) pristine electrospun PVDF fiber mat and b) PPy/PVDF fibers at 

different synthesis time and PPy. 

 

Table 2.1: Conjugation length for PPy samples synthesized for different times. 

Synthesis time /min 𝐀𝟏𝟓𝟑𝟗
𝐀𝟏𝟒𝟖𝟎
⁄  

PPy powder  1.43 

5 2.34 

120 1.48 

 

2.3.2. Electrical response 

 

Representative I-V curves and the corresponding electrical resistivity obtained by 

following the ASTM measurement standard F43-64T [20] are shown in Figure 2.4 as a 

function of polymerization time. It is observed a rapid decrease of sample resistivity 

after 120 min of in situ polymerization followed by a less pronounced decrease with 

increasing synthesis time. Scanning electron microscopy reveals that PPy polymerize on 

the surface of the PVDF fiber fibers beginning with an inhomogeneous polymerization 

for shorter synthesis time, giving origin to voids between the PPy coating (Figure 2.1), 

which contributes for the increase of the resistivity (Figure 2.4a). With the increase in 

polypyrrole synthesis time, these voids are eliminated due to the conductive coating 

confluence promoting a more homogeneous PPy layer with less heterogeneities, which 
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promotes an increase of sample overall conductivity, as assessed through the decrease 

of the PPy conjugation observed for the samples with higher synthesis time (Figure 2.3). 

A 𝜎 maximum of 70±4 S.m-1 (obtained from 1/) was achieved for the samples 

with larger synthesis time (Figure 2.4), which is similar to the values reported in [10, 18] 

for samples prepared under same procedure for bacterial cellulose polymeric matrix. 

The value found in this work for the PPy/PVDF fiber samples is smaller, when compared 

to the electrical conductivity of neat PPy powder that can be as large as 2000 S.cm-1 [25]. 

This can be attributed to the processing conditions and the different oxidant and dopant 

used in the PPy synthesis, which influences interchain and intrachain conductivity [27].  
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Figure 2.4: Electrical behavior of PPy/PVDF samples: a) Volt-current data and b) resistivity and 

conductivity evolution obtained for PPy layer, obtained at room temperature. 

 

The temperature dependence of the resistance of PPy/PVDF fibers was measured 

in the range of 296 - 343 K for the samples prepared after 5 min and 120 min of reaction 

time (Figure 2.5a). From data presented in Figure 2.5a, the thermal coefficient of 

resistivity (TCR) was determined by the equation 2.1: 

 

𝑇𝐶𝑅 = (
1

𝜌(𝑇1)
) . (

∆𝜌

∆𝑇
) 

(2.1) 

 

where ∆𝜌 = 𝜌(𝑇2) − 𝜌(𝑇1) and ∆𝑇 = 𝑇2 − 𝑇1. The TCR values obtained for the samples 

prepared after 5 and 120 min reaction time were 1.4 X 10-3 and 3.0 X 10-3 °C-1, 

respectively. Basavaraja et al. [28] reported that pure PPy obtained from an aqueous 
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solution containing APS presented a TCR value of 8.0 X 10-3 °C-1 in the temperature range 

between 30 and 80 °C, which is close to the one found for the PPy/PVDF.  
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Figure 2.5: PPy/PVDF fibers: a) evolution of resistance with temperature and b) logarithmic of 

conductance vs temperature and corresponding fittings with equation 2.2. 

 

Figure 2.5b shows the evolution of the electrical conductance of the PPy/PVDF 

fibers with temperature in the 296 - 343 K temperature range. The temperature 

dependence of electrical conductance in polymer composites or blends can be ascribed 

to the thermal excitation of electrons from the valence to the conduction band. The 

dependence of the electrical conductance with temperature can be described by the 

Arrhenius equation (equation 2.2) [28, 29]. 

 

𝜎 = 𝜎0𝑒
(−𝐸𝑎/𝑅𝑇) (2.2) 

 

where 𝐸𝑎  is the activation energy, 𝑅 is the gas constant (8.314 J.mol-1.K-1), 𝜎0 is a pre-

exponential factor and 𝑇 is the temperature. 

The evolution on the activation energy and 𝜎0obtained for the samples obtained 

after 5 and 120 min reaction time after fitting the (Figure 2.5b) data with equation 2.2 

are presented in Table 2.2. The activation energy for the sample with lower time of in-

situ polymerization half the value of the one obtained for the sample polymerized during 

120 min. Further, the 𝜎0 obtained for the sample with 5 min in situ polymerization is 

similar to the conductance value found at room temperature (Figure 2.4). The 

temperature dependence of the electrical conductivity of PPy-perchlorate films in the 

range of 363 – 573 K and the activation energy evaluated through the Arrhenius plot has 
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been reported [30] to be 2.2 kJ.mol-1, which is quite similar to the one found for the 

sample with higher PPy synthesis time (Table 2.2). 

 

Table 2.2: Activation energy and 𝜎0 obtained through equation 2.3 for the PPy/PVDF fibers. 

Polymerization 

time/min 
𝑬𝒂𝒄𝒕/kJ.mol-1 𝝈𝟎/S.m-1 

5 1.2 28.3 

120 2.3 235.4 

 

Conduction processes in PPy and PPy blends and composites occurs via hopping 

or tunneling process [28, 31]. Moreover, all the investigated samples behave like 

disordered semiconductors, the sample conductivity increasing with increasing 

temperature. Generally, the temperature dependence of the electrical conductivity of 

disordered semiconductors can be explained by applying Mott’s variable range hoping 

(VRH) model [32], which can be used to understand the mechanisms involved in 

conduction processes of the PPy/PVDF fibers. According to the Mott’s relation for 

hopping conductivity (𝜎) (equation 2.3): 

 

𝜎 = 𝜎0𝑒𝑥𝑝
[−(

𝑇0
𝑇
)

1
4⁄
]

 

(2.3) 

 

where, 𝜎0 is the conductivity at infinite temperature and 𝑇0 is the Mott characteristic 

temperature depending on the electronic structure and is considered as a measure of 

disorder [33, 34]. The straight fitting line obtained between 296 and 343 K showed in 

Figure 2.6 justifies the validity of equation 2.4 for the samples under consideration and 

the values of 𝜎0 and 𝑇0 can hence be estimated. 

Following Miller and Abrahams [35], Mott [34] has estimated the conductivity due 

to the hopping processes (equation 2.4). Hill et al., have worked on Mott’s original 

formulation under various conditions of temperature, field and distribution of hopping 

sites. The constants 𝜎0 and 𝑇0 in equations 2.4 and 2.5 can be expressed functionally as: 
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𝜎0 = 𝑒2𝑅2𝜗𝑝ℎ𝑁(𝐸𝐹) 

 

(2.4) 

𝑇0 =
𝜆𝛼3

𝑘𝐵𝑁(𝐸𝐹)
 

(2.5) 

 

where, 𝑒 is the electronic charge (1.602 x10-19), 𝑅 is the average hopping distance, 𝜗𝑝ℎ  

the phonon frequency (1013 Hz) obtained from the Debye temperature,  𝑁(𝐸𝐹) density 

of localized states at Fermi level, 𝜆 is the dimensional constant (𝜆 ≅ 18.1, for evaluation 

purposes [17, 36]), 𝛼 is the coefficient of decay of the localized states and 𝑘𝐵 is the 

Boltzmann constant (8.616x10-5 eV.K-1). Further, two other parameters, 𝑅 and 𝑊, the 

hopping distance (equation 2.6) and the average hopping energy (equation 2.7), 

respectively, can be obtained from Mott’s [34] and Hill [37] as:   

 

𝑅 = [
9

8𝜋𝛼𝑘𝐵𝑇𝑁(𝐸𝐹)
]
1/4

 
(2.6) 

 

𝑊 =
3

4𝜋𝑅3𝑁(𝐸𝐹)
 

 

(2.7) 

 

The temperature dependence of the electrical conductivity of PPy/PVDF fibers was 

plotted as log(𝜎𝑇
1
2⁄ ) vs 𝑇

−1
4⁄  to investigate the conduction mechanism (Figure 2.6). 

The results shown in Figure 2.6, indicate that conductivity increases with the increase of 

the PPy layer on PVDF fiber surface, suggesting that the mobility of charge carriers 

increases with in-situ polymerization time, phenomenon already observed in Figure 2.4. 

The linear dependence between log(𝜎𝑇
1
2⁄ ) and 𝑇

−1
4⁄  (Figure 2.6) suggests that 

hopping conduction is the dominant mechanism in PPy/PVDF fibers. 
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Figure 2.6: log(𝜎𝑇
1
2⁄ ) vs 𝑇

−1
4⁄ , temperature-dependence data for PPy/PVDF fibers obtained at 

different reaction times. 

 

In the present work, Mott’s parameters were evaluated for the PPy/PVDF fibers 

using equations 2.3-2.7, and the experimental data of Figure 2.6. Finally, the obtained 

results are listed in Table 2.3. 

 

Table 2.3: Mott’s parameters for PPy/PVDF fibers. 

Sample 
𝑻𝟎 𝝈𝟎 𝜶 𝑵(𝑬𝑭) 𝑹 (300K) 𝑾(300K) 

𝜶𝑹 
103 K S.m-1 m-1 cm-3.eV-1 m eV 

5 min 3.47 106.5 2.3 X 106 7.4 X 1020 3.0 X 10-7 1.19 X 10-2 0.70 

120 min 49.0 3.3 X 103 2.7 X 108 8.3 X 1025 5.0 X 10-9 2.31 X 10-2 1.34 

 

From the data presented in Table 2.3, the obtained parameters seems are in 

agreement within Mott’s requirements of the localized state model, i. e., 𝛼𝑅 > 1 and 

𝑊 > 𝑘𝐵𝑇. It was observed that the PPy/PVDF fiber with less synthesis time presents 

lower 𝑇0 and 𝜎0. Probably, for 5 min in situ polymerization, dopants are not distributed 

homogeneously to electron donor sites, and heterogeneties are caused, which originate 

the formation of small semiconducting domains separated by some insulator regions of 

undoped polymer (Figure 2.1). In such a system, conduction occurs mainly due to 

tunnelling between conduction regions rather than hopping between localized states 

[16]. The results obtained by solving simultaneously equation 2.5 – 2.7 suggest that after 



Chapter 2. Electrical properties of intrinsically conductive core-shell polypyrrole/poly(vinylidene fluoride) electrospun fibers 

 

62 
 

complete PPy wrapping on PVDF fiber surface, the distance traveled by electrons is 

smaller (Table 2.3). The values found in the present work for the sample with 120 min 

in-situ polymerization are in accordance with the ones found for undoped PPy thin films 

[17, 32]. Moreover, they also reported that the density of states at Fermi level increases 

with the doping level. A wide range of phenomena are involved in the conductivity of 

electronically conducting polymers and the transport is influenced by the processing 

method. In this way, charge transport in PPy shows strong dependence on sample 

morphology and PPy chain orientation. Electrospinning is known to induce molecular 

orientation of polymer chains along the fiber axis [38], and probably this effect induces 

PPy chains to polymerize in a preferential direction and toghether with the high porosity 

of the PPy/PVDF sample strongly influences the overall sample electrical DC conductivity 

of the samples.  

 

2.3.3. Electrochemical properties and bending response 

 

Figure 2.7 shows the voltammograms and coulovoltammograms obtained from a 

PPy/PVDF samples in 1 M LiClO4 aqueous solution at different scan rates from potential 

limits between -1 V to 0.6 V. It is shown a trend with increasing scan rate [39]. It can also 

be observed that the scan rate influences the electrochemical properties of the samples, 

the scan rates of 0.02 V.s -1, presenting better stability. 
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Figure 2.7: a) Voltammograms and b) Coulovoltammograms obtained from a PPy/PVDF sample 

in 1 M LiClO4 aqueous solution at different scan rates from potential limits between -1 to 0.6 V. 
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Figure 2.8 shows voltammograms obtained from PPy/PVDF samples at 0.02 V.s-1, 

in 1 M LiClO4 aqueous solution up to, a constant anodic potential limit of 0.8 V from 

increasing cathodic potentials limits (-1, -1.2, -1.4, -1.6, -1.8, -2 V). To lodge counterions 

and solvent, the conformational movements must generate the required free volume: 

the polymer electrospun fiber relaxes and swells during oxidation; shrinking, closing and 

compacting during reduction (Figure 2.8), according in the literature [39]. 

Oxidation reactions give positive charge increments while reduction reactions give 

negative charge increments. The charge increment outside the loop is always, during 

the anodic or the cathodic potential sweep, negative indicating that an irreversible 

reduction in all different cathodic potentials limits . The involved charge, is obtained by 

difference between the beginning and the end of the open coulovoltammetric part.  

It can also be seen that the cathodic potentials limits influences the 

electrochemical properties of the samples.  

Figure 2.8: a) Voltammograms and b) Coulovoltammograms obtained from a PPy/PVDF sample 

in 1 M LiClO4 aqueous solution at 0.02 V.s-1, between cathodic potentials (-1, -1.2, -1.4, -1.6, -

1.8, -2 V) and the same anodic potential (0.8 V), at 25 °C. 

 

Figure 2.9 shows the influence of pretreatment duration on electrochemical tests. 

In this case, it can be observed that, regardless of the polarization effect in the sample, 

there is no improvement in the electrochemical properties. 
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Figure 2.9: a) Voltammograms and b) Coulovoltammograms obtained from a PPy/PVDF samples 

in 1 M LiClO4 aqueous solution at different duration of pre-treatment from potential limits 

between -1 V to 0.8 V, at 0.02 V.s-1. 

 

The study of the application of square current waves is illustrated in Figure 2.10, 

for PPy/PVDF fibers in 1 M LiClO4 aqueous solutions with 10 potential steps a 15 s each. 

It is possible to verify stability of the results over time. 
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Figure 2.10: Chrono-amperometric graphic of PPy/PVDF fibers in 1 M LiClO4 aqueous solutions 

with square current waves (± 0.8 V) with 10 potential steps a 15 s each. 

 

Finally it was performed a study of the oxidation and reduction of the sample by 

applying potential jumps. Figure 2.11 shows the chrono-amperometric graphics of 

PPy/PVDF fibers in 1 M LiClO4 aqueous solutions. The cathodic and anodic potentials are 
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respectively -0.8 V and 0.75 V with 4 potential steps of different durations. The last three 

times of longer in duration allow complete oxidation and reduction of the sample. 

After the electrochemical study of the best experimental conditions, it was 

intended to evaluate the bending response, using the same method as found in the 

literature [40]. However, no performance was obtained for the PVDF/PPy samples at 

120 min. This may possibly be due to the used materials because in the reference [40] 

the authors use PPy films, PPy / tape bilayer muscles construction, whereas in our work 

PVDF / PPy fibers were used. On the other hand, irreversible reactions, loss of 

electrochemical properties and consequent degradation of the sample can also cause 

these results. 

Therefore, it was decided to look for alternatives to the intended study, mainly by 

development ionic EAPs by the introduction of ILs in the polymer matrix. Further, this 

will allow to achieve bending response without involving electrochemical reactions. 
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Figure 2.11: a) Chrono-amperometric graphics of PPy/PVDF fibers in 1 M LiClO4 aqueous 

solutions. The cathodic and anodic potentials are respectively -0.8V and 0.75V with 4 potential 

steps of different durations. The scan rate was 0.02 V.s -1. b) Repetition of the last three times 

of longer duration for complete oxidation and reduction of the sample. 

 

2.4. Conclusions 

 

The typical structure of the PVDF non-woven electrospun fiber was preserved 

after in-situ polymerization of Py on the surface of the electroactive insulator fiber 

matrix. After 1 h of synthesis time, the surface of the PVDF was completely covered with 
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a smooth layer of PPy that increases with the increasing of the Py polymerization time 

until a maximum of 160±25 nm with an electrical DC conductivity of 70±4 S.m-1. It was 

observed that PPy layer conductivity increases with conjugation, which is critically 

dependent of synthesis time. 

The electrical properties of the samples has been measured and it was found that 

the thermal coefficient of resistivity obtained for the sample after 120 min in-situ 

polymerization was almost twice the one calculated for the sample with 5 min reaction 

time. Electrical DC conductivity of PPy/PVDF fibers follows variable range hopping model 

and Mott’s parameters were estimated. 

The electrochemical properties of the samples are studied and found the best 

experimental conditions to evaluate the bending response. However, no bending 

movements were obtained for the PVDF / PPy samples. 
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This chapter is based on the following article: Dias, J.C., Lopes, A. C., Magalhães, B., 

Botelho, G., Silva, M. M., Esperança, J. M. S. S., Lanceros-Mendez, S., High performance 

electromechanical actuators based on ionic liquid/poly(vinylidene fluoride). Polymer 

Testing, 2015. 48: p. 199-205. 

Due to the increasing need of low voltage actuators, independent from 

electrochemical processes, electroactive actuators based on PVDF with 10, 25 and 40 wt% 

of [C2mim][NTf2] were prepared by solvent casting and melting. In this chapter, the 

morphological and thermal properties of the charge structure of [C2mim][NTf2] are studied. 

The displacement and bending of the IL/PVDF composites were also evaluated as a 

function of [C2mim][NTf2] content and sample thickness.  
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3.1. Introduction 

 

The development of smart polymer materials for advanced technologies [1] 

presents increasing potential for applications in areas such as printable electronics [2] 

or wearable and biointegrated devices [3]. The ability of EAP to develop an electrical 

signal under mechanical excitation and/or to deform in response to suitable electrical 

stimuli, along with its simplicity, versatility and scalability makes them the highest 

promising material for the development of novel applications. Significant achievements 

are related to the development of sensors based on EAP, including chemical, force, 

deformation and biological sensors [4-5]. In contrast, the advances in the area of 

actuators are still modest. 

EAP are commonly divided into ionic or electronic [6-7], the former is the most 

commonly used in the development of actuators due to its low driving voltage response 

[8]. Most ionic EAP actuators are based in the use of conducting polymers, ionic 

polymer-metal composites (IPMCs) [9] or carbon nanotubes, CNTs, using ILs as 

electrolytes [10]. Different ILs ([C2mim][Tf], [TES][NTf2], [BMP][NTf2] and [C2mim][CI])  

have been used as dopant of Nafion ionomeric membranes, showing that cations with 

larger Van der Walls volume results in the enhancement of cationic strain [11], while 

[C2mim][PF6] and [C6mim][PF6] integration in block copolymer electrolytes induces a 

large generation of strain (up to 4%) with millimetre-scale displacements for the 

actuators at high frequency and sub-1-V conditions [12]. Similar studies with 

poly(butadiene-co-acrylonitrile), 3,4-ethylenedioxythiophene and PEDOT were also 

performed [13]. The incorporation of ILs in nanostructured sulphonated block 

copolymers causes greatly improved actuation performance without signs of back 

relaxation due to the fast and efficient ion transport thought the polymer layers [12]. 

PVDF as well as its copolymers, is one of the most used polymers for actuators 

applications due to its thermoplastic characteristics [12]. PVDF and its copolymers are 

usually used to store the ionic electrolyte in ionic EAP actuators based on nano-carbon 

electrodes. Their combination with ILs is attracting large interest from the scientific 

community. Different ILs such as [C2mim][BF4] and [C2mim][NTf2] have been tested  

[8, 10] as well as, the effect of average molecular weight of the polymer and the 
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hexafluoropropylene (HFP) content in poly(vinylidene fluoride - hexafluoropropylene), 

P(VDF-HFP), on the electrochemical and electromechanical properties of actuators [14]. 

Nevertheless, despite the large application possibilities of these materials for the 

development of biomimetic devices, such as artificial muscles, most of them are based 

on electrochemical processes, resulting in large response times and limiting their use 

over time. Moreover, the use of electronic EAP has been poorly explored for large strain 

applications since its electrostatic nature results in the requirement of high driving 

electric fields for the activation of the actuation response. However these polymers 

present high actuation forces, fast responses and long lifetimes [8]. 

Novel approaches in order to improve performance of polymer based actuators 

include the introduction of ionic mobile species into polymers [15] and, in particular, 

into highly polar matrixes [16]. This can be reached by the inclusion of ILs into a PVDF 

matrix [16-17]. PVDF is an electronic EAP with one of the highest piezoelectric responses 

among polymers and a high dielectric constant (being typically between 6 and 12, 

depending on the polymer phase [18]) as well as a very high thermal and chemical 

stability and biocompatibility [18]. ILs are organic salts with low melting point, resulting 

from the incorporation of a bulky asymmetric cation in the same structure of a weakly-

coordinating cation [19]. ILs present a negligible vapour pressure and flammability as 

well as high ionic conductivity and a wide electrochemical stability window. The 

extensive structural possibilities of ILs allows their design to reach specific applications 

in a myriad of distinct areas, e.g. energy generation and storage, sensor and actuators 

or biomedical devices [15]. 

In this work, [C2mim][NTf2]/PVDF samples were prepared with different IL content 

and thickness. A morphological, mechanical and thermal study was performed in order 

to improve the actuation behaviour. 
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3.2. Experimental 

 

3.2.1. Sample preparation 

 

PVDF (Solef 6020, Mw=700000 g.mol-1, Solvay) was dissolved in DMF (99.5%, 

Merck) at room temperature under magnetic stirring in a polymer/solvent 15/85% (v/v) 

ratio. Then, different quantities of IL [C2mim][NTf2] (Iolitec, stated purity of 99%) were 

added to the solution, with the IL concentration, relative to the polymer, ranging from 

0 up to 40 wt% (w/w). This IL is characterized by an almost null volatility, a low melting 

point (258.15 K) [20] and a relatively low viscosity (32.1-34 cp)[20], what facilitates its 

dispersion in the polymer [21-22]. Further, its higher decomposition temperature and 

absence of corrosion problems also make it attractive [23]. Finally, the samples were 

obtained by spreading the solution at room temperature on a clean glass substrate. 

Solvent evaporation and sample melting were performed inside an oven (Binder, ED23) 

at a controlled temperature of 210 °C for 10 min. Samples with final thickness between 

6 and 38 m were obtained. 

The effect of IL concentration and sample thickness on the physical properties and 

performance of the actuators were evaluated. 

 

3.2.2. Sample Characterization 

 

The samples were characterized by SEM, FTIR and Differential Scanning 

Calorimetry (DSC). The electrical and mechanical response was also performed as well 

as the characterization through bending actuation experiments. 

The SEM analysis was performed in a Quanta 650 FEG electron microscope at 3 

kV. The samples were previously coated with gold by magnetron sputtering with a 

Polaron SC502. 

FTIR measurements (JAS.CO FT/IR-4100 spectrometer in ATR mode) in the same 

conditions of the samples described in the experimental section of chapter 2 (see 

section 2.2.4). 64 scans were performed for each sample. 
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DSC scans were performed on samples of about 4 mg, from 25 °C to 200 °C at a 

rate of 10 °C.min-1 in a Mettler 821e setup. The samples were cut into small pieces from 

the middle region of the films and placed into 40 µL aluminum pans. All experiments 

were carried out under nitrogen purge and the obtained data were normalized to the 

weight of the polymer. 

The capacity and dielectric loss of the samples was measured with a Quadtech 

1920 LCR precision meter at room temperature with a 0.5 V signal in the 20 Hz – 1 MHz 

frequency range. Electrodes with 5 mm diameter were placed in each side of the sample 

by magnetron sputtering (Polaron SC502) in order to form a parallel plate capacitor. The 

AC electrical conductivity was then calculated from the imaginary component of the 

dielectric function, applying ''' 0    and 
'

''
tan




  and taking into account the 

geometry of the sample. 

Quasi-static mechanical stress-strain tests were performed in samples with 

dimensions of 15 mm x 10 mm. A Shimadzu AG-IS set up was used with a load cell of 50 

N at a stretching rate of 1 mm.min-1. 

For the bending test, 12 mm long and 1 mm wide samples were prepared and 

coated with gold by magnetron sputtering on both sides of the samples. They were fixed 

using two needles with a free length of 10 mm. A function generator Agilent 33220A 

was connected to the needles. 

The actuation performance was obtained in a home-made set-up by measuring 

the displacement of the samples after electrical actuation with a driving sinusoidal wave 

signal at 2, 5 and 10 V with a frequency of 10 mHz and 0.5 Hz. During the tests, a 

voltmeter was placed in parallel with the excitation circuit to detect short-circuit or 

damage of the samples. The measurements were registered by filming the sample 

during the experiments with a Logitech Hd 1080p high resolution camera connected to 

a PC. The bending (ɛ) was quantified [10] (equation 3.1) with the help of image 

processing software by measuring the sample displacement along the x axis and taking 

into account the sample free length (L), thickness (d) and displacement (δ), considering 

no distortion of the cross section, as shown in Figure 3.1.  

22

2









L

d
 

(3. 1) 
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Figure 3.1: Displacement measurement scheme. 

 

3.3. Results and Discussion 

 

Representative SEM images of the surface morphology of the IL/PVDF samples 

prepared with different percentage of IL are shown in Figure 3.2. A reduction of the 

spherulitic microstructure characteristic of neat PVDF is observed, as observed by 

comparing the large spherulites of the pure polymer (Figure 3.2a) with the smaller ones 

of the composites (Figures 3.2b, 3.2c and 3.2d). Further, the spherulite size does not 

show a relevant size dependence with IL content. On the other hand, more defined 

contours are observed with increasing IL content, leading to the appearance of pores. 
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Figure 3.3 shows the FTIR spectra for neat PVDF and the composites of PVDF with 

10, 25 and 40 wt% of [C2mim] [NTf2]. The characteristic bands of -PVDF, 766, 795 and 

976 cm-1, are present with large intensity just in the neat polymer, undergoing a strong 

reduction in the [C2mim][NTf2]/PVDF composite a 10 wt% IL content, not being detected 

in the [C2mim][NTf2]/PVDF  25 wt% and [C2mim][NTf2]/PVDF 40 wt% composites. On the 

other hand, Figure 3.3 shows that the characteristic bands of the polar -phase, 840 and 

1279 cm-1 [18] are present in all the composite samples, the absorption bands being is 

stronger for the larger [C2mim][NTf2] filler contents.  

Figure 3.2: SEM images a) of neat PVDF and PVDF with b) 10, c) 25 and d) 40 wt% of [C2mim] 

[NTf2]. 
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Figure 3.3: FTIR-ATR spectra of neat PVDF and composites of IL/PVDF with 0, 10, 25 and 40 wt% 

of IL. 

 

These results prove that there is a strong influence of the IL in the polymer 

crystalline phase. Further, the characteristic bands of [C2mim][NTf2] at 1351 and 1061 

cm-1, associated to the stretching vibration of OS  [24], are present on the composites 

with IL and its intensity increases for higher content of IL. No band shifts or new bonds 

are observed indicating new bonds between [C2mim][NTf2] and the chains of PVDF. 

The polymer crystalline phase content was quantified from the FTIR spectra by 

applying the method explained in detail in reference [18]. In short, assuming that the 

sample contains just  and  phases, the beta phase content can be calculated by 

applying equation 3.2. 
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(3.2) 

 

where A and A represent the absorbance at 766 and 840 cm-1 and K and K are the 

absorption coefficients at the respective wavenumber, the values of which are 4101.6   

and 4107.7  cm2.mol-1 respectively. 

The calculated -phase content of the composites is represented in Table 3.1. It 

can be observed that a large -phase content is obtained even at only 10 wt% IL content, 
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and the complete crystallization of the polymer in the electroactive phase already occurs 

at 25 wt% of IL. 

 

Table 3.1: -phase content of neat PVDF and [C2mim][NTf2]/PVDF composites. 

IL/wt% 
Percentage of -phase 

standard deviation (SD)/% 

0 0 

10 59 3 

25 93 4 

40 86 4 

 

The introduction of IL in the PVDF matrix induces crystallization of the polymer in 

the piezoelectric -phase, even when prepared, as in the present work, by solvent 

casting and melting, method that induces the -phase in neat polymer. These results 

are in agreement with previous results obtained for PVDF composites with charged 

fillers [25-26]. Different structures of aluminosilicates, clays [27] and zeolites [28], as 

well as metal [26] and ferrite nanoparticles [16] have been shown to induce the PVDF 

polar phase crystallization in the production of composite by solvent casting and melt. 

The same was already observed for other IL such as [C4mim] [BF4] and [C4mim] [PF6]  

[16, 29]. The electrostatic interaction of the negative charge of IL anion with the positive 

side of the PVDF dipolar moments lead to preferential orientation of the polymer chains 

in the all-trans chain conformation of the -phase [30]. 

This effect in the crystallization phase and spherulitic structures of the samples 

indicates a strong influence on the crystallization kinetics of the polymer [31],related to 

the strong electrostatic interactions between IL ions and dipolar moments of the 

polymer chains during the crystallization process, which in turn, can influence the 

degree of crystallinity itself. A DSC study was thus carried out to evaluate the degree of 

crystallinity of the samples (Figure 3.4). 
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Figure 3.4: a) DSC scans and b) stress-strain curves of -PVDF and the IL/PVDF composites. 

 

The DSC scans are characterized by a single endotherm, characteristic of the 

melting of the polymer. The comparison of the DSC scans of -PVDF and the composites 

show that the area of melting peak decreases with increasing IL content, indicative of a 

decrease of the degree of crystallinity of the samples and also a shift of the melting 

temperature to lower values with increasing [C2mim][NTf2] content, indicative of 

destabilization of the crystalline phase (Table 3.2).  

 

Table 3.2: Degree of crystallinity, melting temperature, elastic modulus and yield stress of the 

neat PVDF and the [C2mim][NTf2]/PVDF composites. 

IL (%) Crystallinity/% Tm / °C Elastic Modulus/ MPa 
Yielding Stress 

 SD/MPa 

0 44 173 1768 54.8 0.2 

10 23 165 846 38.8 0.1 

25 22 162 401 21.5 0.3 

40 25 160 216 9.4 0.3 

 

The degree of crystallinity of the samples (Table 3.2) was obtained by applying 

equation 3.3. 

 HyHx

H
X S

C



  

(3.3) 
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where SH  represents the melting enthalpy of the PVDF and H  and H  are the 

melting enthalpies of a 100% crystalline PVDF of the sample in the  and -phase, 

respectively. Further, x and y represent phase content of the  and -phase present in 

the PVDF of the sample, respectively, as obtained from the FTIR experiments (Table 3.1). 

The values of 93.07 J.g-1 and 103.4 J.g-1 were used for the H and H , respectively 

[32]. 

Table 3.2 shows that the degree of crystallinity of the samples strongly decrease 

with respect to the neat polymer due to the presence of [C2mim] [NTf2], but this 

reduction is independent of [C2mim] [NTf2] content, within experimental error. The 

decrease of the degree of the crystallinity and melting temperature observed when the 

IL is present in the composite is related, as previously mentioned, to the strong 

electrostatic interactions of the IL with the dipoles of the polymer chain [31].  

It can be noted that Figure 3.2 shows also surface variations in the microstructure 

(marked by arrows) indicating an amorphisation of the polymer due to the presence of 

the IL. Thus, the observed microstructural variations and decrease of the degree of 

crystallinity and melting temperature are ascribed to two main effects, affecting the 

crystallization kinetics of the samples. On the one hand, the presence of the IL fillers can 

act as nucleation centres for polymer crystallization leading to the emerging of more 

spherulites and, therefore, to smaller ones as the polymer fully finish the crystallization 

process [17, 33]. Further, the presence of the IL leads, both due to their presence and 

the strong electrostatic interactions, to hindered polymer crystallization kinetics and 

therefore to sample amorphization [17, 34]. On the other hand, it has been observed 

that strong electrostatic interactions with fillers gives rise to the nucleation of the beta 

phase of the polymer, which is characterized by smaller spherulites when compared to 

the alpha phase [35]. It can be noted that these important effects are related to the 

presence of the IL within the polymer but not with the IL content, as shown in Table 3.2. 

Thus, a more amorphous composite is obtained and, therefore, as it will be shown 

later, composites with larger ionic conductivity and increased mechanical elasticity 

(Table 3.2), the IL acting, in this way, as plasticising agent. 

The effect of the presence of the ILs on the mechanical properties of the 

composites, an essential for tuning the electromechanical properties for actuator 
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applications, was analyzed through the stress-strain curves, represented in Figure 3.4b. 

The elastic modulus obtained from a linear fit up to a deformation of 1% is presented in 

Table 3.2.  

The results show the typical behaviour of the thermoplastic PVDF and its 

composites, characterized by a linear elastic regime followed by yielding indicative of 

the threshold strain and stress where inelastic deformation occurs [36]. The elastic 

modulus shows a strong decrease in the composites with respect to the neat polymer. 

The decrease of the elastic modulus and yielding stress is fully related to the presence 

of [C2mim] [NTf2] (Table 3.2). The samples with 40 wt% of [C2mim] [NTf2] reach a 

reduction of the elastic modulus of almost 88% with respect to the pristine polymer, 

indicating that this IL can acts as a PVDF plasticizer, similar to what occurs in other 

polymer/IL composites [29]. This effect is also indicated by the increase of the strain at 

break of the composites with respect to the pristine polymer (Table 3.2).  

An increase in the amorphous phase and, in particular, larger [C2mim] [NTf2] 

content leads to an increase in the electrical conductivity of the sample. The AC electrical 

conductivity of the samples was calculated using equation 3.4 from the measurement 

of the dielectric loss and capacity of the samples: 

 

d

A
C


 0  

 

'

''
tan




   

(3.4) 

''' 0     

 

where C is the measured capacity, 𝜀0 is the permittivity of free space, A is the electrodes 

area, d is the separation between the electrodes, tan δ is the dielectric loss, '  and ''

are the real and imaginary part of dielectric constant and 𝜔 = 2𝜋𝑓 is the angular 

frequency. 

Figure 3.5 shows that the introduction of [C2mim][NTf2] in the polymer matrix does 

not change the general behavior of the PVDF AC conductivity [37], but clearly induces a 

strong increase in the conductivity values, up to four orders of magnitude. It can be 

noted that the increase of the electrical conductivity is larger for the initial [C2mim][NTf2] 
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concentration of 10 wt% reaching a saturation trend for the larger IL contents. The 

increase of electrical conductivity is due to the increase of the number of mobile species, 

due to the increasing loading and to the increase mobility due to the larger amorphous 

polymer content. It is reasonable to expect the observed saturation due to hindered 

mobility of the large IL molecules within the amorphous phase in the samples with larger 

[C2mim][NTf2] content.  
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Figure 3.5: Log-log plot of the conductivity as a function of frequency for the neat polymer and 

the composites of PVDF with different percentages of [C2mim][NTf2]. 

 

The mobility of the ions in the polymer structure is ultimately responsible for the 

bending movement of the samples. The bending actuation was evaluated as a function 

of [C2mim][NTf2] content for a given sample thickness and as a function of sample 

thickness for a given [C2mim][NTf2] content of 25 wt%. The time-dependence strain and 

bending response of the samples with 25 wt% [C2mim][NTf2] content at different 

thickness is shown in Figure 3.6 for an actuation up to 10 V at a frequency of 0.5 Hz.  

Figure 3.7 shows real images of the displacement as function of time. It is observed 

that for the 10 V applied driving voltage at 0.5 Hz, the amplitude of the displacement is 

larger for films with smaller thickness, however, the bending values are similar, as 

represented in Figure 3.6b. In both cases, the movement is not symmetric with respect 

to the initial position (indicated by the dashed line).  
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Figure 3.6: a) Displacement and b) bending of the IL/PVDF 25 wt% samples with thickness of 16 

and 38 m as a function of time, under an applied driving voltage of 10 V at a frequency of 0.5 

Hz. 

 

 

With respect to the effect of the IL content, Figure 3.8 shows that higher amount 

of IL results in a larger deformation for a specific applied voltage, the relationship 

between [C2mim][NTf2] content and maximum strain being not linear. Finally, 

decreasing driving voltages leads to a decrease of the displacement amplitude, the 

voltage of 5 V being still enough for reaching significant deformations for the samples 

with larger [C2mim][NTf2] content (Figure 3.8). 

 

A B C 

    a)                    b)      c) 

Figure 3.7: Real images of [C2mim][NTf2]/PVDF displacement along time, at different positions 

of sinusoidal curve of applied voltage. 
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Figure 3.8: Amplitude of the IL/PVDF sample displacement as a function of IL percentage. 

 

In this way, large strain actuators have been developed that compare well with 

the best shown in the literature [8, 10, 14]. Although the driving voltage is larger than 

that reported for electrolyte based actuators [12], the simple implementation and 

stability over time leads to an advantageous concept for actuator applications. 

 

3.4. Conclusion 

 

 [C2mim][NTf2]/PVDF composite samples were prepared by solvent casting and 

melting with different IL content and different thickness. The introduction of [C2mim] 

[NTf2] into the PVDF matrix affects both the polymer phase crystallization and the 

mechanical properties of the polymer. The characteristic spherulitic structure of neat 

PVDF is still present, however, the IL acts as nucleation centres for polymer 

crystallization leading to a larger number of smaller spherulites. This effect is due to the 

strong electrostatic interactions between the IL and the dipoles of the polymer chains, 

giving rise to the nucleation of the beta phase of the polymer, which is characterized by 

smaller spherules when compared to the alpha phase. The crystalline phase of the 

polymer is all in the piezoelectric -phase for 10 wt% [C2mim] [NTf2] content and the 

degree of crystallinity is reduced to half of the typical crystalline fraction of neat PVDF. 
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The introduction of ILs also causes a large increase in the plasticity of the samples, as 

indicated by the decrease of the elastic modulus. This effect is more significant for higher 

IL contents. Moreover, bending actuation is observed for voltage of 5 and 10 V, the 

bending actuation of the [C2mim][NTf2]/PVDF composites increasing with increasing IL 

content and decreasing sample thickness. An electric voltage of 10 V, with a frequency 

of 0.5 Hz, causes a bending about 6 X 10-4 mm. 
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This chapter is based on the following article: Dias, J.C., Martins, M. S., Ribeiro, S., Silva, 

M. M., Esperança, J. M. S. S., Ribeiro, C., Botelho, G., Costa, C. M., Lanceros-Mendez, S., 

Electromechanical actuators based on poly(vinylidene fluoride) with [N1 1 1 2(OH)][NTf2] 

and [C2mim] [C2SO4]. Journal of Materials Science, 2016. 51(20): p. 9490-9503.  

This chapter reports on the preparation of electroactive actuators based on PVDF 

composites with 10, 25 and 40 wt% [N1 1 1 2(OH)][NTf2] and [C2mim][C2SO4] IL prepared by 

solvent casting. Piezoelectric -phase, degree of crystallinity and electrical conductivity of 

the samples were studied. The strain displacement and bending of the IL/PVDF composites 

were evaluated as a function of IL type and content under applied peak voltages of 2.0, 5.0 

and 10.0 V at a frequency of 10 mHz. Further, it is shown the cytotoxic behaviour of the 

samples as suitable for biomedical applications. 
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4.1. Introduction 

 

EAP are an interesting class of polymers with high growth potential for 

applications in the areas of sensors and actuators, energy generation and storage and 

biomedicine, among others [1-3]. EAP combines the attractive properties of polymers 

(lightweight, inexpensive, fracture tolerant, pliable and easily processing) with added 

functionalities introduced by specific fillers, allowing to tailor polymer active response 

and leading to smart materials that respond to external stimuli such as an electrical field, 

pH, magnetic field and light [4-9,10-12]. 

Present challenges and demands on actuators have stimulated the use of ILs in 

order to reach faster responses and stability over time and over a larger electrochemical 

window [8]. 

Many ILs show interesting physicochemical properties including chemical and 

electrochemical stability, nonflammability [14], negligible vapor pressure [15, 16] and 

high ionic conductivity [13]. Further, they are used as “green solvents” for the 

substitution of volatile organic solvents [17, 18]. EAP with ILs seem to be suitable also 

for overcoming the drawbacks of conventional ionic EAP actuators with respect to 

durability under open atmosphere conditions [19]. 

EAP with ILs have been fabricated as polymer based actuators containing ionic 

mobile species [18] and, specifically, with highly polar matrixes, such as Nafion, PVDF 

and its copolymer P(VDF-CTFE) [20]. The use of PVDF and its copolymers for the 

development of EAP actuators applications is due to the chemical stability, high polarity 

and ionic conductivity [21] and a Young’s modulus (∼500 MPa) comparable to that of 

Nafion [22, 23]. 

Further, PVDF is biocompatible [24] and non-toxic, showing also excellent 

mechanical properties and processability in a variety of forms and shapes, including 

films [25], membranes [26], spheres [27] and fibers [28]. The α-phase is the 

thermodynamically most stable when the material is obtained from the melt at 

moderated or fast cooling rates. Highly polar and piezoelectric β-PVDF is usually 

obtained from solution casting, when solvent evaporation occurs at temperatures below 
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60 °C [29], or from the melt after the introduction of fillers such as ferrites, clays, metallic 

nanoparticles and ILs [24]. 

Different ILs have been used as dopant for Nafion ionomeric membranes, showing 

that cations with larger van der Waals volume result in an enhancement of the cationic 

strain [30] while [C2mim][PF6] and [C6mim][PF6] integration in self-assembled 

sulphonated block copolymer electrolytes induces a large generation strain (up to 4%) 

with millimetre-scale displacements for the actuators at high frequency and sub-I-V 

conditions [8, 31]. The incorporation of ILs in nanostructured sulphonated block 

copolymers gives rise to largely improved actuation performance [8]. On the other hand, 

PVDF and its copolymers, due to their thermoplastic characteristics, are also one of the 

most used polymers for actuators applications, mainly as dielectric actuator [32], and its 

combination with ILs is increasingly investigated. PVDF and its copolymers are usually 

used to store the ionic electrolyte in ionic EAP actuators with nano-carbon electrodes. 

Different ILs have been tested, including [C2mim][NTf2] [10] and [C2mim][BF4] with 

generated strain of 0.90 - 1.05% for the frequency range of 0.01 -0.005 Hz [33]. The 

P(VDF−CTFE)/PMMA polymers with [C2mim][TfO] exhibit remarkably high actuation 

strain and significantly reduced electrical capacitance [23]. The polystyrene-block-

poly(methyl methacrylate)-block-polystyrene (SMS) triblock copolymer with 

[C2mim][NTf2] exhibits a soft bending motion for low voltages < 3.0 V [34]. Still on the 

same IL, it has been reported that the bending actuation of the [C2mim][NTf2]/PVDF 

composites increases with increasing of IL content and with decreasing sample thickness 

an electric voltage of 10.0 V at a frequency of 0.5 Hz, leading to a bending of  6 x 10-4 

mm [35]. Taking into account the previous works, an evaluation of the bending response 

of a specific polymer with different IL types (different anions and cations) need to be 

investigated.  

Thus, the present study shows two new types of ionic polymer actuators, based 

on [N1 1 1 2(OH)][NTf2]/PVDF and [C2mim][C2SO4]/PVDF, respectively.  

The two ILs were selected in order to evaluate the effect of the ionic size between 

cations and anions of the IL in the ionic mobility of the composite and in the actuator 

performance. Further, the suitability for biomedical applications was assessed through 

cytotoxic evaluation.  
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4.2. Experimental details 

 

4.2.1. Sample preparation 

 

IL/PVDF composites were prepared in a proportion of 10/90 wt% and the rest of 

the conditions were described in the experimental section of the chapter 3 (see section 

3.2.1). The film samples with a thickness of 7-18 μm were obtained. The selected ILs 

were [N1 1 1 2(OH)][NTf2] (synthesized as described in [36], purity higher than 99%) and 

[C2mim][C2SO4] (supplied by Iolitec with a stated purity of 99%). [N1 1 1 2(OH)][NTf2] has an 

ecofriendly cation and [C2mim][C2SO4] has the most used cation for actuators. Table 4.1 

shows the main properties of the ILs used in this work. 

 

Table 4.1: Structure and Physical properties of the two ILs used [37]. 

IL 

Cation (effective 

size at 1 bar and 

298.15K/cm3.mol-1) 

Anion (effective size 

at 1 bar and 298.15 

K/cm3.mol-1) 

Molecular weight of 

IL/g.mol-1; viscosity/mPa.s; 

conductivity/μS cm-1 

[N1 1 1 2(OH)][NTf2] 93.1 158.7 384.3/118.2/… 

[C2mim][C2SO4] 99.2 91.7 236.3/94.4 /80.0 

 

4.2.2. Sample characterization 

 

The samples were evaluated by SEM, FTIR and DSC in the same conditions of the 

samples described in the experimental section of the chapter 3 (see section 3.2.2). 

The capacity and dielectric loss of the samples was measured with a Quadtech 

1920 LCR precision meter at room temperature with a 0.5 V signal in the 500 Hz – 1 MHz 

frequency range. The AC electrical conductivity was calculated from the data taking into 

account the geometry of the sample. The DC volume electrical resistivity was measured 

at room temperature with a Keithley 487 picoammeter/voltage source. For the electrical 

measurements, the samples were coated on both sides with 5 mm diameter gold 

electrodes by magnetron sputtering. 
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Bending measurements were performed using a high definition camera Logitech 

HD Webcam C615 and a home-made sample holder. The high-definition camera allows 

the analysis of the sample movements. The samples were prepared with 12 mm length 

and 2 mm width and fixed to the sample holder with two needles, leaving a free length 

of 10 mm. The needles of the sample holder are connected to an Agilent 33220A 

function generator as shown in Figure 4.1. Finally, an oscilloscope PicoScope 4227 was 

connected parallel to the sample to detect possible short-circuits and guarantee the 

electrical integrity of the samples along the tests. 

 

The samples were driven by a square wave signal with three peak voltages: 2.0, 

5.0 and 10.0 V with a frequency of 10 and 25 mHz. With these settings, it is possible to 

analyse the effect of voltage variation on maximum displacement and speed.  

The measurements were evaluated by analysing the obtained films every 5 s, so 

that a discrete description of the displacement was obtained. Bending (ε) was quantified 

by equation 3.1 (see the experimental section of the chapter 3, section 3.2.2) [10]. 

 

4.2.3. Cytotoxicity assays 

 

4.2.3.1.  Membrane sterilization 

 

For the in vitro assays, circular samples from PVDF films with different IL 

concentrations were cut according the ISO_10993-12:2002 (Biological evaluation of 

Figure 4.1: Schematic representation of the displacement measurement evaluation procedure 

as well as of the internal structure variation of the actuator under applied voltage. 
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medical advices-Part 12: Sample preparation and reference materials) with 6 cm2.mL-1 

of extraction ratio (surface area or mass/volume). For the sterilization, the samples were 

exposed to ultraviolet (UV) light for 1 h for each side and washed 3 times in a phosphate 

buffer saline (PBS) solution for 5 min. 

 

4.2.3.2. Cell culture 

 

Mouse skeletal myoblasts cell line, C2C12, was used for cytotoxicity studies. A 

frozen vial was removed from the liquid nitrogen storage and after this defrosting 

process, the cells were cultured in growth medium, Dulbecco’s Modified Eagle’s 

Medium (DMEM, Gibco) containing 4.5 g.L-1 glucose supplemented with 10% Fetal 

Bovine Serum (FBS, Biochrom) and 1% Penicillin/Streptomycin (P/S, Biochrom). Cells 

were maintained at 37 oC under 5% CO2 and 95% air in a humidified incubator. Before 

reaching confluence, more than 70%, C2C12 were passaged twice before performing 

the cytotoxicity experiments [38]. 

 

4.2.3.3. Cytotoxicity tests 

 

The cytotoxicity test was conducted in a 96-well culture plate with C2C12 cells. 

Cells were first cultured in the plate at 1.5×104 cells.mL-1 for 24 h and subsequently 

exposed to culture medium that was previously in contact with the different samples. 

Also, cells cultured in complete medium served as positive control. Each test was 

conducted in triplicate. After 24 h and 72 h of exposure time, cell viability was 

determined using a colorimetric assay directly on the cells by incubating them in culture 

medium containing 10% of 5 mg.mL-1 with 

3 [4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) reagent for 2 h in 

the dark at 37 oC. After that, the medium was removed and replaced by 100 µL 

dimethylsulfoxide (DMSO)/well and after homogenization, the absorbance was 

measured at 570 nm using a microplate reader (Biotech Synergy HT) [38]. 
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4.3. Results and Discussion 

 

4.3.1. Morphology, polymer phase and thermal properties 

 

Figure 4.2 shows the morphology of pristine PVDF and PVDF with different 

contents of N1 1 1 2(OH)[NTf2]. 

 

 

Figure 4.2: SEM images of a) pristine PVDF and PVDF with b) 10, c) 25 and d) 40 wt% of                    

[N1 1 1 2(OH)][NTf2]. 

 

Independently of the IL content, Figure 4.2 shows the spherulitic microstructure 

characteristic of PVDF [39].  

A decrease of the spherulite size is detected when the IL is introduced in the PVDF 

matrix but does not depend on IL content. Instead, voids and more defined spherulite 

contours are observed (Figure 4.2c and 4.2d). 
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Similar results were obtained in [40] for PVDF blends with the ILs [C2mim][Cl], 

[C6mim][Cl], [C10mim][Cl], [C2mim][NTf2], [C6mim][NTf2] and [C10mim][NTf2]. The large 

number of spherulites within the samples with ILs is due to the fact that the IL acts as 

nucleation centres for polymer crystallization, leading to a larger number of smaller 

spherulites [41].  

The morphology of [C2mim][C2SO4]/PVDF samples is similar to the one presented 

in Figure 4.3 for [N1 1 1 2(OH)][NTf2].  

Figure 4.3a shows the FTIR-ATR spectra for pristine PVDF and IL/PVDF for different 

[N1 1 1 2(OH)][NTf2] contents. The spectra for [C2mim][C2SO4]/PVDF are similar to the ones 

presented in Figure 4.3a.  

 

 

The characteristic bands of the -phase of PVDF, 531, 615, 766, 795, 855 and  

976 cm-1 [24], characterizing the pristine PVDF sample, undergo a reduction in the 

samples with increase of [N1 1 1 2(OH)][NTf2] content (Figure 4.3a). On the other hand, the 

characteristic bands of the polar -phase, 510, 840 and 1279 cm-1 [24] are present in all 

the samples and increase with the increasing IL content. These facts are also observed 

for [C2mim][C2SO4]/PVDF samples.  

Further, the characteristic bands of [N1 1 1 2(OH)][NTf2] at 1061 and 1351 cm-1, 

associated with the stretching vibration of OS   [42], are also detected in the 
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Figure 4.3: a) FTIR-ATR spectra and b) DSC scans for pristine PVDF and [N1 1 1 2(OH)][NTf2]/PVDF 

with 10, 25 and 40 wt% IL content. 
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corresponding composites and their intensity increases with the increasing of IL content. 

No new bands or shifts in the FTIR-ATR bands are observed, indicative of new bonds 

between N1 1 1 2(OH)[NTf2] and PVDF. 

The polymer crystalline phase content was quantified from the FTIR-ATR spectra 

by applying the method explained in detail in [24]. Assuming that the sample contains 

just  and  phases, the -phase content can be calculated by applying equation 3.2 

(chapter 3, section 3.3). 

Pristine PVDF is practically in thepolymer phase, as expected when using the 

processing conditions presented in this work [24]. Incorporation of 10 wt% of 

[N1112(OH)][NTf2] in the PVDF matrix leads to an increase of the electroactivecrystalline 

phase up to 30% and a IL content of 40 wt% just leads an increase of the electroactive 

-crystalline phase up to 46%. A similar relation between -phase and IL content is 

observed for the [C2mim][C2SO4]/PVDF composites, but with different absolute values 

of the β-phase content:  inclusion of 10 wt% [C2mim][C2SO4] into PVDF leads to a strong 

increase of the of the phase of the polymer up to 80%, but a further increase of the 

IL content to 40% leads just to an increase of the phase content up to 95%. 

Thus, two main conclusions can be drawn: first, the electroactive phase content is 

strongly dependent on the presence of the IL into the polymer matrix and less 

dependent on the IL content, as the main part of the electroactive phase nucleation is 

achieved with the inclusion of 10 wt% IL content; and second, for the same amount of 

IL, the cation and anion type strongly influences the nucleation of the -phase, as 

reported in [33].  

With the inclusion of IL within the PVDF matrix, it is expected that the electric 

charges of the IL strongly interact with the dipoles of PVDF chains through ion-dipole 

interactions to induce the all-trans chain conformation characteristic of -phase [20]. 

Thus, IL loading favors the generation of trans sequences and thus improves the -phase 

content. The differences observed for the two ILs are being due to the electrostatic 

interaction of the negative charge of IL anion (Table 4.1) with the positive side of the 

PVDF dipolar moments leading to different amounts of polymer chains in the all-trans 

chain conformation of the -phase [43].  

 



Chapter 4. Electromechanical actuators based on poly(vinylidene fluoride) with [N1 1 1 2(OH)][NTf2] and [C2mim][C2SO4] 

103 
 

DSC scans were performed to investigate possible changes in the crystal structure 

and melting behavior (Figure 4.3b) and are characterized by similar endothermic peaks, 

characteristic of the melting of the polymer, independently of ILs.  

For N1 1 1 2(OH)[NTf2] IL (Figure 4.3b), it is observed that for an IL content of 25 wt% and 

40 wt%, two endothermic peaks are observed, in contrast with the single peak of pristine 

PVDF and the sample with 10 wt% IL content. 

The double-melting endothermic peaks are attributed to the presence of ill-

defined crystals or even a distribution of crystal sizes due to the presence of large 

amounts of the IL and the strong interaction of the polar polymer matrix, hindering 

proper polymer crystallization, though this double structure has been also related, in 

some cases, to the presence of the two different types of crystal structure (-phase and 

-phase) detected in the FTIR results [44].  

For the [C2mim][C2SO4] IL, just one endothermic peak is detected the melting 

temperature of the polymer increases with the increasing IL content. 

Independent of IL type, the comparison of the DSC scans of pristine PVDF and the 

ILs/PVDF composites shows that the melting peak area increases with increasing IL 

content, indicative of an increase of the samples crystallinity degree, and also a shift of 

the melting temperature to higher values with increasing IL content, indicative of a 

stabilization of the crystalline phase (Table 4.2). 

The crystallinity degree of the samples (Table 4.2) was obtained by applying 

equation 3.3 (chapter 3, section 3.3) [45-47]. 

Table 4.2 shows that the degree of crystallinity of the ILs/PVDF composites 

increases with respect to the pristine polymer due to the presence of the ILs, excepting 

for the 10wt% sample.  
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Table 4.2: Melting temperature (Tm) and degree of crystallinity (ΔXC) of pristine PVDF and 

IL/PVDF samples. 

IL content / % 

IL type 

[N1 1 1 2(OH)][NTf2] [C2mim][C2SO4] 

ΔXC±SD/ % Tm±SD/ °C ΔXC±SD/ % Tm ±SD/ °C 

0 52.00±0.04 169.1±0.1 52.00±0.04 169.1±0.1 

10 34.70±0.01 164.2±0.2 39.10±0.04 169.3±0.2 

25 65.20±0.04 165.3±0.4 55.80±0.03 171.4±0.2 

40 81.10±0.05 168.70±0.41 59.30±0.02 172.1±0.4 

 

Independent of the IL type, the values of ΔX markedly increase with the increasing 

IL content, being the increase larger for the [N1 1 1 2(OH)][NTf2] IL, the one with the higher 

molecular weight and anion. It is important to notice that for 10% IL content, the degree 

of crystallinity decreases in both samples with respect to the pristine polymer, indicating 

that for lower filler concentrations it acts a defect, hindering the crystallization process. 

 

4.3.2. Electrical properties 

 

Figure 4.4a-d shows the real part of the dielectric constant and the AC conductivity 

for the pristine polymer and the samples with different IL contents as a function of 

frequency at 25 °C. 

The AC conductivity of the material was calculated from the dielectric 

measurements presented in Figure 4.4b and 4.4d after equation 3.4 (chapter 3, section 

3.3) [48]. 

Independently of ILs type, Figure 4.4a-d shows that the addition of any ILs 

produces a strong increase of the dielectric constant and AC conductivity with respect 

to the pristine polymer matrix. 
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Figure 4.4: Dielectric constant and AC conductivity for the different samples as a function of 

frequency: a-b) [N1 1 1 2(OH)][NTf2] and c-d) [C2mim][C2SO4]. e) I-V plots for the IL/PVDF composites 

as a function of IL content and f) electric conductivity of the two types of IL/PVDF composites as 

a function of IL content. 
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For [N1 1 1 2(OH)][NTf2] (Figure 4.4a-b) and [C2mim][C2SO4] (Figure 4.4c-d) 

composites, the dielectric permittivity and AC conductivity increases with increasing of 

IL content. This fact is due to dissociation and ion transport of the IL, resulting in higher 

number of carriers in the polymer matrix [49]. The increase of both dielectric response 

and electrical conductivity is larger for the [N1 1 1 2(OH)][NTf2] composites, being the one 

with the higher molecular weight and anion (Table 4.1). 

Ionic conductivity is a transport property governed by the number and mobility of 

charge carriers, viscosity, and ionic charge. These factors depend in turn on the effective 

ion sizes and shapes. Typically, the ionic conductivity of a IL/PVDF composite is lower 

than that of a pristine IL, as the ionic motion of the polymer composite is supported by 

the local segmental motions of the polymer chain matrix, hindering ion mobility [21]. 

Further, ion diffusion is related to the size of the cations, and anions are more likely to 

form ion complexes and diffuse together at a slower rate [50]. In general ionic 

association (e.g., ion pairs) causes a reduction of the ionic conductivity because it 

decreases the number of available diffusible ions. 

The presence of the ILs affects the dipolar and ionic component of the polymer 

due to ionic character of the ILs and the presence of ion-dipole interactions. Taking into 

account this fact, ionic relaxation polarization and ionic conductivity of ILs are the main 

factors contributing to the dielectric and conductivity properties of the IL/PVDF 

composites [51]. 

It has been shown that the ion pair relaxation mode appears at low frequencies, 

leading to a significant enhancement of the dielectric permittivity [52], as observed in 

Figure 4.4a.  

Further, with the increasing of frequency, it is possible observe that the dielectric 

permittivity decreases and the AC conductivity increases (Figure 4.4a-d), as frequency 

increase leads to prove the local mobility of the ionic species.  

The high value of the dielectric permittivity and conductivity for the 

N1112(OH)][NTf2]/PVDF sample with 40 wt% IL content (Figure 4.5a-b), indicates that a 

higher amount of IL present in the polymer matrix weakens the interaction among the 

polymer chains and accelerates the dissociation of the ion transport from the polymer 

chain motion [49]. 



Chapter 4. Electromechanical actuators based on poly(vinylidene fluoride) with [N1 1 1 2(OH)][NTf2] and [C2mim][C2SO4] 

107 
 

This behavior is not observed for the samples with [C2mim][C2SO4] as filler, and 

the maximum value of dielectric permittivity and AC conductivity was detected for  

10 wt% IL content. 

The differences observed in the dielectric permittivity (Figure 4.4a and 4.4c) and 

electrical conductivity (Figure 4.4b and 4.4d) values for both ILs is related to the viscosity 

of ILs [53], since a lower viscosity leads to the increase in mobility and therefore to the 

increase of electrical conductivity. 

Representative I–V plots and the dependence of the electrical conductivity with 

increasing IL content are shown in Figure 4.4e-f for the different ILs/PVDF composites. 

The differences observed for the DC conductivity of the different IL/PVDF composite 

samples are in agreement with the results obtained for the AC measurements (Figure 

4.4a-d). 

 

4.3.3. Bending properties of the IL/PVDF actuators 

 

Ion diffusion in the polymer matrix is the main reason for the bending properties 

of the actuators and Figure 4.5a and 4.5c show the bending response as a function of 

time for different voltages at a frequency of 10 mHz for 25 wt% [N1 1 1 2(OH)][NTf2] and 

10 wt% [C2mim][C2SO4] composites, respectively. 

The samples show no polarity and the actuator initially bending forward to the 

highest electrical potential. As a function of time, the square electrical signal switches 

polarity, resulting in a change of the actuation direction, bending toward the opposite 

direction (back-relaxation) [23]. 

The displacement (δ) was measured from the position of the actuator tip during 

the bending behavior (Figure 4.5). 
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Figure 4.5: Displacement of the IL/PVDF composites as a function of time at different voltages 

at a frequency of 10 mHz for: a) 25 wt% of [N1 1 1 2(OH)][NTf2] and c) 10 wt% of [C2mim][C2SO4] 

within the PVDF polymer matrix. Maximum displacement and bending of the IL/PVDF as a 

function of IL content and voltage for b) [N1 1 1 2(OH)][NTf2] and d) [C2mim][C2SO4] composites. 

  

The bending results (Figure 4.5) and the electrical properties (Figure 4.4), show 

that the strain response is mainly determined by the diffusion process of anions close to 

the electrodes (ion concentration gradient), which is related to the electrical 

conductivity of the IL/PVDF composites. The strain response is larger for the 

N1112(OH)[NTf2] composite, the one with the higher electrical conductivity and higher 

anion size (Table 4.1). Further, increasing applied voltage (Figure 4.5b and 4.5d) leads to 

an increase of the electric charges stored in the electric double layer up to 5 V, resulting 

in an increase in displacement up to 10.5 mm and 1.7 mm for 25 wt% of [N1 1 1 2(OH)][NTf2] 

and 10 wt% of [C2mim][C2SO4], respectively. When a voltage of 10 V is applied, the 
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bending displacement slightly decreases due to an increase in the flowing current 

between electrodes as is observed in the Figure 4.5d. 

Figure 4.6 shows some representative pictures of the bending behavior of the actuators 

aT ± 10 V. 

 

 

Thus, it is concluded that the strain bending response depends on the ionic 

transport properties of IL/PVDF composites that are dominated by the interaction 

between ions and polymer matrix through ion pathways with least resistance. 

The actuator based on N1 1 1 2(OH)[NTf2] shows excellent strain bending response, i.e, 

δ=10.5 mm and represents an improvement in comparison with the ones shown in the 

state-of-art [8, 23, 34]. 

 

4.3.4. Cytotoxicity 

 

The suitability of the IL/PVDF composite films for biomedical applications was 

investigated by cytotoxicity assays. PVDF films with different ILs and concentrations (10, 

25 and 40 wt%) were evaluated by MTT assay method against C2C12 myoblast cell line. 

The results for 24 and 72 h are presented in Figure 4.7 and the influences of the IL type 

and content are analyzed.   

Figure 4.6: Picture of the bending motion of the [N1 1 1 2(OH)][NTf2]/PVDF with 40 wt% filler content 

at ± 10 V. 
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It has been proven that PVDF is not cytotoxic and shows interesting properties for 

tissue engineering applications [54]. With respect to the IL/PVDF composites, Figure 4.7 

shows that the composites with [C2mim][C2SO4] are not cytotoxic to C2C12 cells, 

independent of the IL content. According to the ISO standard 10993-5:2009, samples 

are considered cytotoxic when the cell viability reduction is larger than 30%. 

However, for the PVDF samples with [N1 1 1 2(OH)][NTf2] IL, the composites are not 

cytotoxic for 25 and 40 wt% filler content but are cytotoxic for the 10 wt% 

N1112(OH)[NTf2]/PVDF sample, with a cell viability reduction larger than 30% of the 

control. It is to noteworthy that this reproducible result indicates that whereas for larger 

IL contents, IL-IL interactions leads to an incorporation of the IL in the body of the films, 

leading to a fully encapsulation of the IL by the polymer, for lower concentrations of the 

N1 1 1 2(OH)[NTf2], IL/polymer interactions lead to a more homogeneous distribution of 

the IL all along the polymer film, including its surface, leading to a cytotoxic behaviour. 
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Figure 4.7: MTT cytotoxicity assays of C2C12 cells in contact with as-prepared extraction media 

exposed to the IL/PVDF composites with different IL contents. 
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However, some concentrations show cell viabilities higher than 100%, which can be 

related to the fact that the IL stimulates cell proliferation or activates cell metabolism.  

Thus, the probable causes of cytotoxicity difference between different 

concentrations are attributed to ion pair formation at the surface of the films that can 

result in a significantly higher bioavailability of the particular IL, amplifying membrane 

interactions, and entailing stronger cytotoxic effects [55]. Thus, IL type and content 

influences the cell viability. 

 

4.4. Conclusions 

 

Electroactive actuators based on PVDF composites with [N1 1 1 2(OH)NTf2] and 

[C2mim][C2SO4] ILs with 10, 25 and 40 wt% were prepared by solvent casting.  

The characteristic spherulitic structure of pristine PVDF is present, independent of the 

IL type and content. The degree of crystallinity and piezoelectric -phase are also related 

to ILs type and content, the IL acting as nucleation centres for polymer crystallization. 

The introduction of ILs into the polymer matrix increases its electrical conductivity due 

to dissociation and ion transport of the IL. The electrical response of the samples is also 

dependent of IL type and content. The same is observed for bending actuation at 

different peak voltages. The best value of strain bending response is found for the 

IL/PVDF composite with 25 wt% of [N1 1 1 2(OH)][NTf2] at 5 V. The performance of the 

actuators is correlated to the ionic conductivity value of the samples. IL type and content 

influences cell viability, all samples being biocompatible, due to the encapsulation of the 

IL by the polymer matrix, with the exception of the [N1 1 1 2(OH)][NTf2] /PVDF sample with 

10 wt% IL content. 
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This chapter is based on the following article: Dias, J.C., Correia, D. C., Lopes, A. C., 

Ribeiro, S., Ribeiro, C., Sencadas, V., Botelho, G., Esperança, J. M. S. S., Laza, J. M., Vilas, 

J. L., León, L. M., Lanceros-Méndez, S., Development of poly(vinylidene fluoride)/ionic 

liquid electrospun fibers for tissue engineering applications. Journal of Materials Science, 

2016. 51(9): p. 4442-4450. 

Electroactive electrospun fiber mat composites based on PVDF with 5 and 10% of 

[C2mim][NTf2] were developed for potential applications in the biomedical area. The 

morphology and polymer crystalline phase content of the fibers were evaluated as a 

function of the processing conditions. Thermal degradation and cytotoxicity studies were 

also assessed. 
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5.1. Introduction 

 

From the short choice of piezoelectric polymers, PVDF and its co-polymers show 

the highest piezo-, pyro- and ferroelectric responses [1]. Thus, specific fillers can be 

added, for example, magnetic nanoparticles to obtain magnetoelectric and multiferroic 

composites [2], zeolites to tailor electrical properties and to control drug release [3], Ag 

particles to obtain larger dielectric response and antimicrobial properties [4], and ILs to 

enhance -phase content [5, 6]. The design of the PVDF functional structure is another 

important parameter to consider and, considering the application, different 

morphologies have been designed including films [2], porous membranes [7], fibers [8] 

and microspheres [9]. 

Other relevant characteristics of PVDF for applications include its chemical and UV 

radiation resistance and good mechanical properties [10]. 

Among the different fillers used to tailor PVDF properties, ILs can be used to tailor 

electrical and mechanical properties, as well as, sensor and actuator performance [11]. 

ILs are salts with a low melting temperature (generally considered to be lower than 

100 °C) and their main characteristics are tuned through the particular choice of both 

cations and anions and, therefore, their long-range electrostatic and short-range 

dispersion interactions [12]. For a large variety of ILs, their electrochemical and thermal 

stability is remarkable when compared to existing electrolytes, which triggered the 

attention of the scientific community for applications in high-temperature fuel cells, 

lithium-ion batteries, and electrochemical actuators, among others [12, 13]. 

Solvent-casted PVDF incorporating IL has been processed for actuator applications 

and/or for enhancement of the electroactive phase of PVDF [5, 14]. Thus, the inclusion 

of 1-butyl-3-methyl-imidazolium tetrafluoroborate [C4mim][BF4] into PVDF films 

significantly promotes PVDF crystallization into - and/or γ- forms after melt 

crystallization [5]. Different ILs have been also used as dopants for Nafion ionomeric 

membranes, and it was shown that cations with larger Van der Walls volume originate 

an enhancement of the cationic strain [15], and their integration into block copolymer 

electrolytes allows the development of large strain actuators at high-frequency and sub-

1-V conditions [16-18]. 
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Most of the IL/PVDF composites have been processed in the form of films, but the 

development of fiber mats for actuators, cell culture, or battery electrolytes is attracting 

increasing attention, since the small fiber sizes can reduce driving voltages in actuators 

[19], allowing the fabrication of electroactive scaffolds for cell culture [20] and the 

development of eco-friendly battery separator membranes [21]. Electrospinning is the 

most used technique for the production of polymer fiber structures [22]. Electrospinning 

of PVDF has been previously reported [23] showing that processing parameters, such as 

applied electrical field, polymer feed rate, and needle diameter, influence the 

electroactive -phase content and the degree of crystallinity of the fibers, as well as, the 

overall porosity of the fiber mats [24]. Further, it has been reported that the electrical 

field applied during the electrospinning process is high enough to promote dipole 

orientation [25], without being necessary a further poling procedure to obtain a suitable 

piezoelectric response. Despite the potential interest and applications of these fiber mat 

composites, electrospun PVDF fibers with the inclusion of IL have been mainly studied 

for the development of Li-ion separator [26] membranes and electrochromic devices 

[27-31], but there is still a lack of systematic studies on how the electrospinning 

processing conditions affect membrane characteristics.  

In the present work, different amounts of an IL [C2mim][NTf2] were incorporated 

into PVDF during the electrospinning process in order to evaluate the effect of IL content 

on polymer morphology, average fiber diameter, crystalline phase, and thermal 

degradation kinetics. Further, the adequacy of the membranes for biomedical 

applications has been also addressed. The choice of this IL is based on previous 

investigations on the effect of IL anion and cation on the physico-chemical properties of 

IL/PVDF [32] and on its suitability for the development of high-performance 

electromechanical actuators [33]. 
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5.2. Materials and Methods 

 

5.2.1. Materials  

 

IL/PVDF [34] composites were prepared in the same conditions of the samples 

described in the experimental section of the chapter 3 (see section 3.2.1). Then, 

different amounts of IL were added to the polymer solution (0, 5 and 10 wt%).  

 

5.2.2. Electrospinning 

 

The polymer solution was placed in a commercial plastic syringe (10 mL) with a 

steel needle of 0.5 mm inner diameter. Electrospinning was conducted at room 

temperature, with an applied electric field of 1.3 kV.cm-1 with a high-voltage power 

source from Glassman (model PS/FC30P04). A syringe pump (Syringepump) was used to 

feed the polymer solution into the needle tip at a feed rate of 0.5 mL.min-1, and the 

electrospun fibers were collected in a grounded collecting plate (random fibers) or in a 

drum collector at 1000 rpm (aligned fibers), placed at 15 cm from the needle tip. These 

experimental parameters were kept constant and the influence of the IL content and 

collector procedure (random or aligned fibers) was investigated.  

 

5.2.3. Sample characterization 

 

Electrospun fibers were coated with a thin gold layer using a sputter coater 

(Polaron, model SC502) and their morphology was analyzed using a SEM (Cambridge, 

Leica) with an accelerating voltage of 15 kV. Fiber average diameter and distribution was 

calculated over at least 50 fibers using the SEM micrographs (2000x magnification) and 

the ImageJ software [35]. 

Contact angle measurements (sessile drop in dynamic mode) were performed at 

room temperature in a Data Physics OCA20 device using ultrapure water as a test liquid. 

The contact angle was measured by depositing ultrapure water drops (3 µL) on the 

surface of the samples and analysed with the SCA20 software. At least six measurements 
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were performed in each sample at different membrane locations, and the average 

contact angle is presented as the result for each sample. FTIR-ATR mode (Nicolet Nexus 

670 spectrometer) using in the same conditions of the samples described in the 

experimental section of the chapter 2 (see section 2.2.4).  DSC measurements were 

performed in the same conditions of the samples described in the experimental section 

of the chapter 3 (see section 3.2.2) (Mettler-Toledo DSC822e apparatus). The thermal 

degradation kinetics was evaluated by thermogravimetry in a TGA/SDTA 851e set-up 

from Mettler Toledo, using different heating scans between 10 and 40 °C.min-1, under a 

nitrogen flow rate of 50 mL.min-1.  

 

5.2.4. Cytotoxicity  

 

Membrane sterilization: The conditions used were the same of the samples 

described in the experimental section of the chapter 4 (see section 4.2.3.1).   

 

5.2.5. Cell culture  

 

The conditions used were the same described in the experimental section of the 

chapter 4 (see section 4.2.3.2).   

 

5.2.6. Cytotoxicity assay 

 

The conditions used were the same described in the experimental section of the 

chapter 4 (see section 4.2.3.3).   

 

5.3. Results and discussion 

 

5.3.1. Fiber membrane morphology and water contact angle 

 

As previously mentioned, the electrospinning process parameters have strong 

influence on fiber morphology and average diameter [22, 23]. Thus, IL/PVDF fiber mats 
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were prepared with an amount of IL up to 10 wt%, since for larger IL concentrations the 

process becomes unstable due to the strong increase of the electrical conductivity of 

the solution. For IL concentration ≤ 10 wt%, the electrospinning process is stable and 

smooth and beadles fibers are obtained with a dual fiber distribution, with thin fibers 

distributed among the larger ones, independently of the collector procedure (plate or 

drum collector, Figure 5.1). It was also noticed that the fibers deposited in the drum 

collector are mainly aligned fibers, though there are still a number of misaligned fibers, 

in particular for the blend with 5 wt% IL (Figure 5.1d). These results contrast with the 

ones obtained after the introduction of other fillers such as NaY [8] or to the results 

obtained for the neat polymer (Figure 5.1b) [23]. The same behavior was observed for 

the blend with 10 wt% IL. 

 

 

This behavior is thus related with the high electrical conductivity of the solution 

that leads to larger instabilities within the jet which result in the crossing of some fibers 

within the alignment fiber mat [22]. 

Figure 5.1: Morphology of polymer electrospun fiber mats: a) random neat PVDF, b) aligned neat 

PVDF, c) random PVDF with 5 wt% IL, and d) aligned PVDF with 5 wt% IL obtained. 
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The influence of the IL content and collector procedure (random or aligned fibers) 

is shown in Figure 5.2. For the highest IL concentration present in the polymer solution 

(10 wt%), a decrease of the average fiber diameter, both in the random and aligned 

fibers, with respect to the neat polymer was observed. Moreover, random fibers show 

a higher average fiber distribution when compared to the aligned ones, which is 

attributed to the mechanical stress promoted by the drum during the fiber deposition 

on the surface of the collector. This reduction in fiber diameter is also observed in 

systems such as PVDF [23], fish gelatin [36] or styrene–ethylene/butylene–styrene [37].  
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Figure 5.2: a) Average fiber diameter distribution for the random and aligned PVDF electrospun 

fibers with and without IL and b) Water contact angle for PVDF and IL/PVDF fibers. 

 

Figure 5.2b also shows the water contact angle (WCA) results for the prepared 

fiber mats. It is observed that all fiber mats show a strong hydrophobic behaviour, with 

a WCA > 134°, independently of fiber alignment or IL content. This is expectable due to 

the large hydrophobicity of the chosen IL. In this sense, it has been also observed that 

the incorporation of an hydrophobic IL – [C4mim][PF6] - in random PVDF fibers improves 

the hydrophobicity of the neat PVDF fibers [38]. 

 

5.3.2. Polymer crystalline phase 

 

FTIR-ATR was performed in order to study the influence of the IL on the PVDF 

polymer phase. Figure 5.3a shows the FTIR pattern of the PVDF and PVDF-IL samples. 

Neat PVDF electrospun mats show the presence of α-PVDF (765, 795 and 976 cm-1) and 
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-phase (840 cm-1), while no traces of -phase were detected (776, 812 and 833 cm-1) 

[1]. The characteristic absorption bands of the IL are found at 742 cm-1 ( (C - F)), 1061 

cm-1 and 1276 cm-1 (stretching ( (S = O)) vibration) (Figure 5.3a) [39]. No new bands 

corresponding to bonds between the IL and PVDF were detected. 

The electroactive PVDF phase content present in the electrospun fiber mats was 

quantified from the FTIR-ATR spectra according to the method explained in detail in [1]. 

Briefly, as the sample contains only - and -phases, the - phase content can be 

calculated through equation 3.2 (chapter 3, section 3.3) [1].  

The amount of α and  crystalline phases present in the different samples is shown 

in Figure 5.3 b. The -phase content in neat PVDF electrospun samples is 72%, while for 

the samples with IL a slight increase is observed for the sample with 5 wt% IL and a total 

crystallization of the polymer in the -phase (Figure 5.3b) occurs for higher IL 

concentrations. However, it is to notice that the -phase content can be also tuned in 

electrospun mats, depending on the processing parameters [24], but the 100% -phase 

content obtained in the present work is fully attributed to the inclusion of the IL.  
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Figure 5.3: a) FTIR-ATR spectra and b) evolution of the electroactive -phase content with the 

content of IL present in the polymer solution for the PVDF and PVDF-IL electrospun fiber 

membranes. 

 

Electrospun fibers of PVDF show typically a large -phase content [23, 40] due to 

two main factors: the solvent evaporation at low temperature and polymer mechanical 

stretching, both promoting polymer crystallization in the electroactive phase [1]. 

Further, when the IL is added to the solution, the electrostatic interactions between the 
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IL and the strong dipolar moment of the PVDF monomer lead to locally oriented CH2 –

CF2 dipoles that are packed in a “trans-planar” zigzag configuration, characteristic of the 

-phase (Figure 5.3) [32]. This effect was also observed for the crystallization of PVDF 

with barium titanate particles [41], ferrites [2], or when polymer crystallization occurs 

in some solvent rich in oxygen [42]. 

 

5.3.3. Thermal characteristics and degradation kinetics 

 

DSC provides information on crystalline content and melting behavior. The main 

characteristic feature of the DSC scans for the neat PVDF electrospun fibers is a broad 

melting peak and a shoulder (Figure 5.4) mainly related to ill-crystallization due to the 

rapid crystallization process, leading to crystallites of different sizes together with 

defective crystallized regions [23]. In fact, electrospun samples with IL present the same 

double superposed melting peak over an even broader temperature interval. 

The degree of crystallinity (Xc) of the polymer was determined from the DSC data 

according to equation 3.3 (chapter 3, section 3.3) (Figure 5.4).  
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Figure 5.4: a) DSC scans for neat PVDF fibers and fibers of PVDF with IL, b) Evolution of the 

polymer matrix crystallinity degree of the samples. 

 

The degree of crystallinity increases for the samples with IL content when 

compared to the neat polymer fibers (Figure 5.4b). The increase of crystallinity is related 

to the interaction between the IL ions with the PVDF polymer chains during the fast 

solvent evaporation inducing also polymer crystallization in the electroactive -phase 

(Figure 5.3).  
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The interaction between IL and the polymer matrix can be explored by its effect 

on sample thermal degradation which was measured by thermogravimetric analysis. All 

samples revealed a similar thermal degradation pattern, with the presence of a single 

degradation step (Figure 5.5a), independently of the heating rate. This single 

degradation step is more evident in the Differential Thermogravimetric Analysis (DTG) 

(Figure 5.5b) calculated as the derivative of the weight as a function of time (dm/dt) 

which is recorded as a function of temperature or time [44, 45]. It is to notice that no 

degradation of the IL is observed before the main degradation of the polymer [46]. 
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Figure 5.5: a) TGA and b) DTG curves measured at 20 °C.min-1
 for neat PVDF fibers and fibers of 

PVDF with 5 and 10% [C2mim][NTf2] content, respectively, c) Evolution of the activation energy 

for the Kissinger method for different conversions and d) for different IL contents. 

 

The onset temperature (Tonset), calculated by extending the pre-degradation 

portion of the curve to the point of the interception with a line drawn as a tangent to 

the steepest portion of the mass curve occurring during degradation, decreases with 
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increasing IL content in the polymer fiber mats, which indicates an IL - polymer 

interaction, destabilizing the polymer structure. Further, an increase of 11 wt% at the 

end of experiment (600 °C) was observed for the samples with 5 and 10 wt% IL content 

(Table 5.1). 

 

Table 5.1: Degradation temperature of neat PVDF fibers and PVDF fibers with different IL 

contents, as determined from the TGA curves measured at 20 °C.min-1. 

 

The kinetics of the mass loss process was investigated by analyzing experiments 

performed at different heating rates (Figure 5.5c). Increasing scanning heating rate shifts 

the onset of the degradation process to higher temperatures, without changing any of 

the process’s main characteristics. Polymer decomposition was studied through the 

Kissinger’s method, used to determine the activation energy (Ea) from plots of the 

logarithm of the heating rate vs inverse temperature at the maximum reaction rate, 

using constant heating rate experiments [45], according to equation 5.1: 

 

 

where Tp and p are the absolute temperature and the conversion at the maximum 

weight loss rate, respectively, A is a pre-exponential factor,  is the heating rate, n is the 

reaction order and R is the gas constant (8.314 J.mol-1 .K-1). 

Experimental data were fitted according to the Kissinger’s model (Figure 5.5c) and 

the evolution of the activation energy of the decomposition kinetics is plotted in  

Figure 5.5d. Neat electrospun PVDF shows an Ea of  150 ± 9 kJ.mol-1, while an increase 

of the activation energy was noticed with increasing the concentration of IL present in 

IL content/wt% Tonset ± SD/°C Residual weight at 600 °C/% 

0 463 ± 3 28 

5 430 ± 1 39 

10 414 ± 2 39 

𝑙n (
β

Tp2
) = ln (

AEa
R
) + ln(1 − αp)

1−n
−

Ea
RTp

 (5.1) 
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the electrospun mats (Figure 5.5d), indicating a strong interaction of the IL with the 

polymer chain. 

It is to notice that the obtained onset temperature is similar for neat PVDF films 

(447±1 °C) and PVDF fibers (463±3 °C) [46]. In contrast, the activation energy is higher 

for the neat PVDF fibers, 150 kJ.mol-1, than for films, 99.5 kJ.mol-1 [46]. Consequently, it 

is possible to conclude that the thermal characteristics and kinetics degradation depend 

on PVDF processing. 

 

5.3.4. Cytotoxicity 

 

The cytotoxicity of the PVDF fiber mats with different IL concentrations was tested 

with the MTT assay method against C2C12 myoblast cell line. The results are 

represented in Figure 5.6.  

 

 

 

Figure 5.6: a) Cytotoxicity assay of C2C12 cells in contact with as-prepared extraction media 

exposed with PVDF fiber with different orientation and IL concentrations for 24 and 72 h 

(relative cell viability was presented as percentage of control ((n=4) ± SD); Images of C2C12 cells 

morphology incubated for 24 h in the extract medium of: b) control and c) oriented PVDF fibers 

with 5 wt% IL concentration. The magnification is 40X for all images. 
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As both IL [47] and PVDF are being explored for biomedical applications [20], it is 

important to evaluate the cytotoxicity of the [C2mim][NTf2]/PVDF composites. The 

results for 24 and 72 h are shown in Figure 5.6a. All PVDF samples with 5 and 10 wt% IL 

are not cytotoxic to C2C12 cells. 

According to ISO standard 10993-5:2009, samples are considered cytotoxic when 

the cell viability reduction is larger than 30%. 

PVDF has been already proven to be not cytotoxic to C2C12 cells [48]. It is 

interesting to notice that cell viability values are higher than those of the control in the 

samples with IL content. On the other hand, cell morphology is the same as for the cells 

in contact with the normal media (Figure 5.6b and 5.6c).  

In this way, the composite samples are not cytotoxic and show improved cell 

viability without influencing cell morphology. Further studies are required to understand 

these effects in terms of cell physiology, in order to evaluate their potential impact.  

 

5.4. Conclusions 

 

PVDF fiber mats incorporating [C2mim][NTf2] IL were successfully prepared by 

electrospinning up to a maximum of 10 wt% filler content. The increased content of IL 

affects fiber size, polymer electroactive phase content, and polymer degree of 

crystallinity. It was observed that the electrospun mats with IL present a beadles and 

smooth surface with a dual fiber distribution, with thin fibers distributed among the 

larger ones. Moreover, the incorporation of IL into the polymer solution improved 

polymer electroactive phase crystallization, especially for higher amounts of the filler, 

and led to an increase of polymer crystallinity from 51 up to 65%, with the melting 

occurring over a broader temperature interval when compared to neat PVDF.  

Thermal degradation results show that polymer degradation occurs in a single 

degradation step influenced by the interaction of the polymer and the IL both at the 

level of onset temperature and activation energy. Finally, the fiber mats are not 

cytotoxic supporting their use for biomedical applications.  

 

  



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications 

131 
 

5.5. References 

 

1. Martins, P., Lopes, A.C. and Lanceros-Mendez, S., Electroactive phases of 

poly(vinylidene fluoride): Determination, processing and applications. Progress in 

Polymer Science, 2014. 39(4): p. 683-706. 

2. Martins, P., et al., Dielectric and magnetic properties of ferrite/poly(vinylidene 

fluoride) nanocomposites. Materials Chemistry and Physics, 2012. 131(3): p. 698-

705. 

3. Lopes, A.C., et al., Enhancement of the dielectric constant and thermal properties 

of α-Poly(vinylidene fluoride)/zeolite nanocomposites. Journal of Physical 

Chemistry C, 2010. 114(34): p. 14446-14452. 

4. Lopes, A.C., et al., Nanoparticle size and concentration dependence of the 

electroactive phase content and electrical and optical properties of 

Ag/poly(vinylidene fluoride) composites. ChemPhysChem, 2013. 14(9): p. 1926-

1933. 

5. Zhu, Y., et al., Polar phase formation and competition in the melt crystallization 

of poly (vinylidene fluoride) containing an ionic liquid. Materials Chemistry and 

Physics, 2014. 144(1-2): p. 194-198. 

6. He, L., et al., Facile and effective promotion of β crystalline phase in 

poly(vinylidene fluoride) via the incorporation of imidazolium ionic liquids.  

Polymer International, 2013. 62(4): p. 638-646. 

7. Nunes-Pereira, J., et al., Poly(vinylidene fluoride) and copolymers as porous 

membranes for tissue engineering applications. Polymer Testing, 2015. 44: p. 

234-241. 

8. Lopes, A.C., et al., Effect of filler content on morphology and physical–chemical 

characteristics of poly(vinylidene fluoride)/NaY zeolite-filled membranes. Journal 

of Materials Science, 2014. 49(9): p. 3361-3370. 

9. Gonçalves, R., et al., Development of magnetoelectric CoFe2O4/poly(vinylidene 

fluoride) microspheres. RSC Advances, 2015. 5(45): p. 35852-35857. 



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications  

 

132 
 

10. Ding, J., et al., Use of ionic liquids as electrolytes in electromechanical actuator 

systems based on inherently conducting polymers. Chemistry of Materials, 2003. 

15(12): p. 2392-2398. 

11. Lu, W., et al., Use of Ionic Liquids for π-Conjugated Polymer Electrochemical 

Devices. Science, 2002. 297(5583): p. 983-987. 

12. Izgorodina, E.I., Theoretical Approaches to Ionic Liquids: From Past History to 

Future Directions, in Ionic Liquids UnCOILed: Critical Expert Overviews, 2013, New 

Jersey: Wiley, p. 181-230. 

13. Ye, Y.-S., Rick, J. and Hwang, B.-J., Ionic liquid polymer electrolytes. Journal of 

Materials Chemistry A, 2013. 1(8): p. 2719-2743. 

14. Xing, C., et al., Ionic liquid modified poly(vinylidene fluoride): Crystalline 

structures, miscibility, and physical properties. Polymer Chemistry, 2013. 4(24): 

p. 5726-5734. 

15. Hong, W., et al., Evidence of counterion migration in ionic polymer actuators via 

investigation of electromechanical performance. Sensors and Actuators, B: 

Chemical, 2014. 205: p. 371-376. 

16. Onnuri, K., S. Tae Joo, S. and P. Moon Jeong, P., Fast low-voltage electroactive 

actuators using nanostructured polymer electrolytes. Nature Communications, 

2013. 4: p. 2208. 

17. Cho, M.S., et al., Preparation of solid polymer actuator based on 

PEDOT/NBR/ionic liquid, in Key Engineering Materials 2005. p. 641-645. 

18. Liu, Y., et al., Equivalent circuit modeling of ionomer and ionic polymer conductive 

network composite actuators containing ionic liquids. Sensors and Actuators a-

Physical, 2012. 181: p. 70-76. 

19. Asaka, K., Soft Actuators, in Stretchable Electronics. 2012, Wiley-VCH Verlag 

GmbH & Co. KGaA. p. 305-324. 

20. Ribeiro, C., et al., Piezoelectric polymers as biomaterials for tissue engineering 

applications. Colloids and Surfaces B: Biointerfaces, 2015. 136: p. 46-55. 

21. Nunes-Pereira, J., Costa, C.M. and Lanceros-Méndez, S., Polymer composites and 

blends for battery separators: State of the art, challenges and future trends. 

Journal of Power Sources, 2015. 281: p. 378-398. 



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications 

133 
 

22.  Ramakrishna, S., et al., An introduction to electrospinning and nanofibers. 2005, 

Singapore: World Scientific Publishing Co. Pte. Ltd. 

23. Ribeiro, C., et al., Influence of Processing Conditions on Polymorphism and 

Nanofiber Morphology of Electroactive Poly(vinylidene fluoride) Electrospun 

Membranes. Soft Materials, 2010. 8(3): p. 274-287. 

24. Costa, C.M., et al., Effect of fiber orientation in gelled poly(vinylidene fluoride) 

electrospun membranes for Li-ion battery applications. Journal of Materials 

Science, 2013. 48(19): p. 6833-6840. 

25. Sencadas, V., et al., Local piezoelectric response of single poly(vinylidene fluoride) 

electrospun fibers. Physica Status Solidi (A) Applications and Materials Science, 

2012. 209(12): p. 2605-2609. 

26. Zhou, R., et al., Electrospun poly(vinylidene fluoride) copolymer/octahydroxy-

polyhedral oligomeric silsesquioxane nanofibrous mats as ionic liquid host: 

enhanced salt dissociation and its function in electrochromic device. 

Electrochimica Acta, 2014. 146(0): p. 224-230. 

27. Chinnappan, A. and Kim, H., Transition metal based ionic liquid (bulk and 

nanofiber composites) used as catalyst for reduction of aromatic nitro 

compounds under mild conditions. RSC Advances, 2013. 3(10): p. 3399-3406. 

28. Huang, X., Bahroloomi, D. and Xiao, X., A multilayer composite separator 

consisting of non-woven mats and ceramic particles for use in lithium ion 

batteries. Journal of Solid State Electrochemistry, 2014. 18(1): p. 133-139. 

29. Shubha, N., et al., Study on effect of poly (ethylene oxide) addition and in-situ 

porosity generation on poly (vinylidene fluoride)-glass ceramic composite 

membranes for lithium polymer batteries. Journal of Power Sources, 2014. 

267(0): p. 48-57. 

30. Ye, X.-y., Huang, X.-j. and Xu, Z.-k., Nanofibrous mats with bird’s nest patterns by 

electrospinning. Chinese Journal of Polymer Science, 2012. 30(1): p. 130-137. 

31. Bagdahn, C. and Taubert, A., Lonogel Fiber Mats: Functional Materials via 

Electrospinning of PMMA and the Ionic Liquid Bis(1-butyl-3-methyl-imidazolium) 

Tetrachloridocuprate(II), [Bmim]2[CuCl4]. Zeitschrift fur Naturforschung - Section 

A Journal of Physical Sciences, 2013. 68(10): p. 1163-1171. 



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications  

 

134 
 

32. Mejri, R., et al., Effect of ionic liquid anion and cation on the physico-chemical 

properties of poly(vinylidene fluoride)/ionic liquid blends. European Polymer 

Journal, 2015. 71: p. 304-313. 

33. Dias, J.C., et al., High performance electromechanical actuators based on ionic 

liquid/poly(vinylidene fluoride). Polymer Testing, 2015. 48: p. 199-205. 

34. Plastics, S. Solef® PVDF 2015  [cited 2015 30/3/2015]; Available from: 

http://www.solvayplastics.com/sites/solvayplastics/EN/specialty_polymers/flu

oropolymers/Pages/Solef-PVDF.aspx. 

35. Abramoff, M.D., Magalhães, P.J., and Ram, S.J., Image Processing with ImageJ. 

Biophotonics International, 2004. 11(7): p. 36-42. 

36. Padrão, J., et al., Modifying Fish Gelatin Electrospun Membranes for Biomedical 

Applications: Cross-Linking and Swelling Behavior. Soft Materials, 2014. 12(3): p. 

247-252. 

37. Ribeiro, S., et al., Electrospun styrene–butadiene–styrene elastomer copolymers 

for tissue engineering applications: Effect of butadiene/styrene ratio, block 

structure, hydrogenation and carbon nanotube loading on physical properties 

and cytotoxicity. Composites Part B: Engineering, 2014. 67(0): p. 30-38. 

38. Xing, C., et al., Effect of a Room-Temperature Ionic Liquid on the Structure and 

Properties of Electrospun Poly(vinylidene fluoride) Nanofibers. ACS Applied 

Materials & Interfaces, 2014. 6(6): p. 4447-4457. 

39. Wolf, S. and Feldmann, C., 2 ∞ [Co{1,4-C6H4(CN)2}2{NTf2}2][SnI{Co(CO)4}3] 2 - A 2D 

coordination network with an intercalated carbonyl cluster. Dalton Transactions, 

2012. 41(27): p. 8455-8459. 

40. Correia, D.M., et al., Influence of oxygen plasma treatment parameters on 

poly(vinylidene fluoride) electrospun fiber mats wettability. Progress in Organic 

Coatings, 2015. 85: p. 151-158. 

41. Mendes, S.F., et al., Effect of filler size and concentration on the structure and 

properties of poly(vinylidene fluoride)/BaTiO3 nanocomposites. Journal of 

Materials Science, 2012. 47(3): p. 1378-1388. 

42. Low, Y.K.A., et al., Increasing solvent polarity and addition of salts promote β-

phase poly(vinylidene fluoride) formation. Journal of Applied Polymer Science, 

2013. 128(5): p. 2902-2910. 



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications 

135 
 

43. Ohno, H. Electrochemical aspects of ionic liquids. 2011. Hoboken, New Jersey: 

Wiley 

44. Ionashiro, M., Giolito: Fundamentos da Termogravimetria, Análise Térmica 

Diferencial e Calorimetria Exploratória Diferencial. 2004: São Paulo: Giz Editorial. 

45. Sencadas, V., et al., Thermal properties of electrospun poly(lactic acid) 

membranes. Journal of Macromolecular Science, Part B: Physics, 2012. 51(3): p. 

411-424. 

46. Botelho, G., et al., Relationship between processing conditions, defects and 

thermal degradation of poly(vinylidene fluoride) in the β-phase. Journal of Non-

Crystalline Solids, 2008. 354(1): p. 72-78. 

47. Silva, S.S., et al., Green processing of porous chitin structures for biomedical 

applications combining ionic liquids and supercritical fluid technology. Acta 

Biomaterialia, 2011. 7(3): p. 1166-1172. 

48. Martins, P.M., et al., Effect of poling state and morphology of piezoelectric 

poly(vinylidene fluoride) membranes for skeletal muscle tissue engineering. RSC 

Advances, 2013. 3(39): p. 17938-17944. 

 
 
 
 
 
 
 
 
 
  



Chapter 5. Development of poly(vinylidene fluoride)/ionic liquid electrospun fibers for tissue engineering applications  

 

136 
 

 



Chapter 6. Conclusions and Future works 

137 
 

 Conclusions and Future works 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overall conclusions of the work are devoted to an integrative discussion focused 

on the main contributions to the scientific community in this working area. Suggestions for 

future investigations are also presented. 
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6.1. Conclusions  

 

The objective of the present work was the development of polymer based 

actuators. First, the electrical properties of intrinsically conductive core-shell PPy/PVDF 

electrospun fibers were evaluated. The typical structure of the PVDF non-woven 

electrospun fibers was preserved after in-situ polymerization of PPy on the surface of 

the electroactive insulator fibers matrix. It was observed that PPy layer conductivity 

increases with conjugation, which is critically dependent of synthesis time. The 

electrochemical properties of the samples were studied and the best experimental 

conditions to evaluate the bending response were determined, however, no bending 

movements were obtained for the PPy/PVDF samples. 

In order to obtain samples with low voltage-large bending response, a different 

strategy was followed based on the development of ILs/polymer composites. 

[C2mim][NTf2]/PVDF composite samples were prepared and it was observed that the 

introduction of [C2mim][NTf2] into the PVDF matrix affects both the polymer phase 

crystallization and the mechanical properties. The bending actuation is observed for 

voltages of 5 and 10 V, showing that the bending increases with the increasing of IL 

content and decreasing of sample thickness. An electric voltage of 10 V, with a frequency 

of 0.5 Hz, causes a bending of 6 X 10-4 mm. 

Electroactive actuators based on PVDF composites with N1 1 1 2(OH)NTf2 and 

[C2mim][C2SO4] ILs were also prepared. The characteristic spherulitic structure of 

pristine PVDF is preserved in the composites, independent of the IL type and content. 

The degree of crystallinity and piezoelectric -phase are also related to ILs type and 

content. The introduction of ILs into the polymer matrix increases its electrical 

conductivity due to the dissociation and ion transport of the IL. The best value of strain 

bending response is found for the IL/PVDF composite with 25 wt% of N1 1 1 2(OH)[NTf2] 

at 5 V. IL type and content influences cell viability, all samples being biocompatible. 

To improve applicability for biomedical applications, [C2mim][NTf2]/PVDF fibers 

were obtained by electrospinning method up to a maximum of 10 wt% filler content. 

Increasing amount of IL affects fiber size, polymer electroactive phase content, and 

polymer degree of crystallinity. It was observed that the electrospun mats with IL 
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present a beadles and smooth surface with a dual fiber distribution, with thin fibers 

distributed among the larger ones. Moreover, the incorporation of IL into the polymer 

solution improves polymer electroactive phase crystallization, especially for higher filler 

contents, and led to an increase of polymer crystallinity up to 65%, with the melting 

occurring over a broader temperature interval when compared to neat PVDF. Finally, 

the fiber mats are not cytotoxic supporting their use for biomedical applications.  

Thus, high performance polymer actuators have been successfully prepared based 

on ILs and polymer matrices based on PVDF, suitable for a large range of applications.  
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6.2. Future work 

 

In the present work, the suitability of ionic EAPs for the development of actuators 

has been proven. Four main research areas arise as interesting further studies: 

 

❖ The evaluation of the effect of varying fluorinated polymer matrix in actuator 

bending response. This can be achieved by using different PVDF co-polymers as 

polymer matrix; 

 

❖ The measurement and quantification of the bending in the fibers already 

produced for biomedical applications; 

 

❖ Promote specific responses, such as faster electroactive response, lower applied 

voltages or higher mechanical and thermal stability, by modifying polymer matrix 

or IL type; 

 

❖ Promote additions multifunctional response by including specific nanoparticles, 

such as magnetic or antibacterial ones. 
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