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Abstract 

 

The economic and environmental costs of current energy resources created the 

need to develop new methods to generate and store energy. In this sense, the 

development of polymer materials led to the emergence of a new generation of porous 

polymers for energy applications, which are typically described as “energy polymers”. 

The specific properties of poly(vinylidene fluoride) (PVDF) and its copolymer 

poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)), such as high dielectric 

permittivity, high polarity, softness and flexibility, among others, make them excellent 

choices for energy applications. The incorporation of fillers into these polymeric 

matrices can also be highly advantageous, since it allows tuning certain properties of the 

matrices optimizing their characteristics for specific applications. 

According this, P(VDF-TrFE) based composite membranes with zeolites (Y 

zeolite, NaY), clays (montmorillonite, MMT), multiwalled-carbon nanotubes 

(MWCNT) and barium titanate (BaTiO3) fillers were prepared by thermally induced 

phase separation (TIPS) for batteries separator applications. PVDF and P(VDF-TrFE) 

polymers and composites with BaTiO3 were also prepared by electrospinning for energy 

harvesting systems. 

P(VDF-TrFE) composite membranes showed suitable morphological, thermal, 

mechanical and electrochemical properties for the development of lithium ion separator 

membranes for battery applications.  

The developed membranes showed high degrees of porosity, ranging from 70 % 

for the pristine polymer to a maximum of 83 % for MMT filled membrane, excepting 

NaY membrane which showed the lowest value of 36 %. The porosity increase is 

reflected in electrolyte solution uptake, which increases markedly for membranes with 

higher porosity reaching values above 300 %  for BaTiO3 and MMT filled membranes, 

whereas for the pristine polymer is ~225 %. 

The room temperature ionic conductivity showed a strong increase for all 

composites, from 5.24×10
-7

 S/cm for the pristine polymer to a maximum of 9.22×10
-6

 

S/cm for the BaTiO3/P(VDF-TrFE) membrane. The ionic conductivity variation with 

temperature is diminished with the inclusion of fillers, in particular for the MMT and 

MWCNT filled membranes. The stable operation window is at least 6.0 V for all 

membranes. 
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Pristine polymer electrospun fibers of PVDF showed the best energy harvesting 

performance with generated output powers of 0.02 W and 25 W, under low and high 

mechanical deformation conditions, respectively. Pristine P(VDF-TrFE) and 

BaTiO3/P(VDF-TrFE) composites fibers showed lower output powers. 

The objectives of the study were successfully achieved, and the overall results are 

an effective contribute for the development of novel polymer based materials for energy 

systems applications. 
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Resumo 

 

Os custos económicos e ambientais das fontes de energia mais usadas na 

atualidade criaram a necessidade de procurar novos métodos de armazenar e gerar 

energia. Neste sentido, a disponibilidade de materiais poliméricos possibilitou o 

aparecimento de uma nova geração de polímeros porosos para aplicações energéticas 

designados por “polímeros energéticos”. 

As propriedades específicas do poli(fluoreto de vinilideno) (PVDF) e do seu 

copolímero poli(fluoreto de vinilideno-co-trifluoretileno) (P(VDF-TrFE)), tais como 

elevada constante dielétrica, alta polaridade e flexibilidade, entre outras, fazem deles 

excelentes escolhas para este tipo de aplicações. 

Desta forma prepararam-se membranas poliméricas compósitas baseadas em 

P(VDF-TrFE) com zeólitos (zeólito Y, NaY), argilas (montmorillonite, MMT), 

nanotubos de carbono (MWCNT) e titanato de bário (BaTiO3), pelo método de 

separação de fase termicamente induzida (TIPS), para aplicações em separadores de 

baterias, bem como fibras de PVDF, P(VDF-TrFE) e BaTiO3/P(VDF-TrFE) por 

electrospinning para sistemas de energy harvesting. 

As membranas compósitas de P(VDF-TrFE) revelaram propriedades 

morfológicas, térmicas, mecânicas e eletroquímicas adequadas para aplicações em 

separadores de baterias de lítio. 

A maior parte das membranas compósitas apresentaram elevados valores de 

porosidade, desde 70 % para o polímero simples até 83 % para a membrana com MMT, 

com a exceção da membrana com zeólitos que apresentou o valor mais baixo de 36 %. 

Os aumentos da porosidade refletiram-se na absorção de líquido eletrólito, que 

aumentou de forma mais acentuada nas membranas com maior porosidade atingindo 

valores superiores a 300 % para as membranas com BaTiO3 e MMT, quando 

comparado com os 200 % do polímero puro. 

A condutividade iónica à temperatura ambiente apresentou fortes aumentos em 

todos os compósitos, desde o valor de 5.24×10
-7

 S/cm para o polímero puro até ao 

máximo de 9.22×10
-6

 S/cm para a membrana de BaTiO3/P(VDF-TrFE). As variações da 

condutividade em função da temperatura foram diminuídas nos compósitos, 

principalmente para as membranas com MMT e MWCNT. A janela estável de operação 

foi no mínimo de 6.0 V para todas as membranas. 
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As fibras poliméricas de P(VDF-TrFE) produzidas por electrospinning 

apresentaram o melhor resultado em termos de geração de energia, gerando potências 

saída de 0.02 W e 25 W, em condições de baixa a alta deformação mecânica, 

respetivamente. O polímero P(VDF-TrFE) e o compósito BaTiO3/P(VDF-TrFE) 

apresentaram potências mais baixas. 

Os objetivos deste estudo foram alcançados com sucesso e os resultados globais 

são um contributo efetivo para o desenvolvimento de novos materiais poliméricos para 

aplicações em sistemas de energia. 
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1  - Introduction 

This chapter introduces the main topics related to the present thesis. A contextualization 

of the work is provided in accordance to current energy needs. The main characteristics 

of poly(vinylidene) fluoride (PVDF) and its copolymers are presented, as well as their 

specific applications in energy systems. Finally the general and specific objectives of 

the study are defined together with the main structure of the document.
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1.1. Polymers and energy systems 

 

For economical and environmental reasons the increasing need of energy by 

modern societies led to the need to explore clean and renewable energy resources. Fossil 

fuel resources are getting scarce and expensive and economical activity based on these 

fuels brought up the carbon dioxide load increase on the atmosphere to values with 

large impact on global warming. In this sense, new energy generations and storage 

systems are being explored, some of them based on a new generation of porous 

polymers for energy applications, which could be described as “energy polymers”. 

These materials allow new energy related possibilities, with better generation, storage 

and transportation. Novel polymeric materials for fuel cells membranes, hydrogen and 

methane storage, nanofoams with high thermal insulation, catalysts, light harvesting, 

among others, are strongly emerging. Recent advances in the control of polymer 

molecular structures allow a fine tuning of their properties, which led to increased 

interest in its use [1-3].  

The next generation of energy storage and conservation devices is based on solid 

polymer electrolytes (SPE), which provides larger operational flexibility and long 

lifetime for a wide range of applications [4]. Lithium-ion (Li-ion) secondary batteries 

play a key role in meeting energy demands of current society, mainly in portable 

electronic devices and in electrical vehicles, since they have high theoretical capacity, 

improved safety, lower materials cost, simple fabrication and absence of electrolyte 

leakage. In batteries, electrolyte liquids frequently present numerous disadvantages, 

such as gas formation during operation, leakage, corrosive reactions, combustible 

reaction products, difficulty of use in portable devices, among others; these problems 

led to increased demand for polymer based alternatives [3].  

The most widely used polymers in SPE applications are poly(ethylene) (PE), 

poly(propylene) (PP), poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN), 

poly(vinylidene fluoride) (PVDF) and its copolymers [5]. PEO was the first polymer 

proposed and used in SPE Li-ion rechargeable batteries, however, the electrolyte system 

exhibited lower room temperature ionic conductivity, due to the crystalline nature of 

PEO polymer and  moderate dielectric constant [3-4]. To overcome this, many studies 

have focused on composite polymer electrolytes, based on polymers with low glass 

transition temperature (Tg) with adequate amounts of inert inorganic nanofillers. It is 
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established that the inclusion of ceramic fillers improves the ionic conductivity of the 

composite polymer electrolytes [3, 5]. Among fillers, the most commonly used into 

polymer hosts matrices are the inert oxide ceramics (aluminium oxide – Al2O3, silicon 

oxide – SiO2 and titanium dioxide – TiO2), molecular sieves (zeolites), ferroelectric 

materials (e.g. BaTiO3) and carbonaceous fillers [6]. 

The search for solutions that meet the energy needs of contemporary societies is 

not restricted to energy storage. New energy generation processes have been studied in 

order to meet these needs. In this sense, energy harvesting materials and systems have 

emerged as a prominent research area. Harvesting energy from ambient waste energy 

for low power electronic applications became a strong ally of wireless devices 

technologies, since this allows remote electric power sourcing of storage devices, thus 

extending wireless systems lifespan. This concept has an immediate economic and 

environmental impact, by reducing chemical waste resulting from the replacement of 

batteries and maintenance costs. The increasing interest in this area led to many studies, 

mainly based on the piezoelectric effect of materials to convert environmental vibration 

into useful electrical energy [7-9].  

Among polymers, PVDF is an important case of energy material, its semi-

crystalline and high-molecular weight structure, with short and long-term ordering 

regions, allows obtaining, after poling, a suitable piezoelectric response for these kind 

of applications. PVDF presents the advantage of being mechanically strong, flexible and 

resistant to a wide variety of chemicals [7]. Lately, the incorporation of piezoceramics, 

such as BaTiO3 and lead zirconate titanate (PZT), into polymeric matrices has raised 

largest interest and presents itself as a challenge in developing applications [10]. 

In short, the use of polymers in energy systems is becoming increasingly 

important. They are easy to process, low cost and the overall mechanical, thermal and 

electrochemical properties make them excellent choices for the development of new 

energy systems. 

 

 

1.2. Poly(vinylidene) fluoride 

 

PVDF is a semi-crystalline polymer with a complex structure which can show five 

distinct chain conformations. The, designed as all trans (TTT) planar zigzag -phase, 
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TGTG (trans-gauche-tans-gauche) -phase and T3GT3G’ -phase are the most common 

and used for applications (figure 1.1) [10]. Much of the interest in PVDF for 

applications is based on its high dipole moment (5-8×10
-30

 C.m), which is due to the 

fluorine atoms electronegativity compared to those of hydrogen and carbon [11-12]. 

 

 

Figure 1.1: Schematic representations of PVDF ,  and -phases. 

 

 

The -phase is non-polar and is more thermodynamically stable when obtained 

from the melt or from the solvent evaporated at temperatures above 80 ºC [13].  

The -phase is the most interesting for technological applications due to its 

electroactive properties: piezoelectricity, pyroelectricity and ferroelectricity [14]. It can 

be obtained in a porous microstructure directly by solution at crystallization 

temperatures below 70 ºC [15], by -phase stretching at temperature ranging between 

70 ºC and 100 ºC [16], from the melt under specific conditions of pressure [17], external 

electric field [18] and ultra-fast cooling [19], and by the addition of nucleating fillers, 

such as BaTiO3 [20] and clays [21], among others.  

 

 

 

 

 

 



1 – INTRODUCTION 

6 

 

The semi-crystalline copolymer poly(vinylidene fluoride-co-trifluoroethylene) 

P(VDF-TrFE) (figure 1.2) always presents a electroactive phase, similar to the one of 

the β-phase of PVDF, for specific molar ratios of vinylidene fluoride (VDF) and TrFE, 

independently on the processing method (from the melt or from solution) [22]. The 

ferroelectric-paraelectric (FE-PE) phase transition of P(VDF-TrFE) occurs at a Tc below 

the melting temperature (Tm). These temperatures depend on the crystallization 

conditions and molar ratio of VDF and TrFE [23-25]. 

 

 

Figure 1.2: Schematic representation of P(VDF-TrFE). 

 

 

 

1.3. Applications 

 

PVDF and PVDF based composites have specific properties of high electrical 

permittivity, low thermal conductivity, softness and flexibility, good impedance 

matching to air and water and relatively low cost, making them excellent choices for 

several applications, such as sensors, actuators, vibrations control, ultrasonic 

transducers, batteries, filters, chemical warfare protection, magnetoelectric materials, 

and recently in the biological fields [18, 26-28]. Less known are the applications in 

tactile sensors, ferroelectric devices, energy conservation devices, shock sensors, 

thermal and optical property measurement devices and pyroelectric infrared arrays, 

among others [29].  

There is a recent increasing interest in developing polymer electrolytes with high 

ionic conductivity, good mechanical strength and thermal stability for Li-ion batteries, 

and also other electrochemical devices like supercapacitors and electrochromic devices, 

which should meet the requirements of safety, energy density and mechanical properties 
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for these kind of applications [10]. PVDF has high polarity, dielectric permittivity and 

anodic stability, which provides larger affinity with polar liquid electrolytes and 

supports ionizations of lithium salts, so that their incorporation into PVDF polymeric 

matrix lead to high functional polymer electrolytes [5, 10]. PVDF has proven to 

enhance lithium transport number due to selective interactions with anionic species. The 

ionic conduction process depends on electrolyte solution uptake, which in turn depends 

on the porosity and pore size of the polymer matrix [30]. However, the affinity of PVDF 

with the electrolyte liquid may affect the thermal and mechanical stabilities, if too much 

solution fills the matrix pores [31]. Costa et al. [32] studied the copolymer P(VDF-

TrFE) membranes for this purpose and found that best performances were obtained in 

porous membranes with hydrated lithium salts loaded by uptake technique. The 

incorporation of lithium triflate salt into poly(vinylidene fluoride-co-hexafluoropropene) 

copolymer (PVDF-HFP) matrix proved to be a way to increase ionic conductivity by 

reducing crystallinity of the polymer [33], once the interactions between PVDF and 

lithium salts mainly occurs in the polymer amorphous area [34]. 

The major challenge for materials for battery applications is to combine good 

ionic conductivity and high electrolyte uptake whilst keeping proper mechanical 

properties (in the temperature range of lithium battery operation). 

The use of PVDF and copolymers based composites in Li-ion batteries 

applications is a promising way for these kinds of applications, namely through the 

fabrication of polymeric matrices with homogeneous multilayers or hierarchical pore 

structures in order to enhance the thermal and mechanical stability, electrodes 

compatibility and ionic conduction, as well as electrochemical performance [5, 10]. The 

use of several fillers has been reported with profitable results; the incorporation of nano-

clays particles into PVDF matrices shows enhanced porosities, electrolyte uptakes, 

room temperature ionic conductivity and electrodes interfacial resistance [35];  the 

inclusion of SiO2(Li
+
) into PVDF leads to higher electrolyte uptakes and ionic 

conductivities [36]; TiO2 in PVDF-HFP helps to improve the mechanical strength, ionic 

conductivity and electrolyte/electrode interfacial stability [37]. The nature and amount 

of fillers is crucial in determining the properties of the composite [5]. 

PVDF has also been widely used as sensor and actuator on the basis of its 

piezoelectric properties. However, the piezoelectric ceramics/polymers with improved 

properties, with respect to the polymer matrix, represent the major challenge of this area 

[38-39]. In this sense, the inclusion of ceramic fillers like BaTiO3 [36, 40] or lead 



1 – INTRODUCTION 

8 

 

zirconate titanate (PZT) [41], carbon nanotubes [41], among others, in PVDF and 

P(VDF-TrFE) matrices contributes to improve dielectric constant, enabling to tune the 

piezoelectric response to obtain higher output powers in vibration harvesting structures 

[10]. The vast majority of recent research in power harvesting with piezoelectric 

materials has focused on improving the efficiency of piezoelectric power harvesting 

systems, however, improving the power harvesting circuitry and energy management 

techniques has also been targeted. The large challenge of this area remains in the gap 

between energy consumption of electronic devices and the energy generation 

capabilities of the power harvesting systems [9]. 

In short, PVDF and its copolymers are the most interesting and promising 

polymers for the development of energy storage and generation applications, due to 

their large dielectric constant, piezoelectric, pyroelectric and ferroelectric effects, 

among others. They offer broad engineering possibilities for materials preparation with 

tailored microstructure and properties, showing therefore large potential for a new 

generation of energy related applications. The inclusion of fillers in these systems also 

represents a real alternative to optimize energy devices based on these materials [5, 10]. 
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1.4. Objectives  

 

Since the improvement of existing energy generation and storage devices 

represents a part of the solution to meet current energy demands of the modern world, 

the main objective of the present study is to develop new polymer composite materials, 

based on PVDF and P(VDF-TrFE), with the requirements for lithium battery separators 

and vibration energy harvesting applications. To achieve this purpose, the main specific 

objectives are: 

 

1. Prepare porous P(VDF-TrFE) based composite membranes, by thermally induced 

phase separation (TIPS), with different filler types, shape and contents: zeolites 

(Y zeolist, NaY), clays (montmorillonite, MMT), multiwalled-carbon nanotubes 

(MWCNT) and barium titanate (BaTiO3) for lithium batteries separator 

applications; 

 

2. Prepare PVDF, P(VDF-TrFE) and BaTiO3/P(VDF-TrFE) fibers, by 

electrospinning technique, with different amounts of the piezoceramic BaTiO3, for 

energy harvesting systems; 

 

3. Obtain a complete characterization of the morphological, thermal, mechanical and 

electrochemical properties of the prepared samples, as well as knowing the 

relationship between these properties and fillers added; 

 

4. Evaluate the performance of the prepared materials for applications. 
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1.5. Thesis structure 

 

This thesis is divided into eight chapters to provide a logical sequence of the 

developed work during this investigation. Five of the eight chapters are based on 

published scientific papers focused on the development of materials for energy systems 

applications. 

The chapter 1 describes a general state of art of materials and systems developed 

during the study. A specific state of art is provided in each of the following chapters, 

whenever necessary. The objectives of the study are also presented as well as the 

structure of the thesis report. 

The chapter 2 provides a description of the experimental procedures, including 

used materials and preparation methods of respective samples, the experimental 

techniques carried out to characterize morphological, thermal, mechanical and 

electrochemical properties of the samples, as well as the procedures used to test the 

performance of the materials for the intended applications. 

The chapters 3, 4, 5 and 6 report the study of the influence of NaY, MMT, 

MWCNT and BaTiO3 fillers, respectively, in the morphological, thermal, mechanical 

and electrochemical properties of the P(VDF-TrFE) composite membranes for lithium 

battery applications. All these chapters are based on published scientific papers. 

Chapter 7 describes the preparation and testing of a energy harvesting device 

based on PVDF, P(VDF-TrFE) and P(VDF-TrFE) with BaTiO3 ceramic particles. This 

chapter is based on a published scientific paper.  

The chapter 8 provides some final remarks by comparing the main characteristics 

of the membranes presented in chapters 3, 4, 5 and 6 for battery applications, the 

general conclusions of the study as well as the future work perspectives. 
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2  - Materials and methods 

This chapter provides a description of the materials used in this investigation, as 

well as the experimental details on sample preparation. The experimental conditions for 

the characterization of the morphological, thermal, mechanical and electrochemical or 

electromechanical properties of the prepared samples are also presented.  
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2.1. Materials 

 

The materials used in the present study are shown in table 2.1, together with the 

provider as well as the reference to the prepared sample, and the chapter in which the 

results are presented.  

 

Table 2.1: Materials, provider and prepared samples in each chapter. 

Chapter Material Provider Sample 

3 

Poly(vinylidene fluoride-co-
trifluoroethylene) (70/30) 

(P(VDF-TrFE)) 
Solvay 

P(VDF-TrFE)/DMF (15/85) 
(w/w) 

N,N-dimethylformamide 
(DMF) 

Merck 

Y zeolite (NaY) 
Zeolyst 

International 
4, 16 and 32 wt% NaY/P(VDF-

TrFE) 

Propylene carbonate (PC)  Merck 
Electrolyte uptake in 1 M 

LiClO4∙3H2O-PC for all samples Lithium perchlorate 
trihydrate (LiClO4∙3H2O) 

Merck 

4 

Poly(vinylidene fluoride-co-
trifluoroethylene) (70/30) 

(P(VDF-TrFE)) 
Solvay 

P(VDF-TrFE)/DMF (15/85) 
(w/w) 

N,N-dimethylformamide 
(DMF) 

Merck 

Montmorillonite K10 (MMT) Sigma Aldrich 
4, 16 and 32 wt% 

MMT/P(VDF-TrFE) 

Propylene carbonate (PC)  Merck 
Electrolyte uptake in 1 M 

LiClO4∙3H2O-PC for all samples Lithium perchlorate 
trihydrate (LiClO4∙3H2O) 

Merck 

5 

Poly(vinylidene fluoride-co-
trifluoroethylene) (70/30) 

(P(VDF-TrFE)) 
Solvay 

P(VDF-TrFE)/DMF (15/85) 
(w/w) 

N,N-dimethylformamide 
(DMF) 

Merck 

Multiwalled-carbon 
nanotubes C 150P 

(MWCNT_B) 
Baytubes® 

0.1, 0.2 and 0.5 wt% 
MWCNT/P(VDF-TrFE) Multiwalled-carbon 

nanotubes NC3100 
(MWCNT_N) 

NanocylTM 

Propylene carbonate (PC)  Merck 
Electrolyte uptake in 1 M 

LiClO4∙3H2O-PC for all samples Lithium perchlorate 
trihydrate (LiClO4∙3H2O) 

Merck 
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6 

Poly(vinylidene fluoride-co-
trifluoroethylene) (70/30) 

(P(VDF-TrFE)) 
Solvay 

P(VDF-TrFE)/DMF (15/85) 
(w/w) 

N,N-dimethylformamide 
(DMF) 

Merck 

Barium titanate particles 
(BaTiO3) Ø = 10, 100 and 500 

nm 
Nanoamor 

4, 16 and 32 wt% 
BaTiO3/P(VDF-TrFE) 

Propylene carbonate (PC)  Merck 
Electrolyte uptake in 1 M 

LiClO4∙3H2O-PC for all samples Lithium perchlorate 
trihydrate (LiClO4∙3H2O) 

Merck 

7 

Poly(vinylidene) fluoride 
(PVDF) Solef 1010 

Solvay 

PVDF/DMF/MEK (15/68/17) 
(w/w) 
and 

P(VDF-TrFE)/DMF/MEK 
(15/68/17) (w/w) 

Poly(vinylidene fluoride-co-
trifluoroethylene) (70/30) 

(P(VDF-TrFE)) 
Solvay 

N,N-dimethylformamide 
(DMF) 

Merck 

Methylethylketone (7.0/3.0, 
v/v) (MEK)  

Panreac 

Barium titanate particles 
(BaTiO3) Ø = 10, 100 and 500 

nm 
Nanoamor 

5, 10 and 20 wt% 
BaTiO3/P(VDF-TrFE) 

 

 

 

2.2. Sample preparation 

 

2.2.1. Porous membranes for battery separator applications 

 

NaY/P(VDF-TrFE), MMT/P(VDF-TrFE), MWCNT/P(VDF-TrFE) and 

BaTiO3/P(VDF-TrFE) porous membranes were prepared by thermally induced phase 

separation (figure 2.1). The fillers were dispersed in a DMF solution during 4 hours. 

P(VDF-TrFE) powder was added to the fillers to achieve a concentration of 15 % (w/w) 

of the two components in solution. The fillers to polymer relative concentration ranged 

from 0 up to 32 % for NaY, MMT and BaTiO3 particles and 0.1 up to 0.5 % for 

MWCNT (as it should be below the percolation threshold for both MWCNT types to be 

suitable for the intended purpose [1]). The solution was prepared at room temperature 

under constant magnetic stirring until complete polymer dissolution, i.e., until a 

homogeneous solution was obtained (~2 hours).  In order to prevent the formation of 
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aggregates and to improve polymer dissolution, the solution temperature was increased 

5 ºC above room temperature during the first 15 min. Finally, the mixture was placed in 

a glass Petri dish allowing completely DMF solvent evaporation at room temperature 

during 15 days in a gas extraction chamber. 

 

 

 
 

Figure 2.1: Scheme of the procedure for sample preparation. 

 

 

 

2.2.2. Electrospun polymer fibers for energy harvesting  

 

PVDF, P(VDF-TrFE) and BaTiO3/P(VDF-TrFE) electrospun fiber samples were 

prepared by dispersing the ceramic powder in a solution of DMF and MEK, from 

Panreac to obtain a total concentration of 15 % (w/w) of polymer plus ceramic present 

in the solution. The ceramic to polymer relative concentration ranged from 0 up to 20 % 

ceramic content (w/w). The final solution was dissolved at room temperature under 

constant magnetic stirring until complete polymer dissolution, i.e., until a homogeneous 

solution was obtained (~2 hours) (figure 2.2). 

The polymer solution was placed in a commercial plastic syringe (10 mL) fitted 

with a steel needle with inner diameter ranging from 0.5 to 1.7 mm. Electrospinning 

was conducted in a range between 20 and 35 kV with a high voltage power supply from 

Glassman (model PS/FC30P04). A syringe pump (from Syringepump) was used to feed 

the polymer solutions into the needle tip at rate between 0.5 and 8 mL/h.  
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The electrospun fibers were collected in a grounded collecting plate (random 

fibers) or in a rotating drum (oriented fibers), placed at a distance between 10 and 30 cm 

from the needle (figure 2.2), and in interdigitated electrode plates (figure 2.3b). 

 

 

Figure 2.2: Scheme of the procedure for the preparation of the BaTiO3/P(VDF-TrFE) electrospun fibers. 

 

 

2.3. Sample characterization 

 

The common techniques for porous membrane and electrospun fiber 

characterization (scanning electron microscopy (SEM), Fourier transformed infrared 

spectroscopy (FTIR) and differential scanning calorimetry (DSC)) are presented first, 

followed by the specific techniques used for porous membrane characterization 

(porosity, electrolyte solution uptake, stress strain measurements, electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry) and for electrospun fiber 

characterization (periodic bending tests). 

 

2.3.1. Microstructure and polymer phase 

 

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

model SC502 sputter coater) and the morphology analyzed using a scanning electron 

microscope (Leica Cambridge apparatus at room temperature) with an accelerating 

voltage of 15 kV. The membrane average pore diameter and the electrospun fiber 

diameter were determined on the basis of the diameter of 40 pores and fibers, 

respectively, using the SEM images at 200x magnification and the Image J software. 
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Polymer phase of the porous membranes and electrospun fibers were assessed by 

FTIR performed at room temperature with a Jasco FTIR-4100. FTIR spectra were 

collected in attenuated total reflectance mode (ATR) from 4000 to 600 cm
-1

 after 32 

scans with a resolution of 4 cm
-1

. 

 

2.3.2. Thermal properties and degree of crystallinity 

 

The thermal properties of the porous membranes and electrospun fibers were 

determined by DSC with a Mettler Toledo 821
e
 apparatus. The samples were cut from 

the central region of the samples, placed in 50 L crucibles and heated from 50 to 200 

ºC at a rate of 10 ºC/min, under an argon atmosphere. The degree of crystallinity (c) 

was calculated (equation 2.1) from the melting/crystallization enthalpy (Hf) based on 

the enthalpy of a 100 % crystalline sample (P(VDF-TrFE): H100 = 103.4 J/g) [2]: 

 

100
ΔH

ΔH
χ

100

f
c       (2.1) 

 

2.3.3. Porosity 

 

The porosity of the membranes (ε) was measured with a pycnometer by the 

following procedure: the pycnometer was filled with ethanol and the mass was 

measured (m1); the mass of the sample was measured (m0) and then immersed in 

ethanol; after the sample being completely soaked in ethanol, more ethanol was added 

to fill completely the pycnometer, and the mass of the assembly (sample + pycnometer) 

was measured (m2); finally, the sample was removed from the pycnometer and the 

residual weight of the pycnometer with ethanol was measured (m3). Ethanol was used 

because of its low density and easy soaking within the sample.  

The porosity of the membrane was calculated according to [3]: 

 

31

032

mm

mmm




      (2.2) 

The mean porosity of each membrane was obtained as the average of the values 

determined in six measurements.  
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2.3.4. Electrolyte solution uptake 

 

The porous membranes were immersed in an electrolyte solution of 1 M 

LiClO4.3H2O in PC during 24 hours (figure 2.1) and the uptake was evaluated 

according to: 

 

100
m

mm
Uptake

0

0 


     (2.3) 

 

where m0 is the mass of the membrane and mE is the mass of the membrane after 

immersion in the electrolyte solution. 

The electrolyte content (Econtent) was evaluated according to: 

 

100
m

m
-1E

E

0
content      (2.4) 

 

 

where m0 is the mass of the dry membrane and mE is the mass of the membrane 

filled with electrolyte solution. 

LiClO4.3H2O was chosen for the electrolyte solution as it improves the 

conductivity of the composite as compared to LiClO4, as reported in other works [4-6]. 

This salt is widely used in electrolyte solutions due to its excellent solubility and high 

anodic stability, as well as high decomposition temperature in solution (above 100 ºC) 

[6]. 

 

 

2.3.5. Mechanical properties 

 

The mechanical properties of the porous membranes (~1.0×2.5 cm) were 

evaluated by stress strain measurements carried out in a TST350 Linkam Scientific 

Instruments set up at a strain rate of 15 m/s. 



2 – MATERIALS AND METHODS 

23 

 

2.3.6. Electrochemical impedance spectroscopy 

 

The ionic conductivity of the porous membranes was evaluated by an Autolab 

PGSTAT-12 (Eco Chemie) set-up in a frequency range from 500 mHz to 65 kHz. The 

samples were placed in a constant volume support equipped with gold blocking 

electrodes located within a Buchi TO 50 oven. The temperature, measured by a type K 

thermocouple, was varied between 20 and 120 ºC. The ionic conductivity (σi) was 

calculated for each heating cycle according to: 

 

AR

d
σ

b

i         (2.5) 

 

where Rb is the bulk resistance, d is the thickness and A is the area of the sample. 

The tortuosity (), the ratio between the effective capillarity and thickness of the 

sample was determined by [7]: 

 

i

0

σ

σ
τ


       (2.6) 

 

where σ0 is the conductivity of the liquid electrolyte, σi is the conductivity of the 

membrane and the electrolyte set at room temperature and ε is the porosity of the 

membrane. 

The ionic conductivity (σi) temperature dependence follows the Arrhenius 

equation: 

 








 


RT

E
expσ a

0i      (2.7) 

 

where 0, is the pre-exponential factor, Ea is the apparent activation energy for ion 

transport, R is the gas constant (8.314 J/mol.K) and T is the temperature.  
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2.3.7. Cyclic voltammetry 

 

Cyclic voltammetry was performed within a glove box with argon atmosphere 

using a two electrode configuration and a gold microelectrode as working electrode. 

The 25 m diameter gold microelectrodes were previously polished, washed with 

tetrahydrofuran (THF) and dried in hot air. The cell assembly was performed within the 

glove box by placing a lithium disk (10 mm diameter, 1 mm thick, Aldrich, 99.9% 

purity) as a counter electrode on a stainless steel current collector. Then the porous 

membrane sample was centred over the counter electrode and the gold microelectrode 

was centred over the sample. The assembly was firmly attached by a clamp, placed 

inside a Faraday cage and connected to an Autolab PGSTAT-12 (Eco Chemie) that 

records the voltammograms at a scan rate from 0.05 to 1 mV/s. From the 

voltammograms, the diffusion coefficient (D) of the electroactive species was calculated 

according to the Randles-Sevcik equation [8]: 

 

0
2

1
2

1
2

3
5

p CvADn)10(2.69i     (2.8) 

 

where ip is the oxidative peak current in A, n is the number of electrons transferred in 

the redox reaction, A is the electrode area in cm
2
, v is the potential scan rate in V/s and 

C0 is the analyte concentration in mol/cm
3
. 

 

 

 

 

2.3.8. Energy harvesting response 

 

Energy harvesting performance of the electrospun samples was evaluated by 

periodic bending tests (low deformation) in an electromechanical generator (Frederiksen 

2185.00) excited from 1 Hz to 1 kHz using a signal generator (Circuitmate GF2) with 

an internal resistance of 1 M (figure 2.3a). The maximum vertical displacement of the 

samples was ~7 mm measured from the initial position at 1 Hz (figure 2.3c). The 

voltage output was performed using an oscilloscope (Axo 4005) and the data collected 
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with the Picoscope software. The maximum average power was calculated from the first 

100 ms of vibration trough:  

 dt
R

)t(V

'T

1
P

L

2

0
L     (2.9) 

where V0(t) is the real time voltage, RL is the load resistance and T’ is the period 

of load application. 

Samples were also submitted to bending tests with high deformation, where the 

mechanical stress was applied by a finger, following the procedure applied by [9]. 

 

 

 

Figure 2.3: a) Scheme of the experimental setup used for the periodic bending tests; b) interdigitated 
electrode plate with electrospun fibers; c) electromechanical generator during a energy harvesting 
bending test.  
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3.1. Introduction 

 

The increasing use of handheld devices has driven the technological advances in 

rechargeable solid-state batteries. Lithium-ion batteries are the systems of choice, 

offering high energy density, flexible and lightweight design and longer lifespan than 

comparable battery technologies [1].  

The lithium battery industry is rapidly expanding and already represents the 

largest segment of the industry of portable batteries for computers, cell phones and 

cameras. However these batteries still have some aspects to improve [2], in particular 

related to the high reactivity of the lithium with the components of the electrolyte. One 

solution to this problem could be the use of polymer electrolytes. Primary lithium 

batteries are now stated as a mature technology, future major developments must 

be focused on secondary cells [3].  

A battery is a transducer that converts chemical energy into electrical energy. The 

principal constituents are the anode, cathode and separator membrane (SPE). In the case 

of lithium batteries the anode is the source of lithium ions, the cathode is the sink for the 

lithium ions and the electrolyte provides the separation for ionic and electronic transport 

[2]. Generally, the solid polymer electrolyte (SPE) is a porous membrane placed 

between the electrodes of opposite polarity, permeable to ionic flow but preventing 

electric contact of electrodes. It play a key role in all batteries, keeping the positive and 

negative electrodes separated, avoiding short circuits and allowing rapid transport of 

ionic charge carriers [4-5]. The main parameters determining the performance of SPE 

are thickness, permeability, porosity/pore size, wettability, electrolyte absorption and 

retention, chemical, dimensional and thermal stability [4, 6]. For the SPE, the lithium 

salt is placed in the membrane through incorporation of an electrolyte solution or 

directly in the membrane in the form of composite [7-8]. The most used polymer 

matrixes for SPE applications are poly(ethylene oxide) (PEO) [9-12], poly(acrylonitrile) 

(PAN) [13-14], poly(vinylidene fluoride) (PVDF) and its copolymers [15-18].  

PVDF and its copolymer poly(vinylidene fluoride-co-trifluoroethylene) P(VDF-

TrFE) are used for SPE due to their good mechanical properties, wettability by organic 

solvents, chemically inertness, good contact between electrode and electrolyte and being 

stable in cathodic environment [18-19]. The main difference between P(VDF-TrFE) and 

PVDF is that the copolymer exhibit the ferroelectric to paraelectric transition (FE-PE) at 
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a Curie temperature (Tc) below melting temperature (Tm), and crystallizes both from the 

melt or by solution casting in a polar ferroelectric transplanar chain configuration [20-

22]. P(VDF-TrFE) membranes for lithium ion battery have been prepared by different 

processing techniques. The porous membranes were produced by solvent casting with 

varying porosity in which lithium ions were introduced by uptake; composite separators 

were also prepared with the lithium salts introduced within the polymer matrix [18, 23-

24]. The results showed that the ionic conductivity of the membrane depends on the 

porosity and the pore size, which is related to the ability to uptake. Large advances in 

SPE technologies are produced by the incorporation of suitable fillers into the host 

polymer for improving mechanical strength, thermal stability and ionic conductivities 

[25-26]. Among these fillers are oxide ceramic, zeolites, carbon nanotubes, etc. [26]. 

Zeolites are hydrated aluminosilicates with a crystalline structure where SiO4
4- 

and AlO4
5-

 tetrahedral units are linked by common oxygen atoms, forming channels and 

cavities with regular dimensions. For each AlO4
5-

 unit present a framework of negative 

charge is created that can be balanced by protons or metal cations [27-28]. The presence 

of these exchangeable cations makes zeolite to have a high electric conductivity when 

compared with other ionic crystalline solids [29].  

Due to their properties, zeolite fillers are used in composite materials for 

application as fuel cells and lithium-ion batteries [30-33]. Porous membranes with 

zeolite nanofillers are suitable for high-performance lithium-ion batteries as they can 

provide composites with higher ionic conductivity with respect to the pure polymers 

and also provide mechanical strength [30].   

Due to the promising results of P(VDF-TrFE) separators for battery applications, 

the main goal of this work consist on the preparation of polar zeolite/P(VDF-TrFE) 

porous membranes by solvent evaporation with different contents of zeolite 

nanoparticles for improving electrical and mechanical properties. In this study the Y 

zeolite (faujasite structure) on the sodium form (NaY) has been used, with a Si/Al ratio 

of 2.83 as it has been proven to provide increased dielectric constant and conductivity to 

poly(vinylidene fluoride) thin films [34]. 

The influence of the zeolite content in the performance of the battery separator 

membranes, with and without electrolyte solution (1 M LiClO4.3H2O-PC), was 

evaluated through the study of the morphological, thermal, mechanical and electrical 

properties. 
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3.2. Results and Discussion 

 

3.2.1. Microstructural characteristics and polymer phase 

 

Figure 3.1 shows a cross-section scanning electron microscopy (SEM) images of 

the NaY/P(VDF-TrFE) composites with different zeolites contents.  

 
Figure 3.1: Cross-section SEM images of the NaY/P(VDF-TrFE) composites with different zeolite 
contents: a) 0 % (P(VDF-TrFE)); b) 4 %; c) 16 %; d) 32 %. 

 

The samples are characterized by a uniform distribution of micropores, 

independently of the zeolite content. Therefore, the microstructure is independent of the 

zeolite content and similar to the one obtained for the pure copolymer [18]. The 

mechanism of polymer/solvent evaporation for P(VDF-TrFE)/DMF without fillers does 

not seems to be affected by the presence of the zeolite fillers, and it is explained as a 

liquid/liquid spinodal decomposition followed by polymer crystallization, depending 

mainly on the evaporation rate of the solvent and the crystallization temperature [35-

36]. Due to their porous structure, the zeolite particles absorb solvent during sample 

preparation, shifting to the solvent-rich areas during the liquid-liquid phase separation. 

In this way, zeolites are not incorporated into the polymer microstructure during 

crystallization, remaining decorating the internal walls of the polymer pores for all 

zeolites contents (detail in figure 3.1c). 
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Thus, was observed that the inclusion of zeolites does not affect the pore 

distribution of the membrane but can modify the average pore size.  

Figure 3.2 shows the dependence of the average pore size, porosity and electrolyte 

uptake of NaY/P(VDF-TrFE) membranes with different zeolite contents.  
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Figure 3.2: a) Influence of the zeolite content in the mean diameter of pores and porosity in the 
NaY/P(VDF-TrFE) composites and b) 1 M LiClO4.3H2O-PC solution uptake as a function of zeolite content 
for the NaY/P(VDF-TrFE) composites. 

 

It is shown that the pore size increases three times and the porosity decreases by 

introducing zeolites in the membranes due to modification in the phase separation and 

solvent evaporation kinetics [35-36]. Similar behaviour was observed for PEO-PVDF-

HFP-Al2O3/PP [37]. On the other hand, increasing NaY content reduces pore size due to 

filler accumulation on the pore walls. Only for the sample with 32 wt% zeolite content 

the porosity increases. In this case, the porosity due to the higher amounts of zeolite 

cavities counteracts the decrease of the porosity of the polymer due to the zeolite 

placement on the sidewalls of pores. Regarding the electrolyte uptake, the combination 

of increased pore size and decreasing porosity for filled samples, compared to pristine 

polymer, leads to similar uptake except for the 32 wt% zeolite content sample, in which 

the large amount of zeolites on sidewalls of the pores reduces electrolyte uptake. This 

fact is attributed to the considerable contribution of zeolite cavities to the porosity, 

being these pores not able to absorb Li salts In this way, the filler concentration of 32 

wt% sets the limit for improved performance for the NaY/P(VDF-TrFE) composites for 

Li-ion battery applications. 

The large degree of porosity associated to the electrolyte uptake facilitates the 

transfer of lithium ions because increases the number of transport channels [38]. 
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For electroactive polymers of PVDF and copolymer it is possible to determine the 

polymer crystalline phase accurately, both through X-ray diffraction (XRD) and Fourier 

transformed infrared spectroscopy (FTIR) [39]. PVDF-TrFE at this co-polymer 

concentration always crystallizes in the polar phase. In this case, FTIR was also used for 

to evaluate the interactions between polymer matrix and zeolites, as well as the effect of 

electrolyte solution introduction in membrane structure (figure 3.3). 
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Figure 3.3: FTIR spectra for NaY/P(VDF-TrFE) composites for different zeolite contents: a) without 
electrolyte solution uptake; b) with electrolyte solution uptake. 

 

Figure 3.3a shows the FTIR spectra for the samples without electrolyte solution 

uptake, and the characteristic vibration modes (851 cm
−1

, 886 cm
−1

 and 1402 cm
−1

) of 

the polymer all-trans conformation [40] are observed for all zeolite contents. The band 

increasing with increasing zeolite content around 900-1100 cm
-1

 corresponds to the 

stretching vibration of the Si-O bond in the SiO4 tetrahedrons and reflects the presence 

the zeolites in the membranes [41]. For the membrane with 32 wt% zeolite content, the 

characteristic bands of the zeolite superimpose the polymer ones. 

Regarding vibration modes of samples with electrolyte solution (figure 3.3 b), the 

two strong bands related to the presence of propylene carbonate (712 cm
−1

 and 777 

cm
−1

), as well as the two vibration modes at 933 cm
−1

 and 1150 cm
−1

, identified by 

symmetric stretching band and asymmetric bending band, respectively of ClO4
-
 [42], 

are detected. Further, the characteristic bands of the polymer and zeolites are unaffected 

by the presence of electrolyte, maintaining the membrane physico-chemical 

characteristics. 
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Table 3.1 presents the room temperature ionic conductivity (equation 2.5) and 

tortuosity (equation 2.6) for all samples after electrolyte uptake. 

 

Table 3.1: Ionic conductivity and tortuosity of 1 M LiClO4.3H2O + separator membrane; σ0 = 9.8 mS/cm 
at 25 ºC. 

Sample σi (S/cm) τ 

0 % 5.24×10-7 115 

4 % 3.54×10-7 113 

16 % 2.33×10-6 39 

32 % 2.87×10-6 43 

 

The ionic conductivity of porous membranes increases with increasing zeolite 

content due to the large surface area of the zeolites, that reduces the growth rate of the 

resistive layer on the electrode surface and aids to trap residual traces of impurities, 

such as water and oxygen, leading to an improvement of the compatibility between 

membranes and the electrodes, resulting in increased ionic conductivity [43-44].  

The tortuosity describes the average pore connectivity of the solid and is related 

with the ionic transport, providing information about the effect of the pore blockage. 

The tortuosity decreases with increasing zeolite content until the filler concentration of 

32 wt%. The membranes without zeolites and the one with 4 wt% show high tortuosity 

values due to poor pore connectivity which hinders the ionic transport. For higher 

zeolite contents the tortuosity decreases as the ionic transport is now supported by the 

higher conductivity of the zeolite fillers in the sidewalls of the pores, leading to better 

pore connectivity [45]. 

 

3.2.2. Thermal and mechanical properties 

 

The characterization of the porous membrane by thermal (differential scanning 

calorimetry measurements – DSC) and mechanical (stress-strain curves) techniques is 

crucial to evaluate the performance of membranes for battery applications and to 

determine the influence of zeolite content in the polymeric matrix. 
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DSC thermograms for NaY/P(VDF-TrFE) membranes without and with 

electrolyte solution are depicted in figures 3.4 a) and b), respectively. 
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Figure 3.4: DSC thermograms of the NaY/P(VDF-TrFE) composites with different zeolite filler contents:  
a) without electrolyte solution uptake; b) with electrolyte solution uptake. 

 

In DSC thermograms for NaY/P(VDF-TrFE) membranes without electrolyte 

solution (figure 3.4a) two endothermic peaks are observed, representing the 

ferroelectric-paraelectric phase transition (lower temperature  peak, Tc) at 117 ºC and 

melting temperature of the polymer matrix (higher temperature  peak, Tm) at 146 ºC 

[46]. These peaks does not depend on zeolite content present in the polymeric matrix, 

indicating that fillers inclusion does not significantly influence the polymer ferroelectric 

phase, degree of crystallinity and thermal stability, because fillers are mainly placed on 

the outside walls of the polymer. 

This fact is demonstrated in table 3.2 where the degree of crystallinity, calculated 

by equation 2.1, is shown for NaY/P(VDF-TrFE) membranes without electrolyte 

solution uptake. 

 

Table 3.2: Degree of Crystallinity of all samples calculated through equation 2.1 to the melting peak of 
samples without electrolyte solution uptake. 

 Sample χc  ± 2 (%) 

0 % 28 

4 % 26 

16 % 23 

32 % 20 

 

The degree of crystallinity shows a small decrease by increasing filler content, 

due to the defective induced crystallization in the polymer structure in the places where 
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it interacts with the zeolites. Nucleation and growth kinetics of the polymer is changed 

due to the large zeolite contents (above 4 wt%) [47]. 

In the DSC thermograms for samples with electrolyte solution (figure 3.4b) the 

two endothermic peaks characteristics of the polymeric matrix are not detected for all 

filler contents due to the high absorption of the electrolyte solution by the composite 

membranes. It is reported that the PC present in the electrolyte solution leads to the 

collapse of some crystallites of P(VDF-TrFE), increasing the amorphous content within 

the polymer matrix [48]. Nevertheless, membranes stability is demonstrated up to the 

ferroelectric-paraelectric phase transition temperature, around 120 ºC, in which the 

polarity and electrical characteristics of the membrane changes.  

The mechanical properties of the separator membranes for lithium ion batteries 

are essential for performance, integrity and safety of the batteries [49-50]. The 

mechanical properties of porous materials depend on porosity, pore size, distribution 

and geometry [51], and represent one of the main drawbacks of polymer porous 

membranes that can be solved by suitable selection of reinforcing fillers. 

The stress-strain curves of NaY/P(VDF-TrFE) composites with different zeolite 

nanoparticle contents are represented in figure 3.5 without electrolyte solution (figure 

3.5a) and with electrolyte solution (figure 3.5b). In table 3.3 the mechanical parameters 

(elastic modulus, stress at break and strain at break) obtained from figure 3.5 are shown. 
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Figure 3.5: Stress-Strain curves of the NaY/P(VDF-TrFE) composites with different zeolite particles 
contents: a) without electrolyte solution uptake; b) with electrolyte solution uptake. 
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Table 3.3: Mechanical properties of the composite membranes. 

 Without Uptake With Uptake 
Sample 0 % 4 % 16 % 32 % 0 % 4 % 16 % 32 % 
Stretching strain at break (%) 455 293 299 383 392 326 455 426 
Stress at break (MPa) 3.5 3.1 2.7 2.7 1.2 1 1.55 2.3 
Elastic Modulus (MPa) 40 51 62 76 1.9 1.4 1.7 3.8 

 

 

Figure 3.5a shows that addition of zeolites up to 4 wt% improves the mechanical 

properties (yielding stress) of the membrane separator in comparison with zeolites free 

membranes. This phenomenon is attributed to the Lewis acid-base interactions between 

the polymer matrix and the Lewis acid sites on the surface of the zeolite particles [52].  

For zeolite contents above 4 wt%, the mechanical stress at yielding of the 

membranes decreases due to aggregate formation at the membrane surface. 

The elastic modulus (table 3.3) increases with increasing filler content, indicating 

the reinforcing effect of the zeolites. This behaviour can be explained by a folding effect 

of the polymer chains within the zeolite particles at the filler-polymer contact points. 

The mechanical properties (elastic modulus, stress at break and strain at break) of the 

samples with electrolyte solution decrease, compared to the ones without electrolyte, 

due to large uptakes. The effect of electrolyte uptake in the mechanical properties is 

similar for all zeolite concentrations, nevertheless, the elastic modulus and the 

stretching at break are higher for samples with larger zeolite content. It is interesting to 

observe that the stress-strain curves with electrolyte solution have the form of steps 

resulting from the collapse of the pores in membrane structure.  
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The determination of the mechanical properties as function of temperature is 

crucial to set limits of applicability of the porous membranes to different environments. 

Figure 3.6 shows the mechanical behaviour of the NaY/P(VDF-TrFE) composites for 

16% wt at different temperatures. 
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Figure 3.6: Stress-Strain curves of the NaY/P(VDF-TrFE) composites for 16 wt% at different 
temperatures. 

 

The mechanical response (figure 3.6) determined through the different parameters 

(elastic modulus, stress at break and strain at break) decreases with increasing 

temperature.   

Increasing temperature induces larger polymer chain mobility within the 

crystalline and amorphous phases, particularly at temperatures higher than the c-

relaxation temperature of the polymer around 60 ºC, resulting in the decrease of 

mechanical properties [53]. This behaviour was observed for all samples independently 

of the zeolite content. 

 

3.2.3. Electrical properties 

 

The electrochemical properties of all samples with and without electrolyte 

solution were determined by electrochemical impedance spectroscopy (EIS) and are 

represented through Nyquist plots (imaginary impedance Z’’ versus real impedance Z’), 

Bode plots (absolute impedance |Z| and phase angle versus frequency) and ionic 

conductivity versus temperature.  For all samples with electrolyte solution the Nyquist 
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plots at 50 ºC are presented in figure 3.7a) and the Bode diagram in figure 3.7b) and c). 

Figure 3.7d shows the impedance modulus as a function of zeolite content for the 

different samples at different temperatures and at a frequency of 1 kHz.  

0 500 1000 1500 2000 2500 3000

0

500

1000

1500

2000

2500

3000

3500
a)

 

 

-Z
'' 

 (


)

Z' ()

 0 %

 4 %

 16 %

 32 %

 

10
0

10
1

10
2

10
3

10
4

10
5

0

1000

2000

3000

4000

5000

6000

7000

8000

9000
b)

 

 

|Z
| 
(

)
Frequency (Hz)

 0 %

 4 %

 16 %

 32 %

 

10
0

10
1

10
2

10
3

10
4

10
5

0

-10

-20

-30

-40

-50

-60

-70 c)

 

 

P
h

a
s
e

 a
n

g
le

 (
d

e
g

)

Frequency (Hz)

 0 %

 4 %

 16 %

 32 %

 

0 4 8 12 16 20 24 28 32

20

40

60

80

100

120

140

160 d)

 

 

|Z
| 
(

)

NaY contents (%)

 T=24 ºC

 T=50 ºC

 T=100 ºC

 
Figure 3.7: a) Nyquist plot of the NaY/P(VDF-TrFE) composites for all filler contents at 50 ºC; b-c) Bode 
diagram of the NaY/P(VDF-TrFE)  composites for all contents at 50 ºC and d) impedance modulus as a 
function of zeolite content at different temperatures. 

 

Usually, Nyquist plot is characterized by three distinct parts: a semicircle located 

at the high-frequency range that corresponds to the charge transfer process, a straight 

line for lower frequency related to the diffusion process and the transition between these 

phenomena [54-55].   

In figure 3.7a, the semi-circle at higher frequencies is observed for the pristine 

polymer membrane. This semicircle is not clearly identified in the composite 

membranes as the inclusion of zeolites improves the charge transfer process. The larger 

pore size and the high value of the tortuosity can be the reasons for the high value of the 

Nyquist curve in the membrane with 4 wt% of zeolites.  
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The impedance modulus as a function of frequency for all samples at 50 ºC is 

represented in figure 3.7b. For all membranes, the impedance modulus decreases with 

increasing frequency, being this decrease more significant for lower frequencies up to 1 

kHz. This behaviour indicates the restricted dynamics of ion mobility within the porous 

membranes.  

The phase angle as function of frequency for all membranes at 50 ºC is shown in 

figure 3.7c. The maximum phase angle occurs at -70 º, independently of the zeolite 

content. For an ideal resistor and capacitor in series, the maximum phase angle should 

be -90 º. In this case, as the maximum phase angle is lower than -90 º, the behaviour is 

better represented by a constant phase element (CPE) [56], which can be modelled as a 

capacitor with a distribution of relaxation times [57-58]. 

The influence of zeolites in the electric conduction behaviour is due to their 

intrinsic conductivity and to their effect in the polymer matrix. With respect the later, 

zeolite fillers show strong Lewis acid centres in their frameworks and inside the 

channels, which contribute to the reduction of the crystallinity of the polymer host, thus 

resulting in a higher conductivity and Li
+
 transference number. The conductivity 

behaviour in the separator membrane is also influenced by the zeolite contents; for 

small contents of zeolites, and despite the higher diameter of zeolite cavity (13 Ǻ) 

compared to lithium ions, the uptake occurs mainly in the polymer matrix. Further, the 

zeolite content is not enough to establish channels networks of conduction. For higher 

zeolite contents, the channel conduction networks are created, resulting in an increase of 

porous membrane ionic conductivity. 

Figure 3.7d shows the impedance modulus as a function of zeolite content at 

different temperatures at 1 kHz. For all membranes, the impedance modulus decreases 

with increasing temperature due to the release of trapped ionic charges followed by their 

accumulation in the polymer matrix and in the interfaces between zeolites and polymer.  

On the other hand, the zeolite filler increases the ac conductivity and is an evidence of 

the Maxwell-Wagner-Sillars (MWS) contribution [59]. It has been shown that applying 

a power law fit for 4 wt% composite the exponent number of Jonscher law is 1 [59]. 

Further, electrode polarization contributions are presented, for temperatures below      

60 ºC, in the frequency region between 10
0
 at 10

2
 Hz. 

Regardless the temperature, the impedance modulus increases with increasing 

zeolite content up to 4 wt% and decreases for larger filler contents. This results from the 
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large pore size and still low zeolite content to create a conductivity network in the         

4 wt% sample. 

Figure 3.8 shows the temperature dependence of ionic conductivity of composite 

all membranes without (figure 3.8a) and with (figure 3.8b) electrolyte solution uptake.  
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Figure 3.8: Log i as function of 1000/T for NaY/P(VDF-TrFE) composites a) without electrolyte solution 
uptake and b) with electrolyte solution uptake. 

 

Regardless the electrolyte uptake, ionic conductivity increases with increasing 

temperature, as the polymer tends to expand leading to higher free volume. Further, 

polymer segmental and charge nobilities are also enhanced [60].  

The inclusion of zeolites increases the ionic conductivity of the membrane, by 

increasing pore size and by the zeolites two-dimensional interconnected channels. The 

electrolyte solution absorbed in the zeolites structure may form a conducting pathway in 

the porous membrane when its content is high enough, as shown in figure 3.8 [30, 52]. 

In the table 3.4 it is presented the activation energy, Ea, for ion transport for all samples 

calculated from the Arrhenius equation (equation 2.7) applied to the data of figure 3.8. 

 

Table 3.4: Activation energy for all porous membranes with and without electrolyte solution. 

Samples 
Without electrolyte 

solution (kJ/mol) 
With electrolyte 
solution (kJ/mol) 

0 % 181 64 

4 % 76 43 

16 % 78 44 

32 % 34 42 

 

The activation energy values show dependence on filler content and electrolyte 

solution uptake, which improves the mobility and ionic charge carriers in the porous 
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membranes [61]. Significant differences in the activation energy value are observed 

between membranes with and without fillers, due to the charge and conductive 

pathways introduced by zeolites particles. Increasing filler content decreases the ion 

transport energy barrier, leading to a decrease in the activation energy [62]. The 

electrochemical stability and the diffusion coefficient of the membranes were measured 

by microelectrode cyclic voltammetry over the potential range -2.0 V to 6.0 V with 

electrolyte solution (figure 3.9). 

-2 0 2 4 6
-1.0x10

-7

0.0

1.0x10
-7

2.0x10
-7

a)

 

 

I 
(A

)

E vs Li/Li
+
(V)

 1 V/s

 0.5 V/s

 0.1 V/s

 0.05 V/s

 

-2 0 2 4 6
-1.0x10

-7

0.0

1.0x10
-7

2.0x10
-7

b)

 

 

E vs Li/Li
+
(V)

 0 %

 4 %

 16 %

 32 %

I 
(A

)

 
Figure 3.9: a) Voltammograms of NaY/P(VDF-TrFE) with 16 wt% of zeolites at different scanning rates 
and b) voltammograms of NaY/P(VDF-TrFE) composites at 0.5 V/s. 

 

The voltammogram of the membrane with 16 wt% of zeolite (figure 3.9a) exhibits 

good electrochemical stability independently of scanning rate, with anodic potentials 

higher than 5.5 V versus Li/Li
+
 and oxidation peak around 1.0 V. The anodic current 

onset may be associated with the decomposition of the polymer electrolyte. Increasing 

potential sweeping rate shifts the cathodic peak potential in the negative direction. The 

small peak around 1.0 V has been ascribed to reduction of water present in PE or 

oxygen impurities. Similar behaviour has been observed for other systems based on 

PEO and lithium salt [63]. 

For the same scanning rate (0.5 V/s) multiples anodic potentials higher than 4 V 

were obtained for high zeolite contents, the oxidation peak also depending on the zeolite 

content present in the polymeric matrix.  
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The diffusion coefficients calculated by equation 2.8 for all porous membranes are 

shown in table 3.5. The diffusion coefficient of PVDF is 1.98×10
-6

 cm
2
/s. 

 

Table 3.5: Diffusion coefficient calculated by equation 2.8 for all porous membranes with electrolyte 
solution. 

Samples Diffusion coefficient (cm2/s) 

0 % 3.45×10-5 

4 % 2.58×10-5 

16 % 4.09×10-5 

32 % 3.29×10-5 

 

The diffusion coefficient does not show strong dependence on zeolite content, 

presenting the maximum value of 4.09×10-5 cm2/s for membrane with 16 wt% of 

zeolites.  The diffusion coefficient of the copolymer is higher than the one of PVDF, 

due to copolymerization with TrFE. 

 

 

3.3. Conclusion 

 

NaY zeolite/PVDF-TrFE porous membranes with different zeolite contents were 

prepared for lithium ion battery applications by thermally induced phase separation 

(TIPS). The electrolyte solution was 1 M LiClO4.3H2O-PC. The zeolite inclusion 

changes the pore size, porosity and uptake of membranes. The polymer phase is not 

affected by the inclusion of the zeolites. The tortuosity decreases with increasing zeolite 

content, indicating that ionic transport is now supported by a better pore connectivity. 

The membranes are thermally stable above 100 ºC and the inclusion of fillers improves 

the mechanical strength of the membranes. 

The ionic conductivity is influenced by the filler content and a maximum value 

2.33×10
-6 

S/cm is obtained at room temperature for the P(VDF-TrFE) membrane with 

16 wt% zeolite content. The zeolite particles form a conducting pathway in the 

polymeric matrix for high zeolite contents, improving the ionic conductivity. The 

overall stability of the porous membrane, determined by cyclic voltammetry, is 

appropriate for the intended applications with no electrochemical oxidation occurring at 

potentials lower than 3.0 V. These results shows that the NaY/P(VDF-TrFE) porous 
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membranes have adequate electrochemical stability, thermal, mechanical and electrical 

properties for being used as battery separators in lithium ion batteries. 
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4.1. Introduction  

 

The battery industry has experienced a strong growth over the past few years in 

the area of portable and rechargeable battery packs, due to the widespread use of cell 

phones, PDA’s, laptop computers, cameras and other wireless electronics as well as due 

to the demand for power hybrid electric vehicles, full electric vehicles and by the need 

of energy storage related to renewable energies [1-3]. Lithium ion batteries are most 

often the systems of choice for portable applications, offering high energy density, 

flexible and lightweight design, and longer lifespan than competing battery 

technologies. At present, it is the largest sector representative in batteries for portable 

systems and shows the best performance mainly due to its high energy density (210 

W.h/kg) [3-4]. 

Nevertheless, the actual secondary battery systems use expensive materials, which 

act as an obstacle to the sustained growth of this industry. In addition, the safety of 

these devices is still questioned [2]. The use of lithium in secondary cells is difficult due 

to its high reactivity with the electrolyte components. One solution to this problem can 

be the use of polymer electrolytes. In this way, future developments in secondary cells 

will focus mainly on two areas: improving cells safety, energy density and 

electrochemical characteristics and provide larger systems for electric vehicles and 

dispersed energy storage systems [5].  

A battery is a transducer that converts chemical into electrical energy and its main 

constituents are the cathode, the anode and the membrane separator (e.g. solid polymer 

electrolyte – SPE). In lithium ion batteries the anode serves as the source of ions, the 

cathode provides the function of collecting the ions and the electrolyte ensures the 

separation for ionic and electronic transport [2]. The separator is a porous membrane 

between the electrodes of opposite polarity, permeable to ionic flow but preventing 

electric contact between electrodes [6-8]. 

The SPE performance is determinate by parameters like thickness, permeability, 

porosity/pore size, wettability, electrolyte absorption and retention, chemical, 

dimensional and thermal stability [6, 9]. In a SPE the lithium salt is incorporated into 

the membrane through an electrolyte solution or directly in the form of composite [10-

11]. The polymer matrix most often used in SPE are poly(ethylene oxide) (PEO) [12-
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15], poly(acrylonitrile) (PAN) [16-17] and poly(vinylidene fluoride) (PVDF) and its 

copolymers [18-21]. 

PVDF and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) 

copolymers have attracted scientific and technological interest as SPE due to their good 

mechanical properties, wettability by organic solvents, chemically inertness, good 

contact between electrode and electrolyte and stability in cathodic environment [21-22]. 

P(VFD-TrFE) has a ferroelectric to paraelectric (FE-PE) phase transition at a 

Curie temperature (Tc) that occurs below the melting temperature (Tm), and crystallizes 

from the melt or by solution casting in a polar ferroelectric chain conformation [23]. 

SPE based on P(VDF-TrFE) for lithium ion batteries have been studied from different 

approaches: porous membranes were prepared by solvent casting with varying porosity 

and the lithium ions were introduced by uptake or the polymer composites were 

prepared with lithium salts introduced within the polymer matrix [21, 24-25]. The 

results were better for porous membranes and lithium ion uptake, the ionic conductivity 

depending on membrane porosity and pore size, which are related to the ability for 

uptake. 

The incorporation of suitable fillers into host polymers, such as carbon nanotubes, 

zeolites, inert oxide ceramics, rare-earth ceramics and others, has proved to be a viable 

solution for improving mechanical properties, thermal and chemical stability and ionic 

conductivity of polymer membranes for SPE [26-27]. Among these fillers, ceramics and 

clays are the ones with the largest application potential [26]. Studies of PVDF 

reinforced with nanoclays show that the presence of nanoparticles improves the 

mechanical strength of the materials [28-29]. Clays are, compositionally, similar to 

zeolites since both are alumino-silicates. However, the rigid 3-dimensional and 

crystalline structure characteristic of the zeolites, forming channels and cavities with 

regular dimensions [30], are replaced by a layered crystalline structure in the clays. 

These thin layers are formed by tetrahedral and octahedral sheets of silicon and alumina, 

surrounded by oxygen atoms [31]. The combination of these sheets can create a 1:1 or 

2:1 layered structure. In particular, montmorillonite (MMT) clay presents a 2:1 layered 

structure, each layer consisting on two-dimensional silicon sheets bonded to a central 

alumina sheet by shared oxygen ions. The stacking of these layers gives origin to van 

der Waals gaps where cations (typically Na
+
 and/or Ca

2+
) are located which are 

responsible for the balancing of deficiency charge created by the isomorphous 

substitution within the layers of tetrahedral Si
4+

 by Al
3+

 or octahedral Al
3+

 by Mg
2+

 [31-
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32]. The presence of ions leads to water absorption by clays, resulting in the interlayer 

expansion of MMT resulting therefore in shrinking and swelling as water is absorbed 

and removed between the layers [33]. On the other hand, in 1:1 layered structures a 

tetrahedral sheet is fused with an octahedral sheet, whereby the oxygen atoms are shared 

[34]. Contrary to 2:1 structure, this structure is not able to absorb water. This 1:1 clay 

structure usually presents a lower amount of cations when compared with the 2:1 

layered structure, facts that make the 2:1 layered structure of MMT clays the choice for 

membrane production. 

Some works have already been presented exploring clays/polymer composites for 

battery applications. Electrical and electrochemical properties of nanocomposite 

polymer electrolytes based on intercalation of PVDF into organically modified MMT 

clays were investigated; the results show that the addition of clay enhances the 

electrolyte uptake due to the affinity between clays and electrolyte molecules. The ionic 

conductivity increases with increasing clay content to a maximum value of 2.310
-3

 

S/cm at room temperature for a 4 wt% of clay content. The presence of fillers also 

provides a better electrochemical stability [35].  

Composites of organoclay ALA-MMT (12-aminododecanoic acid - ALA), PAN 

and LiClO4 were tested as electrolytes for lithium batteries; the presence of clays 

improving the electrolyte performance. The ionic conductivity reached the maximum 

value around 2.4410
-4

 S/cm at 30 ºC for the composites with 7 wt% fillers content. 

Electrochemical stability and cyclability is confirmed between 0 and 4 V [36]. 

 Montmorillonite/polyvinyl alcohol (MMT/PVA) composites polymer membranes 

showed ionic conductivity of 3.6810
-2

 S/cm for composites with 10 wt% of MMT. The 

stability window was about 2 V [37]. 

Gel polymer electrolytes based on montmorillonite/poly(vinylidene fluoride-co-

hexafluoropropene) (MMT/PVDF-HFP) composites showed ionic conductivity in the 

range of 1-2.510
-1

 mS/cm [38]. Additionally, polymer composite electrolyte based on 

PVDF, polyethylene glycol (PEG) and functionalized clays showed maximum 

conductivity of 7.77 mS/cm for 6 wt% of clays. The membrane porosity decreases with 

increasing filler content from 0 to 10 wt% [39]. 

Previous reported results as well as the properties of polymeric separators 

materials based on P(VDF-TrFE) for lithium batteries applications with zeolites [40], 

support the main objective of this work, which consists in the preparation of 
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clay/P(VDF-TrFE) porous membranes with different MMT clay contents in order to 

improve both the electrical and mechanical properties of SPE. The influence of MMT 

content in the performance of the battery separator membranes, with and without 

electrolyte solution (1 M LiClO4.3H2O-PC), was evaluated through the morphological, 

thermal, mechanical and electrical properties. 

 

 

 

 

 

4.2. Results and discussion 

 

4.2.1. Microstructural characteristics and polymer phase 

 

It has been shown [21] that pristine PVDF-TrFE membranes produced under 

suitable solvent evaporation conditions lead to porosity and pore configuration suitable 

for lithium ion battery applications. Those conditions were applied for the production of 

the composite samples.  
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Figure 4.1 shows surface and cross-section images of the MMT/P(VDF-TrFE) 

membranes with different clay contents and histograms of the pore diameter distribution 

determined from the same scanning electron microscopy (SEM) images. 

 

Figure 4.1: Cross section SEM images of the MMT/P(VDF-TrFE) composites with different clay content: 
a) 0 wt%, b) 4 wt%, c) 16 wt% and d) 32 wt%. 

 

A uniform distribution of pores can be observed independently of clay content for 

the samples with 4 and 16 wt%. These samples show a structure similar to the one 

obtained for the pure copolymer when crystallized under the same conditions [41]. In 

this way, the crystallization mechanism is not affected by the presence of the fillers. The 

formation of the porous structure is therefore explained by a liquid/liquid spinodal 

decomposition followed by polymer crystallization depending mainly on the 

evaporation rate of the solvent and the crystallization temperature [41-42]. The sample 

with 32 wt% MMT content shows a very distinct microstructure, different from the 

lower clay concentrations and pristine polymer: the clay particles aggregate in certain 

areas of the polymer hindering partially the formation of the porous microstructure 

necessary for the intended application as battery separator membrane [40].  
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As the formation of the porous structure is strongly affected by the liquid/liquid 

spinodal decomposition and solvent evaporation rate [41-42], these factors are affected 

by the presence of the clays, resulting in a tendency to increase the average pore size 

with increasing MMT content. 

Figure 4.2 shows the Fourier transformed infrared spectroscopy (FTIR) spectra 

for the membranes without electrolyte solution uptake. 
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Figure 4.2: FTIR spectra of the MMT/P(VDF-TrFE) composites with different MMT contents without 
electrolyte solution uptake. 

 

The FTIR spectra (figure 4.2) shows the characteristic vibration modes (851 cm
-1

, 

886 cm
-1

 and 1402 cm
-1

) of the polymer all-trans configuration [43] for all clay 

contents. The polymer characteristic bands are unaffected by the presence of MMT 

particles. These bands area also unaffected by the presence of the electrolyte solution 

[40]. 

For the membranes with 4 and 16 wt% MMT content it is notorious the presence 

of the characteristic band of MMT around 1084 cm
-1

 corresponding to the stretching 

vibration modes of Si-O-Si [44]. 
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4.2.2. Porosity, electrolyte uptake and tortuosity 

 

Figure 4.3 shows the electrolyte solution uptake as function of clay content for the 

samples up to MMT content of 16 wt%, as the samples with higher clay content does 

not show the necessary porous microstructure (figure 4.1).  
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Figure 4.3: a) Porosity as a function of clay content for MMT/P(VDF-TrFE) composites; b) 1 M 
LiClO4.3H2O-PC solution uptake as a function of clay content for the MMT/P(VDF-TrFE) composites. 

 

Figure 4.3 shows an increase of the membrane porosity and electrolyte uptake 

with the presence of MMT. Clay inclusion in the polymeric matrix results in an increase 

of the porosity, which in turn leads to increased uptake capacity. The increase of uptake 

(figure 4.3b) is a result of the excellent affinity of MMT particles towards polar PC 

molecules, the solvent in the electrolyte solution. 

Table 4.1 shows the room temperature ionic conductivity and the tortuosity 

calculated by equation 2.5 and 2.6 respectively.   

 

Table 4.1: Room temperature ionic conductivity and tortuosity of 1M LiClO4.3H2O + separator 
membrane; σ0 = 9.8 mS/cm at 25 ºC. 

Sample σi (S/cm) τ 

0 % 5.2410-7 115 

4 % 5.9810-7 117 

16 % 8.1110-7 104 

 

It is shown that ionic conductivity of the membranes increases slightly with 

increasing clay content. The inclusion of fillers increases the number of ions within the 

samples, which leads to a higher conductivity values.   
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The tortuosity, known as the ratio of the mean capillary length to membrane 

thickness, describes the average pore connectivity and gives information about the pore 

blockage. An ideal porous body present a tortuosity of 1, in this case the values indicate 

a hindered system [6]. However, it is observed a slight decrease of the tortuosity with 

increasing filler content. The presence of clays increases the connectivity between the 

pores leading to decrease of pore blockage. 

 

 

4.2.3. Thermal and mechanical properties 

 

Figure 4.4 shows the differential scanning calorimetry (DSC) thermograms for the 

MMT/P(VDF-TrFE) membranes.  
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Figure 4.4: DSC thermograms of the MMT/P(VDF-TrFE) composites for the different clay contents 
without electrolyte solution uptake. 

 

The DSC thermograms show two endothermic peaks corresponding to the 

ferroelectric-paraelectric phase transition (lower temperature peak, Tc) around 117 ºC 

and the melting temperature of the polymer (higher temperature peak, Tm) around 146 

ºC [45]. The thermogram shows that the clays content does not affect significantly the 

polymer ferroelectric phase, its degree of crystallinity and thermal stability. These 

parameters are also not affected by the presence of the electrolyte solution as shown in 

[40] for different fillers. 
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The table 4.2 shows the degree of crystallinity for the MMT/P(VDF-TrFE) 

membranes as a function of filler content. 

 

Table 4.2: Degree of crystallinity calculated applying equation 2.1 to the melting peak of the samples. 

Sample χc  ±  2 (%) 

0 % 28 

4 % 27 
16 % 23 

 

The results show a small decrease in the degree of crystallinity with increasing 

filler content due to defective crystallization of the polymer structure in the places 

around the clays particles, due to changes in the nucleation and growth kinetics of the 

polymer [46]. 

The performance, integrity and safety of a battery are extremely dependent on the 

mechanical properties of the membrane separator [47-48], which in turn depend on 

porosity, pore size and distribution [49]. Mechanical characteristics are among the main 

drawbacks of polymer porous membranes that can be solved with suitable reinforcing 

fillers.  

Figure 4.5 show the stress-strain curves of the MMT/P(VDF-TrFE) membranes 

with different filler contents without (figure 4.5a) and with electrolyte solution (figure 

4.5b). 
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Figure 4.5: Stress-Strain curves of the MMT/P(VDF-TrFE) composites with different clay contents:           
a) without electrolyte solution uptake and b) with electrolyte solution uptake. 
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Table 4.3 shows the mechanical properties of the composites with and without 

electrolyte solution uptake.  

 

Table 4.3: Mechanical properties of the MMT/P(VDF-TrFE) membranes with and without electrolyte 
solution uptake. 

 Without uptake With uptake 

Sample 0 % 4 % 16 % 0 % 4 % 16 % 
Yielding stress (MPa) 2.1 2.6 2.0 0.3 0.6 0.7 
Elastic modulus (MPa) 40 81.4 71.7 1.9 2.0 2.7 

 

Figure 4.5a and table 4.3 shows that addition of MMT up to 4 wt% improves the 

yielding stress and elastic modulus of the membranes previous to uptake, but for 16 

wt% these mechanical parameters decrease. The reason for 4 wt% be attributed to the 

reinforcement effect of the MMT particles caused by its intercalation through the 

polymer matrix, and for 16 wt%, the layers occupy the full volume suggesting that 

percolation is achieved [50]. As regard to membranes with electrolyte solution uptake 

(figure 4.5b), the samples with clays also show better mechanical properties than the 

pristine polymer. However, a decrease in yielding stress and elastic modulus can be 

observed in comparison with the membranes without electrolyte solution, attributed to 

the high electrolyte solution uptake and swelling for all samples.  

 

 

4.2.4. Electrical properties 

 

The electrochemical properties of the samples, with electrolyte solution uptake, 

were evaluated by electrochemical impedance spectroscopy (EIS), trough the Nyquist 

plots (imaginary impedance Z’’ as function of real impedance Z’), Bode plots 

(impedance modulus |Z| as function of frequency and phase angle) and ionic 

conductivity as function of temperature. Figure 4.6 presents the Nyquist plots for all 

samples with electrolyte uptake at 50 ºC (figure 4.6a), the Bode plots (figure 4.6b and 

4.6c) and the impedance modulus as function of clays content at 1 kHz and different 

temperatures (figure 4.6d). 

The Nyquist plot is characterized by three distinct zones: a semicircle located at 

the high frequency range which corresponds to the charge transfer process, a straight 
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line for lower frequency range which is related to the diffusion process and the 

transition between these phenomena [51-52].  
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Figure 4.6: a) Nyquist plot of the MMT/P(VDF-TrFE) composites for all filler contents at 50 ºC, b-c) Bode 
diagram of the MMT/P(VDF-TrFE)  composites for all contents at 50 ºC and d) impedance modulus as a 
function of clay content at different temperatures. 

 

Figure 4.6a presents the semicircle at higher frequencies for the membrane 

without fillers, whereas for the samples with fillers it is just slightly noted, showing that 

the inclusion of clays particles improves the charge transfer process, which suggests the 

enhancement in number of free ions and their mobility in the increased spacing of 

intercalated clay galleries.  

In figure 4.6b is shown that impedance decrease with increasing frequency for the 

pure polymer and for sample with 4 wt% of clays particles, due to the contribution of 

the electrode polarization and Maxwell-Wagner-Sillars (MWS) interfacial polarization. 

This behaviour is typical for the polymer separator indicating restricted ion mobility 

within the porous membrane. For the membrane with 16 wt% of fillers the impedance 
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increases with increasing frequency and is observed two saturation region in the low 

and high frequency assisted by ion-migration and dipolar relaxation respectively. This 

amount of fillers is near to the percolation limit and enters a regime dominated by clays 

and in the case of MWS phenomena, the free charges build up at the interfacing 

boundaries of the clay fillers. 

The Bode diagram of the phase angle as function of frequency (figure 4.6c) shows 

a maximum phase angle between -60 and -70 ºC for all membranes. In an ideal resistor 

and capacitor in series, the maximum phase angle should be at -90 ºC. In this case the 

behaviour is near a constant phase element (CPE) [53], which can be modelled as a 

capacitor with a distribution of a relaxation times [54-55].  

Figure 4.6d illustrates the impedance modulus as function of clays content for a 

given frequency of 1 kHz and for different temperatures. The impedance does not show 

a strong dependence with the clay content for lower temperatures, increasing strongly 

with clay content at 100 ºC. Further, it is observed a decrease in the impedance with 

increasing temperature, except for the 16 wt% MMT sample which the opposite 

behaviour is observed for the highest temperature. This behaviour suggests that clay 

interaction with P(VDF-TrFE) matrix reduce relaxation time of the ionic species 

thereby assisting ion-transport in the lower temperatures and lower concentration 

ranges. At high concentrations and temperatures ionic mobility is hindered due to strong 

interface charge accumulation leading to increased impedance modulus. 

Figure 4.7 shows the behaviour of the ionic conductivity with temperature for the 

polymer composite membranes with and without electrolyte solution uptake. 
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Figure 4.7: Log i as a function of 1000/T for MMT/P(VDF-TrFE) composites: a) without electrolyte 
solution uptake and b) with electrolyte solution uptake. 
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The ionic conductivity increases slightly with increasing filler content (figure 

4.7a). On the one hand the MMT particles increase the free anion content resulting in a 

larger number of charge carriers [36], on the other hand, it decreases slightly the degree 

of crystallinity and tortuosity, which in turn leads to an increase of the ionic 

conductivity [56]. 

Without electrolyte solution uptake (figure 4.7a) the ionic conductivity is higher 

for the membrane with lower filler content, due to a higher ionic mobility for the sample 

with 4 wt% of MMT. In the membrane with 16 wt% of MMT the conductivity 

decreases due to interface effects caused by the increase in filler inducing defects in the 

membrane structure.  

In the membranes with electrolyte uptake (figure 4.7b) the ionic conductivity 

increases by about 4 orders of magnitude. Moreover, the thermal stability of the 

electrical conductivity increases significantly for the membranes with MMT content. 

The pure polymer presents a conductivity higher than that of the composites but very 

unstable with temperature. The obtained results of the overall conductivity of the 

composites are lower than others achieved by clay composites (e.g. [35]) as the present 

approach does not use organically modified clays, leading to a lower level of 

exfoliation. 

Table 4.4 shows the activation energy (Ea) for ion transport, calculated by the 

application of Arrhenius equation (equation 2.7) to the data of figure 4.7 

 

Table 4.4: Activation energy for the different porous membranes with and without electrolyte solution 
uptake. 

Samples 
Ea without electrolyte 

solution (kJ/mol) 
Ea with electrolyte 
solution (kJ/mol) 

0 % 181 64 

4 % 25 10 

16 % 16 15 

 

The Ea shows a strong dependence with MMT filler content and with electrolyte 

solution uptake. The Ea decreases with increasing MMT content and with the presence 

of electrolyte solution. The electrolyte solution strongly improves the mobility and ionic 

charge carriers in the porous membranes [57].  
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The electrochemical stability and the diffusion coefficient of the composites were 

evaluated by cyclic voltammetry over the potential range -2.0 to 6.0 V (figure 4.8). 
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Figure 4.8: a) Voltammogram of MMT/P(VDF-TrFE) composites at 0.5 V/s; b) voltammogram of 
MMT/P(VDF-TrFE) with 16 wt% of clays at different scanning rates. 

 

The voltammogram of figure 4.8a shows that the anodic and cathodic peaks 

increase with the addition of clays. Both peaks are more intense for the membrane with 

4 wt% filler content. All membranes present a stable operation window between 0.5 and 

4.0 V, versus Li/Li
+
. It is noted that a reduction peak around 1.0 - 1.5 V appeared for the 

electrolytes films. Previously, the peak in this region had been ascribed to the reduction 

of low level of water present or oxygen impurities. Similar behaviour has been observed 

for other systems based on PEO and lithium salt [58].  

Figure 4.8b shows that the increase of the scanning rate affects the 

electrochemical stability of the membrane. From these data, the diffusion coefficients of 

all membranes, calculated by equation 2.8, are in the order of 3.50×10
-5

 cm
2
/s for pure 

polymer and 16 wt% composite and 5.16×10
-5

 cm
2
/s for the 4 wt% MMT composite. 

Therefore, the diffusion coefficient does not depend on filler content. 

 

 

4.3. Conclusion 

 

MMT/P(VDF-TrFE) porous membranes with different contents of MMT were 

prepared by thermally induced phase separation (TIPS) for lithium ion battery 

applications . The electrolyte solution was 1 M LiClO4.3H2O-PC. The clay inclusion 

increases the average pore size, the porosity and electrolyte solution uptake of the 
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membranes. No variation of the polymer phase is observed due to the inclusion of MMT 

in the composite. The degree of crystallinity and the tortuosity slightly decrease with 

increasing filler content, suggesting the later a decrease in the pore blockage. The 

membranes are thermally stable up to ~100 ºC and the inclusion of the fillers enhances 

its mechanical properties. The ionic conductivity is slightly improved and its 

temperature stability strongly improved by the presence of clays. The electrochemical 

stability evaluated by cyclic voltammetry reveals a stable window operation up to 5.0 V, 

versus Li/Li
+
. The overall performance is optimised for the membrane with 4 % filler 

content. 

These results show that MMT/P(VDF-TrFE) porous membranes with 4 % filler 

content have adequate electrochemical stability, thermal, mechanical and electrical 

properties for being used as battery separators in lithium ion batteries. 
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5  - Porous membranes of CNT/P(VDF-TrFE) 

This chapter is based on the following publication:  

Nunes-Pereira, J., C.M. Costa, R. Leones, M.M. Silva, and S. Lanceros-Méndez. Li-ion 

battery separator membranes based on poly(vinylidene fluoride-

trifluoroethylene)/carbon nanotube composites. Solid State Ionics, 2013. 249–250:       

p. 63-71. 
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5.1. Introduction 

Lithium-ion rechargeable battery technology has conquered the market for 

handheld devices such as laptop computers, cell phones, cameras and other wireless 

electronics and still presents an increasing market growth [1-3]. Lithium ion batteries 

provide high energy density (210 Wh/kg; 650 Wh/l), show flexible and lightweight 

design and longer lifespan when compared to other competing systems such as the ones 

based on lead-acid, nickel-cadmium (Ni-Cd) or nickel-metal hydride (Ni-MH) [4]. 

However, their performance is still not enough for the needs of the automobile industry 

market, their safety and efficiency should be improved for large scale productions, the 

systems degrade over time and lose efficiency and some components are still expensive 

[1, 3, 5]. Furthermore, using lithium as the negative metal in secondary cells can be a 

problem due to the reactivity with the electrolyte components. Two solutions have been 

proposed for this issue: the use of polymer electrolytes and the use of graphitic carbon 

electrodes [6].  

The main constituents of a lithium ion battery are the anode – the source of 

lithium ions, the cathode – the sink of lithium ions and the electrolyte/separator – often 

in the form of a porous membrane (solid polymer electrolyte – SPE) that provides the 

separation between the electrodes and a path for ionic conduction [2-3, 7]. The role of 

the separator is extremely important in the operation of a battery by separating the two 

electrodes and thus avoiding short circuits. Moreover it allows the flow of ions during 

operation of the cell [2]. A SPE must meet certain requirements such as being an 

electronic insulator, ionic conductor, mechanically strong, dimensionally stable, readily 

wetted by the electrolyte and chemically resistant to electrolyte and impurity 

degradation, among others [2, 7]. Polymers can meet these demands and the matrices 

most often used as SPE are poly(ethylene oxide) (PEO) [8-11], poly(acrylonitrile) 

(PAN) [12-13] and poly(vinylidene fluoride) (PVDF) and its copolymers [14-17]. 

PVDF and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) 

copolymers have been investigated as SPE due to their high polarity, controllable 

porosity, good mechanical properties, wettability by organic solvents, chemical 

inertness, good contact with the electrodes and electrolyte stability in cathodic 

environment [15, 18-20].  

P(VDF-TrFE) is highly polar with a ferroelectric to paraelectric (FE-PE) 

transition which occurs at a Curie temperature (Tc) below the melting temperature (Tm) 
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and crystallizes in the polar phase, which strongly improves electrolyte uptake and ionic 

conduction of the polymer, when the polymer is prepared from the melt or by solution 

casting [21]. SPE based on P(VDF-TrFE) have been studied from different approaches: 

porous membranes prepared by solvent casting with Li ions introduced by uptake and 

composites prepared with Li salts introduced within polymer matrix [15, 22]. Results 

show that ionic conductivity is closely related to the porosity and pore size, which in 

turn is related to the electrolyte uptake ability.  

The incorporation of suitable fillers in polymer matrixes, such as carbon 

nanotubes (CNT) [23], zeolites [20], ceramics and clays [19, 24-25], among others, has 

been shown to be an interesting approach to improve the mechanical, thermal and 

chemical stability and electrolyte uptake of SPE. The most relevant properties of CNT 

are their high surface area, high electrical conductivity and excellent thermal and 

mechanical properties [26-27]. CNT/polymer composite membranes have been 

suggested for different purposes such as filtration [28] sensing and monitoring systems 

[29], among others. In the particular case of batteries, CNT have been mainly used for 

electrode fabrication [30-34] and recently for battery separators. For separator 

membranes, the CNT content must be below the electrical percolation threshold, due to 

the need to obtain electronically insulator membranes with suitable ionic conductivity 

[35]. A recent study [11] reports the preparation of composite polymer electrolytes 

based on PEO, CNT, LiPF6 and EC with an ionic conductivity in the order of 10
-3

 

S/cm for 5 wt% content of CNT, which corresponds to an increase of 5 orders of 

magnitude with respect to the values of the pristine polymer. 

The successful use of fillers reported in previous works [19-20], reinforce the 

relevance of this study to investigate the suitability of multiwall carbon nanotube, 

MWCNT, for the preparation of porous membranes based on MWCNT/P(VDF-TrFE) 

with improved electrolyte uptake, thermomechanical and electrical properties. Further, 

SPE filled with CNT can also improve compatibility of the separator membrane with 

the battery electrodes due to the carbonaceous nature of some of them [36-37].  
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5.2. Results and discussion  

 

5.2.1. MWCNT type and concentration 

 

The choice of MWCNT was based on the characteristics (table 5.1) and electrical 

performance evaluated in previous works [38]. The MWCNT content in the samples 

was below the percolation threshold (figure 5.1) in order to ensure that membranes are 

electrically insulating.  

 

Table 5.1: Characteristics of the MWCNT. 

 Diameter (nm) Length (m) Purity (%) 

Baytubes C 150 P (MWCNT_B) 13 – 16 (outer) 1 – > 10 > 95 

NC 3100 NanocylTM (MWCNT_N) 9.5 1.5 > 95 
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Figure 5.1: DC conductivity as function of filler amount for the different MWCNT used at room 
temperature. 

 

Figure 5.1 shows the electrical conductivity of both MWCNT/PVDF composites 

as a function of the MWCNT content. The percolation threshold concentration of 

MWCNT_N is below 0.2 wt% whereas for MWCNT_B it is below 0.5 wt%. The 

different dimensions of the MWCNT (table 5.1) results in different overall aspects 

ratios, which influences the electrical properties of the composites [39], as observed in 

figure 5.1. The experimental trends in the composites of both types of MWCNT are 

similar and therefore the following sections will focus on the results obtained for the 
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MWCNT_B. A comparison of the performance of both MWCNT types will be provided 

in the final section.  

 

5.2.2. Microstructural characteristics 

 

It has been shown that pristine P(VDF-TrFE) membranes produced under suitable 

solvent evaporation conditions gives origin to porosity and pore configurations 

appropriate for lithium ion batteries applications [15]. This characteristic porous 

microstructure has been explained by the spinodal decomposition of the liquid-liquid 

phase separation followed by crystallization of the copolymer rich phase [40].   

Figure 5.2 shows the cross section scanning electron microscopy (SEM) images of 

the MWCNT/P(VDF-TrFE) composites with different MWCNT contents and the 

histograms of the pore size diameter as obtained from the SEM images. 
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Figure 5.2: Cross section SEM images and histograms of pore size diameter of the MWCNT/P(VDF-TrFE) 
composites with different filler content: a) and c) 0.0 wt%, b) and d) 0.5 wt%. 

 

The inclusion of MWCNT in the membranes does not affect the distribution of 

pores, the porous microstructure remaining homogeneous after the addition of fillers.  

The average pore diameter increases from 9 to 60 m for 0.0 and 0.1 wt% content of 
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MWCNT, respectively, decreasing for higher filler contents, due to the filler effect on 

the bi-phase solvent-polymer phase diagram and therefore on the phase separation and 

solvent evaporation processes. 

Figure 5.3 shows the porosity and electrolyte solution uptake as a function of 

MWCNT content. 
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Figure 5.3: Porosity and electrolyte uptake as function of MWCNT content for membranes with different 
content of fillers. 

 

 

The porosity and electrolyte solution uptake increase with increasing filler content 

but in different ways: whereas the porosity shows just a smaller increase from 70 to 80 

% for increasing filler content from 0 to 0.5 wt%, the uptake shows a stronger increase 

from 55 up to 80 %, indicating a strong interaction of the MWCNT with the solution.  
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Figure 5.4 shows the Fourier transformed infrared spectroscopy (FTIR) spectra 

for membranes of the pristine copolymer and the composite with 0.5 wt% MWCNT 

without electrolyte solution uptake. The FTIR spectra of the membranes with 0.1 wt% 

and 0.2 wt% MWCNT filler contents are similar to the ones obtained for the membranes 

with 0.5 wt% MWCNT. 
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Figure 5.4: FTIR spectra of the MWCNT/P(VDF-TrFE) composites with different MWCNT content without 
electrolyte solution uptake.  

 

The FTIR spectra show the characteristic vibration modes (851 cm
-1

, 886 cm
-1

 and 

1402 cm
-1

) of the polymer all-trans configuration [41] for all MWCNT contents. The 

presence of MWCNT does not affect the polymer characteristic bands, which means 

that polymer crystallizes in the same phase for all samples. Further, these bands are also 

unaffected by the presence of electrolyte solution [19-20].  
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Figure 5.5 shows the room temperature ionic conductivity (σi) and tortuosity (τ) of 

the membranes soaked with the electrolyte solution as function of MWCNT content, as 

calculated by equations 2.5 and 2.6, respectively. 
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Figure 5.5: Room temperature ionic conductivity and tortuosity of membranes + 1 M LiClO4.3H2O;         
σ0 (S/cm) = 9.8 mS/cm at 25 ºC. 

The ionic conductivity (figure 5.5) increases with increasing MWCNT content up 

to 0.2 wt%, which is attributed to the increase in porosity and electrolyte uptake, as well 

as the increase of the amorphous phase fraction present in the polymer membrane as 

observed by differential scanning calorimetry (DSC) (figure 5.6 and table 5.2) [42]. The 

decrease of the conductivity for larger filler contributions is attributed to the increasing 

tortuosity which counteracts the increase in conductivity due to the presence of the 

conductive fillers. 

The tortuosity (figure 5.5) is a property of a porous medium which describes the 

pore connectivity of a solid and is frequently determined through the effective 

conductivity [2]. The tortuosity of the membranes with 0.1 and 0.2 wt% filler content is 

lower than for the pure polymer, leading to an increase in the conductivity of the 

composites due to the presence of the fillers. For the membrane with 0.5 wt% of 

MWCNT the tortuosity is higher than that of the pristine one and the effective 

conductivity lower, indicating that pore blockage begins to occur at this concentration. 

Tortuosity 1 describes an ideal porous body and higher values refer to more hindered 

systems leading to higher resistance [2, 43]. Regarding to the tortuosity, the ideal 

MWCNT concentration is thus between 0.1 and 0.2 wt%. The effective conductivity 

varies inversely of tortuosity, reaching its maximum for 0.2 wt% filler content. 
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5.2.3. Thermal and mechanical properties 

 

Figure 5.6 illustrates the DSC thermograms of the membranes without electrolyte 

solution uptake.  
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Figure 5.6: DSC thermograms of the MWCNT/P(VDF-TrFE) composites for the different filler contents 
without electrolyte solution uptake. 

The DSC thermograms (figure 5.6) show the characteristic ferroelectric-

paraelectric phase transition (lower temperature peak, Tc) around 117 ºC and the 

melting temperature of the polymer (higher temperature peak, Tm) around 146 ºC [44]. 

Thermograms show that the presence of MWCNT does not affect significantly the FE-

PE transition and the melting temperature of the paraelectric phase. These parameters 

are also unaffected by the presence of the electrolyte solution as observed already with 

different fillers [19-20]. 

Table 5.2 shows the degree of crystallinity for the MWCNT/P(VDF-TrFE) 

membranes as a function of filler content. 

 

Table 5.2: Degree of crystallinity of the membranes calculated by applying equation 2.1 to the melting 
peak of the samples 

Sample c ± 2 (%) 

0.0 % 28 

0.1 % 31 

0.2 % 22 

0.5 % 23 

 

The degree of crystallinity has a slight tendency to decrease with increasing filler 

content. The addiction of MWCNT induces a defective crystallization of the polymer at 
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the contact zones with MWCNT, due to changes in the nucleation and growth kinetics 

[45].  

The mechanical properties are essential for the safe handling and mechanical 

stability of the battery [7]. Figure 5.7 shows the stress-strain curves for the 

MWCNT/P(VDF-TrFE) membranes with different fillers content without (figure 5.7a) 

and with (figure 5.7b) electrolyte solution uptake. 

The main mechanical characteristics of the composites are summarized in table 

5.3 as obtained from the data of figure 5.7. 
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Figure 5.7: Stress-strain curves of the MWCNT/P(VDF-TrFE) composites with different filler contents:     
a) without electrolyte solution uptake; b) with electrolyte solution uptake. 

 

Table 5.3: Mechanical properties of the MWCNT/P(VDF-TrFE) membranes with and without electrolyte 
solution uptake. 

 Without electrolyte uptake With electrolyte uptake 

Sample 0.0 % 0.1 % 0.2 % 0.5 % 0.0 % 0.1 % 0.2 % 0.5 % 

Yield stress (MPa) 2.1 2.2 1.9 1.7 0.3 0.2 0.2 0.2 

Elastic modulus (MPa) 40.0 40.2 41.2 41.6 1.9 1.5 1.0 1.4 

 

Figure 5.7 and table 5.3 show that the addition of MWCNT does not affect 

significantly the overall mechanical properties of the membranes. The elastic modulus 

and the yield stress remain in the same value range after the inclusion of MWCNT, 

indicating that the mechanical properties are still determined by the microporous 

microstructure of the samples. However, there is a decrease in the yield stress and 

elastic modulus of the samples after electrolyte solution uptake, attributed to the larger 

uptake and swelling verified in all samples.  
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5.2.4. Electrical properties 

 

Electrochemical impedance spectroscopy (EIS) was performed to evaluate the 

electrochemical properties of the samples after electrolyte solution uptake [46]. The 

results are shown trough the Nyquist plots (imaginary impedance Z’’ as function of real 

impedance Z’) and Bode plots (impedance modulus |Z| and phase angle as function of 

frequency). Figure 5.8 presents the Nyquist plots for all samples after electrolyte uptake 

at 25 ºC (figure 5.8a) as well as the Bode plots (figure 5.8b and 5.8c).  
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Figure 5.8: a) Nyquist plot and b-c) Bode diagram of the MWCNT/P(VDF-TrFE) composites for different 
filler content at 25 ºC. 

 

The Nyquist plot (figure 5.8a) shows that the inclusion of MWCNT attenuates the 

semicircle corresponding to the charge transfer process, indicating that the presence of 

the fillers facilitates the charge transfer process due to the increasing electrical 

conductivity [47].  
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The Bode diagram (figure 5.8b) shows that the impedance tends to decrease with 

increasing frequency for all samples, which indicates a restricted dynamics of ion 

mobility within the porous membranes. 

Figure 5.8c shows a maximum phase angle between -55 and -70 º for all samples 

which indicates that the membrane can be represented by a constant phase element 

(CPE) [48]. 

The EIS was analyzed by the equivalent electrical circuit, with ZView software, 

represented in figure 5.9. This circuit is similar to that used to describe gold [49-50] and 

bismuth [51] electrode processes. This circuit is used to describe electrode processes 

when both kinetics and diffusion processes can be relevant, such as in the composite 

polymer electrolytes. 

 
Figure 5.9: Equivalent circuit proposed for the impedance data measured in the different 
MWCNT/P(VDF-TrFE) membranes at different temperatures. 

 

The equivalent circuit consists of a resistor R1 connected in series to a constant 

phase element CPE connected in parallel to a resistor R2, a capacitor C and a Warburg 

impedance WS. The resistor R1 corresponds to the resistance of ionic migration of the 

electrolyte solution; the resistor R2 and capacitor C are the charge transference 

resistance and the double layer capacitance; the constant phase element CPE represents 

the interface between electrodes and membrane separator, i.e, the ion charges localized 

at the electrode interfaces; and the Warburg impedance WS reflects the influence of the 

mass transport component of electroactive species on the total impedance of the 

electrochemical cell. 
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This equivalent circuit was fitted to the impedance results of all samples. The 

results for sample with 0.2 wt% filler content are presented in figure 5.10.   
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Figure 5.10: Nyquist plot for the experimental data and fitting for the equivalent circuit of figure 5.9 for 
membrane with 0.2 wt% of MWCNT at 50 ºC. 

 

The remaining composite membranes also present similar good fits for the 

equivalent circuit represented in figure 5.9. The best equivalent circuit fitted for the 

pristine polymer is the Randles circuit as reported in [52]. 

Table 5.4 shows the fitting parameters of the equivalent electrical circuit for all 

composite membranes with different MWCNT contents at 50 ºC. 

 

Table 5.4: Equivalent circuit parameters for MWCNT/P(VDF-TrFE) membranes at 50 ºC. 

 0.1 % 0.2 % 0.5 % 

C (10-6 F) 49.80 55.40 1.09 

R1 () 40.63 22.23 31.45 

R2 () 3308.5 3362.7 336.18 

WS () 28194 17471 4208.4 

CPE (10-6 F) 5.76 7.12 37.1 

n1 0.83 0.82 0.60 

 

All fitted parameter values decrease with increasing filler content, except for the 

CPE element. The increase of the parameters C, R1, R2 and WS is due to the increasing 

conductivity originated by the increasing filler content. The increase of the CPE value 

results from the increase of the interface charges between electrodes and composite 

membrane. 
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Figure 5.11 presents the ionic conductivity as a function of temperature with and 

without electrolyte solution uptake for all the membranes. 
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Figure 5.11: Log i as a function of 1000/T for MWCNT/P(VDF-TrFE) composites: a) without electrolyte 
solution uptake; b) with electrolyte solution uptake. 

 

In figure 5.11a, the composite samples show higher ionic conductivity as 

compared to the pristine one, being about one order of magnitude higher for 0.2 wt% 

MWCNT filled composite. Membranes with electrolyte solution uptake (figure 5.11b) 

have an ionic conductivity about 4 orders of magnitude higher than that without 

electrolyte solution and are more stable as a function of temperature. This thermal 

stability is achieved for MWCNT contents significantly lower than the ones reported in 

[11]. The pure polymer shows higher ionic conductivity than the composites but is 

strongly dependent on temperature. The inclusion of CNT improves significantly the 

electrical properties of the membranes due of the low activation energy of conduction 

(table 5.5), almost eliminating the dependence of the conductivity with temperature, fact 

which is very convenient for battery applications. Further, the electrolyte solution does 

not affect the thermal stability of the polymer as determined by thermo gravimetric 

analysis TGA [15].  
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Table 5.5 shows the activation energy (Ea) for the ion transport, calculated by 

fitting with the Arrhenius equation (equation 2.7) to data of figure 5.11. 

 

Table 5.5: Activation energies for all membranes with and without electrolyte solution uptake. 

Samples 
Ea without electrolyte 

solution (kJ/mol) 
Ea with electrolyte 
solution (kJ/mol) 

0.0 % 181 64 

0.1 % 10 5 

0.2 % 45 7 

0.5 % 11 8 

 

The activation energy shows a strong dependence with the MWCNT content and 

also with the electrolyte solution uptake. The addition of fillers and the electrolyte 

solution lead to a significant decrease of the Ea. The presence of fillers decreases 

significantly the energy required for the ionic conduction process, due to the decrease of 

the crystalline phase fraction and the increase of the free volume of the polymer, leading 

to higher ion mobility.  

To evaluate the electrochemical stability and diffusion coefficients of the 

membranes, cyclic voltammetry over the potential range -2.0 to 6.0 V was carried out 

after electrolyte solution uptake. The wide voltage window of electrochemical stability 

of the membranes immersed in the electrolyte solution is observed in the figure 5.12.  
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Figure 5.12: a) Voltammogram of MWCNT/P(VDF-TrFE) composites at 0.1 V/s; b) voltammogram of 
MWCNT/P(VDF-TrFE) with 0.5 wt% of MWCNT at different scanning rates.  
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The voltammogram of figure 5.12a shows that the membranes with MWCNT are 

more stable than the pure polymer. The operation window, between -2.0 and 4.0 V, is 

more stable for MWCNT/P(VDF-TrFE) membranes. In figure 5.12a it is observed a 

good electrochemical stability independently of MWCNT filler content, with anodic 

potentials higher than 4.0 V and oxidation peak around 1.0 V. The anodic current onset 

may be associated with the decomposition of the polymer electrolyte.  

The electrochemical deposition of lithium salts is observed in the cathodic current 

onset at about 1.0 V in figure 5.12a.  

For high scanning rates above 0.5 V/s it is detected the presence of multiples 

cathodic peaks starting from 4.0 V due to the electrodeposition of the cation on the 

lithium substrate (figure 5.12 b). On the other hand, figure 5.12b demonstrates that the 

scan rate does not affect significantly the electrochemical stability of the composite 

membranes, the stable operation window remaining in the same value range for all 

scanning rates; although the cathodic peaks tend to increase with increasing scan rate. 

From voltammograms can be inferred that the addition of MWCNT improves the 

electrochemical stability of the membranes; however the stable operation window is still 

essentially determined by the electrolyte solution. The diffusion coefficient, calculated 

from the voltammograms of figure 5.12 does not show dependence with filler content.  

The pure polymer presents the lowest value of 3.4510
-5

 cm
2
/s and the membrane 

with 0.2 wt% of MWCNT presents the highest value of 3.8410
-5

 cm
2
/s.  
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5.2.5. MWCNT type comparison 

 

In order to evaluate the influence of the MWCNT type in the membranes 

performance, two filler concentrations were compared. 

Figure 5.13 shows the mechanical (figure 5.13a) and electrical properties 

(impedance spectroscopy: figure 5.13b and c; cyclic voltammetry: figure 5.13d) of the 

membranes with different MWCNT types and contents. 
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Figure 5.13: a) Stress-strain curves of the MWCNT/P(VDF-TrFE) membranes with electrolyte uptake; b) 

Nyquist plot of the MWCNT/P(VDF-TrFE) composites with electrolyte uptake at 25 ºC; c) Log i as a 
function of 1000/T for MWCNT/P(VDF-TrFE) composites with electrolyte uptake; d) Voltammograms of  
the MWCNT/P(VDF-TrFE) membranes with electrolyte uptake at 0.5 V/s. 

 

Figure 5.13a illustrates that the overall mechanical properties are similar for all 

samples. The MWCNT_N presents a slightly improvement in the elastic modulus and in 

the yield stress, which is not significant in the overall mechanical performance.  
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In the Nyquist plot of figure 5.13b it is shown that the impedance behaviour is 

similar for all composite membranes, the charge diffusion not depending on MWCNT 

type. The ionic conductivity (figure 5.13c) is also analogous for all samples, as well as 

the cyclic voltammetry (figure 5.13d). In the latter case, just the sample with 0.1 % filler 

content of MWCNT_N shows a more intense oxidation peak around 1.0 V. 

From these graphs can be concluded that the type of MWCNT considered in this 

work does not affect significantly the overall performance of the membranes as battery 

separator.  

 

 

5.4. Conclusion 

 

MWCNT/P(VDF-TrFE) porous membranes with different contents of MWCNT 

were prepared by thermally induced phase separation (TIPS). The addition of MWCNT 

to the polymer matrix increases the average pore size, leading to an increase in the 

porosity up to 82 % and electrolyte solution uptake up to 275 % for 0.5 wt% 

MWCNT filler content membranes. The polymer crystallizes in the polar phase after the 

inclusion of MWCNT, and the ferroelectric to paraelectric transition and melting 

temperatures remain at similar values of pristine polymer. The degree of crystallinity 

decreases to 23 % for 0.5 wt% filler content composite. The tortuosity increases with 

increasing filler content up to 0.2 wt% of MWCNT. The overall membrane mechanical 

properties are not significantly affected by the presence of MWCNT. The ionic 

conductivity increases with increasing MWCNT content, from 510
-7

 to 210
-6

 S/cm 

for 0 and 0.1 wt%, respectively, and is more stable to temperature variations. The 

electrochemical stability evaluated by cyclic voltammetry revealed a stable operation 

window between -2.0 and 4.0 V, versus Li/Li
+
.  

 The mechanical properties, ionic conductivity and the thermal electrochemical 

and stabilities of the polymer membranes are independently of the type of the MWCNT 

used in this work. 

The results show that MWCNT/P(VDF-TrFE) composite membranes have 

adequate morphological, thermal, mechanical and electrochemical properties for being 

used as separator membranes for lithium ion batteries.  
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6  - Porous membranes of BaTiO3/P(VDF-TrFE) 

This chapter is based on the following publication:  

Nunes-Pereira, J., C.M. Costa, R.E. Sousa, A.V. Machado, M.M. Silva, and S. 

Lanceros-Méndez. Li-ion battery separator membranes based on barium titanate and 

poly(vinylidene fluoride-co-trifluoroethylene) Submited to Electrochimica Acta 2013. 
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6.1. Introduction 

 

Current lifestyle and technological advances, in particular in the area of mobile 

communications, lead to an increased need and availability of stored energy [1-2]. 

Despite many emerging technologies, the most attractive way to store energy to provide 

electrical power is to convert chemical into electrical energy. In this sense, lithium ion 

secondary batteries are the systems with the best performance with higher working 

voltage and energy density (210 Wh/kg; 650 Wh/l), longer service life and higher 

flexibility design when compared to other systems such as lead-acid, nickel-cadmium 

(Ni-Cd) or nickel-metal hydride (Ni-MH) batteries [1-4].  

Up to know, the development of lithium secondary batteries has been mostly 

focused on powering small electronic devices, but new developments are needed to 

meet the requirements of new market trends, such as green energy, recycling and 

flexibility, among others. One way to accomplish these requirements is the use of 

polymers or organic/inorganic composites [2].  

A battery is a device that converts stored chemical energy into electricity within a 

closed system. Lithium ion batteries have three fundamental constituents, the negative 

electrode (anode), the positive electrode (cathode) and the electrolyte within a separator. 

Most Li-batteries use carbon as anode, metal oxides as cathode and organic solvents as 

electrolyte solutions [2, 5]. The separator is often a porous polymer or ceramic 

membrane placed between cathode and anode. It plays a key role in the battery 

performance and safety, providing electrical insulation between electrodes and a 

pathway for ionic conduction. An ideal separator should meet requirements such as 

being electronic insulator, ionic conductor, mechanically strong, dimensionally stable, 

readily wetted by electrolyte and chemically resistant to electrolyte and impurity 

degradation, among others [2, 5-6]. Many polymers meet these demands and therefore 

many studies have been developed for their use as separators: poly(ethylene oxide) 

(PEO) [7-10], poly(acrylonitrile) (PAN) [11-12], polyimide (PI) [13] and 

poly(vinylidene fluoride) (PVDF) and its copolymers [14-20].  

PVDF and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) have 

attracted interest as battery separator due to its large polarity, controllable porosity, 

suitable mechanical properties, wettability by organic solvents, chemically inertness, 

good electrode/electrolyte contact and stability in cathodic environment  [14-15, 21-22]. 
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In particular, P(VDF-TrFE) has high polarity and crystallizes in a polar phase 

from the melt or by solution casting and its ferroelectric to paraelectric (FE-PE) 

transition occurs at a Curie temperature (Tc) below the melting (Tm) [23].  

Despite developments in polymer based separator membranes, there is large space 

for improvement. In this way, the incorporation of suitable fillers in polymer matrixes 

has become an interesting approach to improve mechanical, thermal and chemical 

stability and electrolyte uptake of the separators. The use of carbon nanotubes [24-25], 

zeolites [22], clays [21, 26], BaTiO3 [27-29] and others have been recently reported. 

Ferroelectric ceramic fillers, as BaTiO3, enhance lithium interface stability, facilitate the 

salt dissociation into charge species and improve the ionic conductivity, by increasing 

the amorphous phase content of the polymers and the number of charge carriers [28]. 

BaTiO3 crystallizes in the perovskite structure [30] and has high dielectric 

response at room temperature (ε’ =1200, Ø = 10 nm; ε’ = 3417, Ø = 500 nm) [31-32]. 

BaTiO3 exhibits five crystalline phases, hexagonal, cubic, tetragonal, orthorhombic, 

monoclinic and rhombohedral depending on temperature [33]. 

Recent studies report on the use of polymeric composites with BaTiO3 as 

separator membranes. The addition of this ceramic filler in a PEO/P(VDF-TrFE) 

polymer blend increases the ionic conductivity up to 1.210
-4

 S/cm and the stable 

operation window to a range of -2.3 to 2.4 V for 15 wt% of BaTiO3 [27]. Composites of 

PEO with BaTiO3 also show high ionic conductivity, 1.510
-5

 S/cm, at room 

temperature, and a stable operation window up to 4.1 V vs Li/Li
+
 at 80 ºC for 10 wt% of 

fillers [29]. 

The successful use of the ferroelectric filler BaTiO3 reinforce the relevance of this 

work, since besides the effect of filler content, the effect of filler size in the 

morphological, thermal, mechanical, electrochemical properties of the polymeric 

membranes is also considered. This fact is relevant and the BaTiO3 particle properties 

and therefore their effect in a composite highly depend on particle size, the 

ferroelectricity disappearing below a certain grain size [34].  

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Hexagonal
http://en.wikipedia.org/wiki/Cubic
http://en.wikipedia.org/wiki/Tetragonal
http://en.wikipedia.org/wiki/Orthorhombic
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In this study particles of 10, 100 and 500 nm average size are evaluated table 6.1.  

 

Table 6.1: Structural properties of the ceramic fillers [35]. 

 Ø = 10 nm Ø = 100 nm Ø = 500 nm 

Purity (%) 99.8 99.9 99.9 

Crystallographic form cubic cubic tetragonal 

 

 

 

 

6.2. Results and discussion 

 

 

6.2.1. Microstructural characteristics 

 

The effect of BaTiO3 concentration in the polymer matrix was studied in the 

membranes with average particle size of 100 nm. 

The morphology of the separator membrane is paramount for the battery 

performance as well as in their assembling and handling [5]. It has been shown that 

pristine P(VDF-TrFE) membranes produced under specific solvent evaporation 

conditions lead to porosity and pore distribution adequate for Li-ion batteries 

applications [14, 36].  
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Figure 6.1 shows the cross section scanning electron microscopy (SEM) pictures 

of P(VDF-TrFE) and ceramic/P(VDF-TrFE) composites, the average pore size 

distribution and electrolyte solution uptake for the sample with 16 wt% filler content. 

Figure 6.1: Cross section SEM images of the BaTiO3/P(VDF-TrFE) composites with different filler 
contents: a) 0 wt%, b) 4 wt%, c) 16 wt% and d) 32 wt%; e) average pore size distribution and                      
f) electrolyte content as function of time, for membrane with 16 wt% of BaTiO3.  
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Figure 6.1a shows that the pristine copolymer is characterized by a homogeneous 

porous structure that remains after the addition of ceramic fillers (figures 6.1b, c and d). 

In the inset of figures 6.1c and d it is notorious that the BaTiO3 nanoparticles decorate 

the internal walls of the polymer pores, the fillers being located in the pore cavities 

instead of being incorporated within the polymeric matrix.  

Figure 6.1e represents the average pore size distribution of the sample with 16 

wt% of fillers, all the pores have a diameter between 40 and 70 m. The average pore 

size for all samples is represented in figure 6.2. 

Figure 6.1f represents the electrolyte content as a function of time for the sample 

with 16 wt% of BaTiO3 nanoparticles. The electrolyte content stabilizes about 2 minutes 

after the onset. After stabilizing, the electrolyte content varies about 2 %, which is 

within the experimental error. The behaviour is similar for the remaining samples. 

Figure 6.2 shows the average pore size, porosity (figure 6.2a) and electrolyte 

content (figure 6.2b) of the different membranes. 
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Figure 6.2: a) Average pore size and porosity and b) electrolyte content as function of BaTiO3 content for 
all membrane. 

 

Figure 6.2a shows that the pore size increases with increasing BaTiO3 content, 

between a minimum of 25 m for the pure polymer to a maximum 90 m for the 

composite with 32 wt% of ceramic filler, which is to be ascribed to the filler effect on 

the bi-phase solvent-polymer phase diagram and therefore on the phase separation and 

solvent evaporation processes [37]. On the other hand, the porosity is not significantly 

affected, being the variations within experimental error. 

Figure 6.2b shows that the electrolyte content decreases with increasing ceramic 

nanoparticles content, between approximately 76 and 59 %. Samples with higher 
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amounts of fillers have less free space in the pore cavities for the electrolyte liquid, 

resulting in lower electrolyte content. Further, larger pore sizes for a given degree of 

porosity leads to lower surface area for interaction between separator and electrolyte. 

The results of the weight loss proved to be negligible. Losses over 60 min time do 

not show any significant variation due to the high evaporation temperature (242 ºC) of 

the PC solvent of the electrolyte [38]. 

 

6.2.2. Polymer Phase and degree of crystallinity 

 

Figure 6.3 shows the Fourier transformed infrared spectroscopy (FTIR) spectra 

and the differential scanning calorimetry (DSC) thermogram for membranes with 

different filler contents. 
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Figure 6.3: a) FTIR spectra of the BaTiO3/P(VDF-TrFE) composites with different filler contents; b) DSC 
thermogram of membrane composites with different amounts of ceramic particles.  

 

The infrared spectra shows that the presence of the fillers does not affect the 

characteristic vibration modes (851 cm
-1

, 886 cm
-1

 and 1402 cm
-1

) of the all-trans 

configuration of the polymer matrix [39]. The polymer crystallizes therefore in the polar 

phase after the addition of BaTiO3 ceramic particles. These characteristic vibration 

modes are also unaffected by the presence of electrolyte solution [21-22]. 

The thermograms of figure 6.3b show two endothermic peaks, the first around  

117 ºC, corresponding to the polymer ferroelectric to paraelectric transition (Tc) and the 

second around 146 ºC corresponding to the polymer melting temperature (Tm) [40]. The 

addition of BaTiO3 does not affect these reference temperatures of the polymer. In the 
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presence of electrolyte solution these parameters are also unaffected by the fillers     

[21-22].  

Table 6.2 shows the degree of crystallinity of the composite membranes 

calculated by equation 2.1. 

 

 

Table 6.2: Degree of crystallinity of the BaTiO3/P(VDF-TrFE) membranes with different amounts of 
ceramic fillers. 

Sample c ± 2 (%) 

0 % 28 

4 % 29 

16 % 26 

32 % 20 

 

 

The table 6.2 shows that the degree of crystallinity of the composites membranes 

is lower than that of the pure polymer. The inclusion of fillers generally leads to an 

initial increase of the degree of crystallinity, as small filler contents can act as 

nucleation agents during the crystallization process. On the other hand, larger filler 

contents decrease the degree of crystallinity as ill crystallization of the polymer often 

occur in the presence of large content of ceramic fillers, that act as defects during the 

crystallization process [41]. 
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6.2.3. Mechanical properties 

 

Figure 6.4 shows the stress strain mechanical measurements for all the membranes 

after electrolyte solution uptake and the main parameters of the mechanical evaluation 

are summarized in table 6.3. 
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Figure 6.4: Stress-strain curves of the BaTiO3/P(VDF-TrFE) composites with different ceramic 
nanoparticles contents after electrolyte solution uptake. 

 

Table 6.3: Mechanical properties of the membranes with electrolyte solution uptake. 

Sample 
Yield Stress 

(MPa) 
Elastic Modulus 

(MPa) 
Stress at break 

(MPa) 

0 % 0.3 1.9 1.0 

4 % 0.9 3.0 2.6 

16 % 0.7 2.8 2.0 

32 % 1.3 5.4 3.2 

 

The addition of BaTiO3 to the polymer matrix affects the overall mechanical 

properties of the membranes. The yield stress, elastic modulus and stress at break show 

a slight increase in the composites membranes when compared to the pure polymer, 

indicating that ceramic particles mechanically reinforce the composite despite the 

decrease in crystallinity of the polymeric matrix [41-43]. In this sense the mechanical 

reinforcement effect by filler polymer interactions over impose any effect related to the 

variation in the degree of crystallinity. On the one hand, the proper wetting of the 

ceramic filler by the polymer, due to strong electrostatic interactions [41], lead to a 

mechanical reinforcement of the polymer within the composite, increasing the stress 
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values needed for a given deformation. On the other hand, the overall mechanical 

properties remain in same value range, being therefore determined by the microporous 

microstructure of the membranes. 

 

 

6.2.4. Electrical response 

Electrochemical impedance spectroscopy (EIS) was performed to evaluate the 

electrochemical properties of the membranes with electrolyte uptake. The results are 

presented trough Nyquist plots (imaginary impedance Z’’ versus real impedance Z’, 

figure 6.5a) and logarithmic ionic conductivity versus temperature (figure 6.5b). 
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Figure 6.5: a) Nyquist plot for the BaTiO3/P(VDF-TrFE) composites at 25 ºC; b) Log i as a function of 
1000/T for BaTiO3/P(VDF-TrFE) composites with electrolyte solution uptake.  

 

Table 6.4 shows the ionic conductivity (σi) and tortuosity () at room temperature, 

obtained from equation 2.5 and 2.6 respectively. 

 

Table 6.4: Room temperature ionic conductivity (σi) and tortuosity () of the membranes filled with 1 M 
LiClO4.3H2O electrolyte solution; σ0 = 9.8 mS/cm at 25 ºC. 

Sample σi (S/cm)  

0 % 5.2410-7 114.9 

4 % 1.0410-4 8.4 

16 % 4.1310-5 13.4 

32 % 6.4010-5 10.4 

 

The Nyquist plot is characterized by three distinct regions: a semicircle at high 

frequencies corresponding to the charge transfer process, a straight line at low 
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frequencies related to the diffusion process and the transition between both [44-45]. In 

the Nyquist plot of figure 6.5a the high frequency semicircle appears only for the 

pristine polymer. It indicates that the fillers facilitate the charge transfer process due to 

the increase in ionic conductivity, as observed in figure 6.5b [46]. 

Figure 6.5b represents the ionic conductivity as function of temperature for the 

different membranes with electrolyte uptake. The ionic conductivity of the composite 

membranes is about two orders of magnitude higher than for the pure polymer (table 

6.4), the ionic conduction is promoted by fillers through the increase of charge carriers 

and amorphous phase content in the composites (figure 6.3b and table 6.2). 

Furthermore, in the composite membranes the ionic conductivity is more stable in 

temperature [43].  

Regarding tortuosity, composites present substantially lower values than the pure 

polymer. The tortuosity gives information about pore connectivity relating the mean 

actual path with direct sample thickness and it is often defined trough the ionic 

conductivity [5]. Tortuosity of polymer composites is substantially lower than for the 

pure polymer, which indicates that the present of the fillers improve pore connectivity. 

The membrane with 4 wt% of BaTiO3 shows the lower value of tortuosity, despite the 

differences between composite membranes being small, the obtained values suggest that 

for higher concentration pore blockage occurs as well as interface trapping of ions. An 

ideal porous body has tortuosity of 1, so the porous structure of composites is not far 

from the ideal value. 

Table 6.5 represents the values of the activation energy of the conductive process. 

 

Table 6.5: Activation energy (Ea) of the composite membranes with electrolyte solution uptake, 
determined after equation 2.7. 

Samples Ea (kJ/mol) 

0 % 64 

4 % 11 

16 % 15 

32 % 10 

 

Table 6.5 shows that activation energy is lower and similar for all composite 

membranes, with respect to the pure polymer. The activation energy decreases 

substantially in composite membranes, which could be associated to the decrease of the 
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degree of crystallinity and the increase in the number of charge carriers, which leads to 

an increase of the ionic mobility. 

 

The figure 6.6 presents the cyclic voltammetry for samples with different BaTiO3 

contents (figure 6.6a) and scan rates (figure 6.6b) used to evaluate the electrochemical 

stability of the membranes. 
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Figure 6.6: a) Voltammogram of BaTiO3/P(VDF-TrFE) composites at 0.1 V/s with different filler contents; 
b) voltammogram of BaTiO3/P(VDF-TrFE) with 16 wt% of ceramic particles with 100 nm  in diameter at 
different scanning rates.  

 

The voltammograms of fig 6.6a show stable operation windows between -2.0 and 

4.0 V. The amount of fillers does not affect significantly the electrochemical stability, 

although composite membranes present a cathodic peak higher than the pure polymer 

around 6.0 V, probably due to charges accumulated at the interface between electrodes 

and sample [47]. The voltammograms of figure 6.6b also show stable operation 

windows between -2.0 and 4.0 V. For the higher scan rates, 0.5 and 1 V/s, an anodic 

peak appears around 1.0 V and the cathodic peaks around 6.0 V are higher than for 

lower speeds, since higher scan rates tends induce irreversible electrochemical 

processes [48]. Generally, the electrochemical stability of the membranes is determined 

by the electrolyte solution, so the presence of ceramic nanoparticles does not affect 

significantly the electrochemical behaviour. All membranes present a stable operation 

window at least 5.0 V amplitude, suitable for most common lithium-based couples, 

which have voltages of about 3.0 V [28]. The diffusion coefficient calculated by 

equation 2.8 through the maximum current value of the oxidative peak in the 

voltammograms of figure 6 shows an increase with increasing BaTiO3 content. The 
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pristine polymer presents the lowest value of 2.8510
-5

 cm
2
/s and the membrane with  

32 wt% of ceramic nanoparticles presents the highest value of 1.2210
-4

 cm
2
/s, which is 

similar for the other composites; this effect is attributed to the increase of ionic charge 

carriers with the addition of fillers. 

 

 

6.2.5. Particles size effect 

 

In order to study the BaTiO3 filler size effect in the membranes performance, 

membranes with 16 wt% filler content with 10, 100 and 500 nm average diameter were 

prepared. Figure 6.7 shows the SEM images for samples with different average filler 

size.  

 

  

Figure 6.7: Cross section SEM images of BaTiO3/P(VDF-TrFE) composites with 16 wt% of ceramic 
particles with filler sizes of  a) 10 nm and  b) 500 nm. 

 

 

Figure 6.7 show that the different membranes present a homogeneous pore 

distribution unaffected by the size of the fillers. In all cases the fillers are lodged in the 

pore cavities, not being incorporated into the polymer matrix structure.  
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The influence of filler size in pore size, porosity and electrolyte content is 

presented in figure 6.8. 
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Figure 6.8: a) Average pore size and porosity and b) electrolyte content of membranes with 16 wt% of 
BaTiO3 particles as a function of filler average diameter. 

 

 

Concerning to the pore size (figure 6.8a), there is a decrease with increasing filler 

size, from a maximum of 68 to a minimum of 43 m for 10 and 500 nm filler average 

diameter, respectively. During crystallization, the liquid-liquid phase separation of the 

composite membranes is influenced by ceramic particle size [49], the fillers with larger 

volume and lower surface area (100 and 500 nm) leading to a decrease of the average 

pore size. 

The porosity (figure 6.8a) and electrolyte content (figure 6.8b), on the other hand, 

are affected by the size of the fillers. The porosity of the membranes increases and the 

pore size decreases with increasing ceramic size as shown in figure 6.8a. As the 

electrolyte content depends on the surface area-to-volume ratio and electrolyte-

membrane interaction, the electrolyte content increases for increasing ceramic size. 

In this sense the pore size, porosity and electrolyte uptake are affected by particle 

size and particle characteristic, such as crystalline phase (table 6.1).  
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Figure 6.9 presents information about the mechanical and electrical properties of 

the composite membranes: tensile stress strain, the impedance, ionic conductivity and 

the electrochemical behaviour. 
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Figure 6.9: a) Tensile stress-strain measurements, b) Nyquist plot at 25 ºC, c) Log i as a function of 
1000/T and d) cyclic voltammetry, of BaTiO3/P(VDF-TrFE) composites with 16 wt% filler content. 

 

The figure 6.9a shows that the overall mechanical properties are very similar for 

all composites. The elastic modulus and yield stress are in the same value range for all 

membranes, 3-4 and 0.5 MPa respectively. Nevertheless, it is noted a dependence on 

ceramic size, due to better wetting and stronger electrostatic surface interactions of the 

polymer with the smaller ceramic particles, related to the larger surface to volume ratio 

(figure 6.9a).  

In the Nyquist plot of figure 6.9b is notorious the absence of the high frequency 

semicircle, which also indicates higher ionic mobility for all ceramic size.  
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The ionic conductivity (figure 6.9c) is similar for the membranes with 500 and 

100 nm average diameter fillers. This is an interesting fact as the 500 nm diameter filler 

presents ferroelectric properties due to the tetragonal crystallographic form, showing 

therefore a large polarity that could lead to larger interactions with the ions present in 

the electrolyte [50]. The lowest ionic conductivity is observed for the samples prepared 

with 10 nm fillers, so filler size appears to be the most relevant parameter influencing 

ionic conductivity due to increased filler surface area and, therefore, electrolyte-filler 

interaction. 

The voltammograms presented in figure 6.9d show that all composite membranes 

have a stable operation window between -2.0 and 4.0 V, with a small reduction peak for 

all samples around 1.0 V.  

Overall, it can be concluded that filler size, as well as filler content, is relevant 

and affects the performance of the membranes for Li-ion battery applications. 

 

 

6.3. Conclusion 

 

BaTiO3/P(VDF-TrFE) porous membranes with different filler contents and sizes 

were prepared by thermally induced phase separation (TIPS). Filler inclusion leads to an 

increase in the pore size up to 90 m and in the porosity up to 74 %. The inclusion of 

the fillers does not influence the phase of the polymer and the Tc and Tm remain 

unaltered with respect to the values found in the pristine polymer. The main effects of 

the fillers are a decrease of the degree of crystallinity to 20 %, a slight enhancement of 

the mechanical properties and an increase of the ionic conductivity from 5.2410
-7

 to 

1.0410
-4

 S/cm for pristine polymer and 4 wt% filler content, respectively. The cyclic 

voltammetry reveals a stable operation window between -2.0 and 4.0 V vs Li/Li
+
 for all 

membranes. Filler size, on the other hand show relevant effects on membrane 

performance (ionic conductivity) despite a slight increase of pore size for the smaller 

particles. It can be concluded that BaTiO3/P(VDF-TrFE) composite membranes show 

adequate morphological, thermal, mechanical and electrochemical properties for being 

used as separators in lithium ion batteries. Furthermore, the addition of Ø = 500 nm 

BaTiO3 ceramic particles up to 4 % enhances the mechanical properties and increases 
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significantly the ionic conductivity without affecting the stable operation window of the 

membrane separators.  
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7  - Energy harvesting performance of PVDF based 
electrospun fibers  

This chapter is based on the following publication: 

Nunes-Pereira, J., V. Sencadas, V. Correia, J.G. Rocha, and S. Lanceros-Méndez. 

Energy harvesting performance of piezoelectric electrospun polymer fibers and 

polymer/ceramic composites. Sensors and Actuators A: Physical, 2013. 196: p. 55-62. 
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7.1. Introduction 

 

Energy harvesting from mechanical vibrations has become increasingly important 

over the last years [1-3] mainly due to low power requirement of small electronic 

components, such as wireless sensor networks used in monitoring applications. 

Powering small electronics using the vibrational energy available in their environment 

could reduce the requirement of external power sources, like batteries, and thus 

avoiding the associated maintenance costs [1-3].  

There are three basic vibration-to-electrical conversion mechanisms: 

electromagnetic, electrostatic and piezoelectric transductions [3-4]. Piezoelectric 

transduction has received the largest attention when compared to the other transductions 

systems due to its main advantages, such as large power density, easy application 

(piezoelectric devices could be fabricated both in macro and micro scale due to well 

established production techniques), and that the output voltage is obtained directly from 

piezoelectric material itself, that suppresses the requirement of an external voltage input 

[1].  

The energy conversion in piezoelectric materials is based on variations in the 

dipolar moment when a strain is applied and therefore the formation of a potential 

difference that can be used to power devices [3]. 

In recent years a large efforts has been developed focused in improving the 

efficiency of piezoelectric power harvesting systems. The most common type of 

piezoelectrics used for power harvesting are ceramics like lead zirconate titanate (PZT) 

or BaTiO3 [3]. Nevertheless, piezoceramics are susceptible to fatigue crack when 

subjected to high frequency cyclic loading, which created the need to search for 

alternatives as poly(vinylidene fluoride) (PVDF), a piezoelectric polymer with high 

flexibility when compared with ceramics materials [5-7]. 

PVDF and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) 

copolymer have attracted scientific and technological interest due to their chemical 

resistance, good mechanical properties and excellent electroactive properties. P(VDF-

TrFE) has a ferroelectric to paraelectric (FE-PE) phase transition at a Curie temperature 

(Tc) that occurs in the bulk material at temperatures melting temperature (Tm), and has a 

large electromechanical coupling coefficient at room temperature [8-9].  
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PVDF and VDF copolymers crystalline structures in the ferroelectric phase are 

packed in an “all-trans”, TTT, planar zigzag polymer chain configuration [8]. In (VDF-

TrFE), the paraelectric crystalline structure above Tc is hexagonal, essentially consisting 

in a statistical configuration of TT, TG and TG’ rotational isomers [10]. The FE-PE 

transition temperature is highly dependent upon VDF content, but other factors such as 

heat treatments, electrical poling and processing history can also affect the transition 

[11-13]. 

New research fields are emerging based on the exploration of the nanoscale 

properties of such materials improving the possibilities of piezoelectric materials 

become a real choice for energy harvesting devices [14]. In this sense, it was reported a 

nanogenerator, based on PZT aligned nanofibers on a silicon substrate with 

interdigitated electrodes, which reaches an output  voltage peak of 1.63 V and a power 

generation of 0.03 W [15] and another piezoelectric nanogenerator based on BaTiO3 

on plastic substrate connected by interdigitated electrodes [16] with an output voltage 

up to 1.0 V and a power density of 7 mW/cm
3
. This later nanogenerator needs extra 

poling treatment after processing in order to enhance the piezoelectric properties of the 

materials. Output voltages of nearly 40 V after poling has been reported for micropower 

harvesters based on PZT/PVDF and PZT/PP, [17] but the generated power was not 

reported. 

Polymer nanofibers offer the possibility to tailor materials properties and increase 

performance for a number of applications, including energy generation and storage. 

Micro and nanofibers can be produced by several techniques such as drawing, template 

synthesis, phase separation self-assembly and electrospinning, [18] the latter is the most 

straightforward, convenient and scalable technique  for nanomaterials production, [18-

19] allowing the production of continuum fibers with diameters of a hundreds of 

nanometers up to few micrometers [20]. Electrospinning is process for producing 

nanofibers by forcing a viscous solution trough a spinneret subjected to an electric field. 

Crossing the spinneret the solution drips and the high applied voltage leads the drop into 

an elongated cone; with appropriated viscosity and surface tension a stable solution jet 

erupts from the solution droplet. The process makes use of fluid applied charges to 

provide a stretching force to a collector where is a potential gradient. This mechanism 

ensures the fibers polarization [18, 21].  
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Several parameters have influence in electrospun fibers morphology and 

properties and can be divided in three main groups: initial polymer solution, jet 

formation and finally the collection procedure [18].  

Electrospun piezoelectric nanofibers offers excellent flexibility and improved 

strength, so it is expected their exploitation in a wide variety of applications [22]. 

Generators based on randomly electrospun PVDF fibers have been developed [23] that 

when submitted to periodic oscillations between 1 and 10 Hz achieved output voltages 

between 0.43 and 6.3 V. The reported current, around 5 A, seems to be too high for an 

insulating material such as PVDF. Even so, the output power generated was around 0.03 

W [24]. 

PZT and BaTiO3 are known to be excellent piezoelectric materials, with high 

dielectric and piezoelectric values [25-26]. It seems interesting in this way to explore 

the possibility to prepare electrospun composite fibers of PVDF and P(VDF-TrFE) with 

BaTiO3 on top of an interdigitated circuit in a single step process (no poling of the 

fibers is further needed) in order to study the influence of the ceramic filler in the 

energy harvesting efficiency of the polymer. In this way, both the influence of the 

processing parameters on the fiber characteristics and the nanogenerator performances 

will be addressed. 

 

 

 

 

7.2. Results and discussion 

 

7.2.1. Morphology 

 

The influence of the electrospun processing parameters on average PVDF [27] 

and P(VDF-TrFE) [28] fibers size and characteristics such as electroactive phase 

content and degree of crystallinity have been study previously, and this section will 

focus on the composite fibers.  The influence of the applied electric field in the 

BaTiO3/P(VDF-TrFE) electrospun fibers nanocomposites has been evaluated keeping 

constant the needle inner diameter of 0.5 mm and the flow rate of 0.5 mL/h.    
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Generally, BaTiO3/P(VDF-TrFE) electrospun  membranes show a random distribution 

and smooth, and bead free fibers with average diameter of 450 ± 100 nm (figure 7.1).  

 

 
Figure 7.1: BaTiO3/P(VDF-TrFE) electrospun membrane obtained at 15/85 polymer/solution and with     
5 % BaTiO3 nanoparticles  with particle size of Ø = 100 nm: a) 20 kV, b) 35 kV, c) 25 kV and                        
d) backscattering image of sample obtained at 25 kV (image b). Traveling distance of 20 cm, needle inner 
diameter of 0.5 mm and flow rate of 0.5 mL/h. 

 

 

A histogram of the fiber diameter distribution was obtained trough scanning 

electron microscopy (SEM) images and the fiber average diameter was obtained from 

40 measurements of the nanofibers present in each image. 
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Following a similar procedure, from the systematic variation of the other main 

parameters affecting the electrospinning process their influence on the average fiber 

diameter has been obtained (figure 7.2).  
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Figure 7.2: a) Influence of applied electric field on the mean diameter of the electrospun BaTiO3/P(VDF-
TrFE) fibers, the flow rate was 0.5 mL/h and needle inner diameter of 0.5 mm; b) Influence of tip inner 
diameter on the mean diameter of the electrospun BaTiO3/P(VDF-TrFE) fibers, the flow rate was           
0.5 mL/h and applied electric field of 1.25 kV/cm; c) Influence of flow rate on the mean diameter of the 
electrospun BaTiO3/P(VDF-TrFE) fibers, the tip inner diameter was 0.5 mm and the applied electric field 
of 1.25 kV/cm; d) Influence of BaTiO3 content on the fiber mean diameter for the electrospun 
BaTiO3/P(VDF-TrFE) membrane, the tip inner diameter was 0.5 mm, applied electric field of 1.25 kV/cm 
and a flow rate of 0.5 mL/h. Average filler size: Ø = 100 nm; filler concentration in a), b) and c) 5 %.  

 

It was observed that the applied electric field does have no influence on the fiber 

diameter and distribution (figure 7.2a). On other hand, for a constant applied electric 

field, flow rate and for the same polymer/ceramic concentration, an increase of the 

average fiber diameter was observed with the increase of the needle inner diameter 

(figure 7.2b). 
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Fiber average diameter and its distribution are strongly affected by the flow rate, 

demonstrated by an increase of the mean fiber diameter from 422 ± 27 nm to 649 ± 127 

nm by increasing the flow rate from 0.5 mL/h to 8 mL/h (figure 7.2c). Feed rate 

determines the amount of solution available at the needle tip for electrospinning. When 

feed rate increases, there is a corresponding increase on the fiber diameter due to the 

larger volume of solution that is drawn away from the needle tip [18].  

It was interesting to note that the inclusion of ceramic BaTiO3 nanoparticles in the 

polymer solution does not influence the fiber average diameter and distribution     

(figure 7.2d). 

The effect of BaTiO3 particle average diameter in the fiber size and distribution 

was characterized for ceramic particles with 10, 100 and 500 nm (figure 7.3) for the 

fibers with 20 % BaTiO3 volume content. All membranes show no polymer beads, 

however some particle clusters were identified as result of the large ceramic content for 

the given fiber average diameter.  

 

Figure 7.3: Influence of BaTiO3 particle average size in the composite fiber diameter: a) 10 nm,                
b) 500 nm, c) backscattering image of electrospun fibers with 20 % BaTiO3 (Ø = 100 nm)  and d) 
electrospun BaTiO3/P(VDF-TrFE) (20 % BaTiO3 and Ø = 100 nm) membrane obtained at 750 rpm. For all 
samples, tip inner diameter was 0.5 mm, applied electric field of 1.25 kV/cm and a flow rate of 0.5 mL/h. 

 

With respect to the particle average size, particles with a mean diameter lower 

than 100 nm are trapped inside the fiber (figure 7.3a and d), but the particles with an 
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average diameter of 500 nm are randomly dispersed out and inside the fibers due to the 

fact that the fiber average diameter is smaller than the BaTiO3 single particles and 

clusters (figure 7.3b). The average fiber diameter for the BaTiO3/P(VDF-TrFE) 

composites with 10 nm particles diameter is 469 ± 136 nm, for the composite with 100 

nm particles is 543 ± 92 nm and for the membrane with 500 nm particles size shows an 

mean diameter of 377 ± 70 nm, which is smaller than the particles itself making 

impossible entrapment of the  filler inside the polymer fiber (figure 7.3). 

The sample obtained in the drum collector (figure 7.3d) presents a preferential 

fiber orientation with an average fiber diameter of 525 ± 126 nm and with a compact 

structure. For randomly and aligned fibers, it was noted that composites fibers are 

uniformly filled with discontinuous ceramic particles that are essentially inside of the 

fibers giving origin to a self-assemble BaTiO3 fiber morphology (figure 7.3c and d). 

This preferential arrangement of electroactive ceramic particles is probably due to the 

difference of specific density between the polymer matrix and the filler.  

 

7.2.2. Polymer phase and crystallinity 

 

The nature of the polymer crystalline phase present in the electrospun 

BaTiO3/P(VDF-TrFE) fibers can be identified by Fourier transformed infrared 

spectroscopy (FTIR) (figure 7.4a) and by differential scanning calorimetry (DSC) 

(figure 7.4b).  
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Figure 7.4: a) Infrared measurements for the PVDF and  BaTiO3/P(VDF-TrFE) electrospun membranes 
with a tip inner diameter of 0.5 mm, applied voltage of 25 kV, distance between tip and collector of      
20 cm and a flow rate of 1.0 and 8.0 mL/h; b) DSC results for the PVDF and BaTiO3/P(VDF-TrFE) 
electrospun membranes with a tip inner diameter of 0.5 mm, applied voltage of 25 kV and a distance 
between tip and collector of 20 cm and a flow rate of 1.0 and 8.0 mL/h.  
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FTIR spectra showed that nanocomposite crystallization occurs in the polymer 

ferroelectric phase due to the presence of the characteristic absorption band at 840 cm
-1

 

[27] (figure 7.4a).  It was observed that changes in electrospinning processing 

conditions do not affect polymer crystallization, because any suppression of polymer 

absorption bands was noted. 

Poly(vinylidene-fluoride) DSC thermogram shows a peak around 160  ºC which 

corresponds to the melting temperature of the polymer (figure 7.4b). The DSC 

thermogram of the P(VDF-TrFE) shows two characteristic peaks: the one at lower 

temperatures corresponds to the ferroelectric-paraelectric transition  and occurs around 

117 ºC, the second peak correspond to the melting of the paraelectric phase and is 

located around 145 ºC (figure 7.4b). The DSC thermograms of BaTiO3/P(VDF-TrFE) 

composites show the same two peaks, located at the same temperatures, which confirms 

that changes in the electrospinning conditions does not change the ferroelectric polymer 

phase. The inclusion of different filler contents also does not affect the polymer polar 

phase, as has been demonstrated in previous works [29].  

 

 

 

 

7.2.3. Energy harvesting response 

 

Piezoelectric properties are being used for sensors and actuators as well as for 

energy harvesting applications, taking advantage of nanoscale materials such as 

nanowires, nanorods and nanofibers from PZT, BaTiO3 or ZnO [15-16, 22]. 

It has been demonstrated the capability of PVDF film, [17] PZT [15] and BaTiO3 

[16] fibers as energy harvesters once the materials have been processed and poled. It 

was also demonstrated that the electrospinning process results in electrically poled 

fibers in a single step production process due to the high electric field involved during 

the processing stage [28]. 

BaTiO3/P(VDF-TrFE) composite fiber as well as pure PVDF and P(VDF-TrFE) 

electrospun fibers were directly spun into a interdigitated array (figure 7.4b) at an 

electric field of 1.25 kV/cm, a needle inner diameter of 0.5 mm and a flow rate of 1 
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mL/h. It was observed previously by Sencadas et al. that the PVDF electrospun fibers 

are poled when the fiber travel from the needle to the collector [28], and is unnecessary 

to perform an extra poling procedure after fiber processing. Electrospun samples were 

submitted to a periodic bending oscillation at different frequencies. The energy 

harvesting device was then submitted to mechanical excitations in the frequency range 

between 1 Hz to 1 kHz using an electromechanical vibration generator (figure 2.3c), in 

which the polymer and polymer/ceramic fibers are working in longitudinal mode with 

the alternating pressure results in surface charge variations in the fibers due to their 

combined tensile and bending stresses. A voltage difference between two adjacent 

electrodes is thereby induced; interdigitated electrodes enhance the power output of the 

generator as the piezoelectric fibers between each pair of adjacent electrodes results in a 

power generating unit connected in parallel to other units. 

In order to align the fibers, the interdigitated electrodes were grounded on two 

terminals in a process similar to the one suggested by Ramakrishma et al. [18]. The 

distance between the anode and the cathode was about 0.5, 0.2 and 0.1 mm as showed 

in figure 2.3b. 

The piezoelectric fiber generators were tested under two different conditions. In 

the first one, the output voltage of the PVDF, P(VDF-TrFE) and BaTiO3/P(VDF-TrFE) 

(20 % ceramic loading at the different filler average sizes) electrospun fibers was 

measured by applying a periodic deformation at different frequencies.  

 

 

 

 

 

 

 

 

 

 

 

 

 



7 – ENERGY HARVESTING PERFORMANCE OF PVDF BASED ELECTROSPUN FIBERS 

 

132 

 

As presented in figure 7.5, the generated voltage induced by piezopotential 

reached 150 mV for the PVDF fibers. On the other hand, P(VDF-TrFE) fibers showed 

a maximum piezopotential around 110 mV and the electrical output voltage measured 

for the BaTiO3/P(VDF-TrFE) electrospun fibers decreases with increasing  ceramic 

particle average diameter for a fixed fiber loading. An average piezopotential of ~100 

mV was found for the fibers with BaTiO3 particles of ~10 nm, which is higher to the 

one found for the pure polymer matrix, the piezopotential strongly decreases with 

increasing filler size (figure 7.5c). 
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Figure 7.5: Voltage generated during 6 ms at a frequency of 1 kHz, of an electrospun sample of 
BaTiO3/P(VDF-TrFE) with 20 % of ceramic 10 nm; b) maximum voltage generated at different frequencies 
for all type of samples produced; c) piezopotential obtained at 1 kHz for P(VDF-TrFE) and   
BaTiO3/P(VDF-TrFE) with 20 % ceramic filler and d) maximum power generated by the electrospun 
membranes as a function of frequency.  

 

The negative voltage signal observed in figure 7.5a is generated by reverse 

flowing carriers when the external load is removed and the piezopotential vanish. The 
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fibers generated power promoted by the periodic harmonic vibration can be calculated 

through equation 2.9.  

In this setup, where the fibers are attached to each pair of adjacent electrodes, the 

piezoelectric coefficient that mostly contributes for the electrical output voltage is the 

one along the fiber longitudinal direction, commonly denominated as d31, where the 

polymer chains are stretched along the fiber and the output electrical signal is measured 

in the thickness direction. 

Goldfard and Jones [30] investigated the efficiency of a piezoelectric material in a 

stack configuration for converting mechanical harmonic excitation into electric energy. 

In general, the conversion efficiency can be improved with a larger coupling coefficient 

and smaller damping. Table 7.1 shows the characteristic electroactive properties of 

PVDF, P(VDF-TrE) and BaTiO3. 

 

Table 7.1: Characteristic physical properties of electroactive PVDF, P(VDF-TrFE) and BaTiO3 [26, 31]. 

 PVDF P(VDF-TrFE) BaTiO3 

d31 (pC/N) 8 - 22 12 -34 

d33 (pC/N) -24 to -34 -38 125 

k33 0.20 0.29 12.6 

’ 6 - 12 18 1700 

 

Table 7.1 shows that piezoelectric coefficients of the ceramic filler and its 

electromechanical coupling coefficient are larger than pure polymer and therefore will 

tend to increase electromechanical conversion and power output. On the other hand, the 

electromechanical system can be modeled by a coupled spring-mass-damper system, 

[32] and in the case of the BaTiO3/P(VDF-TrFE) the ceramic nanoparticles acts as 

defects in fibers (figure 7.3),  contributing for the increase of the damping of the 

composite fibers and consequently for the decrease of the mechanical to electrical 

energy conversion. As observed in figure 7.5, the reduction of the electromechanical 

conversion due to increased damping is larger than positive contribution of the larger 

coupling coefficient of the fillers, resulting in an overall decrease of the power output. It 

should be noted that, despite the larger electromechanical coupling coefficient, the 

output power for P(VDF-TrFE) fibers is also lower due to lower piezoelectric 

coefficient and larger damping, related to the increase of stiffness with respect to the 

pure polymer. Additional contributions to the decrease of the output power in the 

composites can arise from the random orientation of the BaTiO3 electroactive domains, 
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leading to an overall reduction of the effective dipolar moment of the electroactive 

composite fibers when compared to the single polymer. The piezoelectric coefficients of 

organic and inorganic phases are opposed, which can lead to counteract effects [33-34]. 

It’s important to notice that among all the used ceramic particles only the particles with 

500 nm are tetragonal and therefore piezoelectric (table 7.2), the particles with 10 and 

100 nm are cubic and then non-piezoelectric, contributing to an increase of the dielectric 

constant but without direct piezoelectric contribution to the final composite response. 

 

Table 7.2: Structural properties of the BaTiO3 ceramic particles [35]. 

 Ø = 10 nm Ø = 100 nm Ø = 500 nm 

Purity (%) 99.8 99.9 99.9 

Crystallographic form cubic Cubic tetragonal 

 

Consequently, the maximum output power is obtained for the PVDF fibers (0.02 

W) and a decrease of the generated power was observed for the P(VDF-TrFE) and for 

the BaTiO3/P(VDF-TrFE)  fibers (figure 7.5d). It is interesting to notice that the output 

power is nearly frequency independent in the 100 Hz to 1 kHz frequency range under 

study, which is interesting for a broad range of applications.  

In order to study the effect of larger deformations on the output voltage of the 

electroactive polymer fibers and fiber composites, the finger (protected by an insulator 

glove to prevent interferences from human bioelectricity) was used to apply a periodic 

dynamic loading on the top of the generator by simple tapping during which, the 

positive and the negative output voltage was measured (figure 7.6). 
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Figure 7.6: a) Diagram of a bending test performed with a finger; b) Positive output voltage generated 
during a test performed with finger deformation for the PVDF electrospun fibers. 
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The highest output voltage record during the finger experiment was 5.02 V, 

allowing concluding that amplitude of the voltage output depends on the amount of the 

strain imposed to the surface generator, being higher for higher mechanical 

deformations (figure 7.6b) as larger strains provide more mechanical energy available 

for conversion into electrical energy. The maximum output power generated for higher 

strains was 25 W, which confers large interest to these piezoelectric vibration-to-

electricity converters for micromechanical memory devices [36] and bioapplications in 

order to harvest human motion to power in-body biosensors. 

Chen et al. [15] studied the characteristics of a piezoelectric nanowires of only 

PZT on top of interdigitated electrodes and obtained a power generation of 0.03 W 

for higher deformations. In another work, the same amount of power was generated 

with poled BaTiO3, Park et al. [16] obtained by magnetron sputtering on top of a 

flexible interdigitated electrodes substrate an under higher mechanical deformation. 

 

 

7.3. Conclusion 

 

As a conclusion, the largest energy harvesting efficiency is obtained for the pure 

poly(vinylidene fluoride) fibers, with power outputs up to 0.02 W and 25 W under 

low and high mechanical deformation. The copolymer and the polymer/ceramic 

composites show reduced power output due to increased mechanical stiffness. The 

obtained values, among the largest found in the literature, the easy processing and the 

low cost and robustness of the polymer, demonstrate the applicability of the developed 

system. 
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8  - Final remarks, conclusions and future work 

In this chapter some final remarks are presented comparing the characteristics of 

the different porous composite membranes prepared in this work for battery 

applications. The main conclusions of this study and some possibilities for the future 

work are also presented. 
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8.1. Final remarks  

 

A battery separator should meet some requirements, such as being ionic 

conductor, electronic insulator, to show mechanical and dimensional stability, 

physically strength to allow easily handling, to be readily wetted by electrolyte 

solutions, to show resistant to chemical and thermal degradation, uniform thickness and 

structure, among others [1-3]. 

In this sense, among all prepared composites the 16 wt% NaY/P(VDF-TrFE), 4 

wt% MMT/P(VDF-TrFE), 0.1 wt% MWCNT/P(VDF-TrFE) and 16 wt% 

BaTiO3/P(VDF-TrFE) (Ø = 500 nm) were the ones with the best overall results [4-7] for 

each filler type, so their results are presented and compared below. 

All tested composites present a uniform and homogenous porous structure, as 

shown in figure 8.1.  

 

Figure 8.1: Cross section images of: a) pristine P(VDF-TrFE), b) 16 wt% NaY/P(VDF-TrFE), c) 4 wt% 

MMT/ P(VDF-TrFE), d) 0.1 wt% MWCNT/ P(VDF-TrFE) and e) 16 wt% BaTiO3/ P(VDF-TrFE) 

membranes. 

 

The inclusion of the different fillers into the P(VDF-TrFE) polymer matrix does 

not affect the homogeneity of the polymer porous structure. 
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The pore size and porosity largely affects the permeability and the electrolyte 

uptake of the separator [1]. Table 8.1 and figure 8.2 show the pore size, porosity and 

electrolyte solution uptake of the composite membranes. 

 

Table 8.1: Average pore size, porosity and electrolyte uptake of the membranes. 

Sample Average pore size (µm) Porosity (%) Uptake (%) 

P(VDF-TrFE) 7.9 ± 2.7 70.0 ± 3.5 223.1 ± 8.7 

16 wt% NaY/P(VDF-TrFE) 20.6 ± 4.2 36.0 ± 1.8 232.8 ± 14.3 

4 wt% MMT/P(VDF-TrFE) 11.3 ± 6.4 82.8 ± 4.1 327.4 ± 16.4 

0.1 wt% MWCNT/P(VDF-TrFE) 59.8 ± 14.9 75.7 ± 9.9 252.3 ± 8.9 

16 wt% BaTiO3/P(VDF-TrFE) 43.1 ± 5.9 80.2 ± 8.4 303.5 ± 13.0 

 

Figure 8.2: a) Average pore size and b) porosity and uptake for the P(VDF-TrFE), 16 wt% NaY/P(VDF-

TrFE), 4 wt% MMT/P(VDF-TrFE), 0.1 wt% MWCNT/P(VDF-TrFE) and 16 wt% BaTiO3/P(VDF-TrFE) 

membranes. 

 

The pore size tends to be higher for the composite membranes, when compared to 

the pure copolymer, being markedly larger for MWCNT and BaTiO3 composite 

membranes. The only exception is NaY composite membranes. This increase is 

reflected in the electrolyte solution uptake which is higher for MMT, MWCNT and 

BaTiO3 membranes, and just slightly higher in NaY membrane, when compared to the 

pure co-polymer. This can be taken as an advantage of the NaY membranes, since too 

large uptakes can affect mechanical and thermal stabilities [8]. 

The electrochemical behaviour of the separator is crucial for the battery 

performance, as it affects the charge/discharge capacities [2-3]. The ionic conductivity 
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strongly depends on electrolyte uptake, which in turn depends on porosity and pore size 

[9]. 

Table 8.2 and figure 8.3 shows the ionic conductivity (σi), tortuosity () and 

activation energy (Ea) of the composites, obtained from equation 2.5, 2.6 and 2.7 

respectively. 

 

Table 8.2: Room temperature ionic conductivity (σi), tortuosity () and activation energy (Ea) of the 
membranes filled with 1 M LiClO4.3H2O electrolyte solution; σ0 = 9.8 S/cm at 25 ºC. 

Sample σi (S/cm) τ Ea (kJ/mol) 

P(VDF-TrFE) 5.24×10-7 115 64 

16 wt% NaY/P(VDF-TrFE) 2.33×10-6 39 44 

4 wt% MMT/P(VDF-TrFE) 1.61×10-6 117 10 

0.1 wt% MWCNT/P(VDF-TrFE) 2.04×10-6 61 5 

16 wt% BaTiO3/P(VDF-TrFE) 9.22×10-6 29 32 

 

 

Figure 8.3: Room temperature a) ionic conductivity; b) tortuosity and activation energy for the P(VDF-
TrFE), 16 wt% NaY/P(VDF-TrFE), 4 wt% MMT/P(VDF-TrFE), 0.1 wt% MWCNT/P(VDF-TrFE) and 16 wt% 
BaTiO3/P(VDF-TrFE) membranes. 

 

The room temperature ionic conductivity of the composite membranes is about 

one order of magnitude higher than for the pure polymer, indicating that fillers inclusion 

benefits the ionic conduction process, which is confirmed by the decrease of the 

activation energy and tortuosity of almost all composite membranes.  
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The temperature stability of the ionic conductivity is important for the 

temperature range operation of a battery. The temperature dependence of the ionic 

conductivity is shown in figure 8.4. 
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Figure 8.4: Log i as function of 1000/T of (VDF-TrFE), 16 wt% NaY/P(VDF-TrFE), 4 wt% MMT/P(VDF-
TrFE), 0.1 wt% MWCNT/P(VDF-TrFE) and 16 wt% BaTiO3/P(VDF-TrFE) membranes. 

 

All fillers contribute to diminish ionic conductivity variations with temperature, 

namely MMT and MWCNT.  

In general, all fillers have specific improvements in the overall membranes 

performance, although NaY is the best choice for this application due to the high ionic 

conductivity (2.33×10
-6

 S/cm) in a large temperature range, suitable porosity and 

electrolyte uptake (36.0 and 232.8 %). 
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8.2. Conclusions 

 

The need to develop efficient energy generation and storage devices was the main 

motivation for the present work. In this sense, the combined use of polymer-based 

materials (poly(vinylidene fluoride) (PVDF) and its copolymers) with different types of 

fillers (zeolites, clays, carbonaceous and ceramics fillers) proved to be a viable and 

promising route to improve the performance of these devices. 

The thermally induced phase separation technique proved to be adequate to 

prepare polymer composite porous membranes based on poly(vinylidene fluoride-co-

trifluoroethylene) (P(VDF-TrFE)) with NaY, montmorillonite (MMT), multiwalled-

carbon nanotubes (MWCNT) and BaTiO3 fillers with suitable properties for batteries 

separators applications. 

The diverse nature of each filler results in different effects on the properties of the 

composite with respect to the pristine polymer. The presence of fillers in the polymeric 

matrix tends to increase the average pore size, from 7.9 μm for pristine polymer to 

higher values of 43.1 and ~60 μm for BaTiO3 and MWCNT membranes, respectively.  

The porosity of the composites also tends to be higher than that of the pristine 

polymer, increasing from 70.0 % for P(VDF-TrFE) to a maximum of 83 % for MMT, 

with the exception of NaY membrane which presents the lower value of 36.0 %. The 

membranes with higher porosities, MMT, MWCNT and BaTiO3, also present higher 

electrolyte uptakes, 327, 252 and 304 % respectively, compared to the 223 % of the 

pristine polymer. The NaY membrane, despite the lower porosity, also presents a slight 

increase in the electrolyte uptake up to 238 %. 

The tortuosity and activation energy show a strong decrease for almost all 

composites, when compared to the pristine polymer. The tortuosity of 115 is strongly 

decreased to 61, 39 and 29 for MWCNT, NaY and BaTiO3 membranes respectively. 

The activation energy decreases markedly from 64 kJ/mol for P(VDF-TrFE) to 10 and 5 

kJ/mol for MMT and MWCNT composites, respectively. 

The inclusion of fillers leads to an increase in the room temperature ionic 

conductivity of the pristine polymer (5.24×10
-7

 S/cm), up to 2.33×10
-6

 S/cm for the 

composite with NaY, 1.61×10
-6

 S/cm for the MMT composite, 2.04×10
-6

 S/cm for the 

one with MWCNT and a maximum of 9.22×10
-6

 S/cm for the BaTiO3 composite. The 

ionic conductivity variation with temperature is also diminished in the presence of 
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fillers, namely for MMT and MWCNT membranes. All the composite membranes 

showed a stable operation window of at least 6.0 V, suitable for applications. 

In short, all fillers result in improved properties of the polymeric matrix, however 

the NaY particles are the best choice for these applications due to the suitable porosity 

(36.0 %), moderate electrolyte uptake (232.8 %) and high ionic conductivity in all 

temperature range. Furthermore, the increase in the ionic conductivity of the NaY 

membranes is related to the slight reduction in crystallinity from 28 % to 23 % for 

pristine polymer and NaY/P(VDF-TrFE) respectively, and not to higher porosity and 

electrolyte uptake which would affect the thermal and mechanical stability. 

Regarding energy harvesting performance, electrospinning proved to be a suitable 

technique for the preparation of polymeric based fibres for energy harvesting systems. 

PVDF is more effective than P(VDF-TrFE) and BaTiO3/P(VDF-TrFE) mainly due to 

mechanical damping fillers as well as a lower piezoelectric response of the composites. 

The generated output powers of 0.02 W and 25 W, under low and high mechanical 

deformation respectively, for PVDF fibers are suitable for micromechanical devices and 

biosensor applications. 

It is concluded that main objectives of this study were successfully achieved and 

the work represents an effective contribution to the development of novel polymer-

based materials for energy applications. 

 

 

8.3. Future work 

 

The obtained results of this study allow opening new lines of research and works 

for the future. 

The incorporation of individualized specific fillers, in proper amounts, into 

polymer matrices has shown to be advantageous in producing porous membranes for 

battery applications. In this sense, the combined use of different fillers would be 

interesting and promising to tune specific characteristics of the polymeric matrix to 

improve its performance in Li-ion batteries separator applications. Further investigation 

in different functionalizations of the polymer matrix and/or fillers is also a path to 

follow for optimizing these systems. The obtained results also raise the possibility of 

upscaling these materials for use in the production of lithium batteries, therefore the 
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best composites should be tested as separators membranes in batteries, evaluating the 

cycling performance and rate capabilities. 

The energy harvesting system proposed can be effectively improved by 

optimizing the interface between the interdigitated electrodes and fibers, e.g. 

encapsulating the fibers, as well as improving the energy collection circuit. These 

improvements could make the system able to be upscaled for energy generation 

systems. 
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