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Polymer based materials for printed batteries 

 

Abstract 

 

There is an increasing interest in thin and flexible energy storage devices to meet modern 

society needs in applications such as radio frequency sensing, interactive packaging and other 

consumer products. Printed batteries satisfy these requirements and can also be an excellent 

alternative to conventional batteries for many applications. The interest in printed batteries is 

related to the fact of being thin, flexible and with simple integration into devices, associated to 

low production costs. The manufacturing of printed batteries is not simple and requires the ink 

formulation to be optimized for each printing technique. The ink formulation of the different 

materials needed for developing printed batteries has been little explored for the development of 

energy storage systems. Several works have been focusing on the development of inks for 

cathodes and anodes, the separator being still one of the larger challenges requiring strong 

research efforts. 

The objective of this work is to produce battery separators based on poly(vinylidene 

fluoride-co-hexafluoropropene), P(VdF-HFP), and poly(vinylidene fluoride-co-chloro-

trifluoroethylene), P(VdF-CTFE), due to its low crystallinity and high melting temperature, that 

can be formulated as suitable inks. For the battery separator, it is intended to establish a 

correlation between processing conditions, morphology, physico-chemical properties and battery 

performance. In relation to the inks for the cathodes, the objective was to produce new inks 

based on LiFePO4 for screen-printing of batteries. Finally, inks for the anode were also 

formulated based on graphite.  

Thus, the microstructure of P(VdF-HFP) and P(VdF-CTFE) membranes obtained from 

solution was evaluated as a function of polymer concentration and solvent evaporation 

temperature. The formation of a porous membrane is attributed to a liquid-liquid phase 

separation process. For P(VdF-HFP) and P(VdF-CTFE) membranes, the β-phase content, 

thermal, mechanical, dielectric and piezoelectric properties were evaluated and strongly depend 

on the initial polymer concentration and solvent evaporation temperature. 

Cycling tests performed on Li/Sn-C and Li/LiFePO4 half-cells based on P(VdF-HFP) 

polymer electrolyte membranes evidenced nominal capacities ranging from 70% to 90% of the 

theoretical value with very good capacity retention and charge/discharge efficiency close to 

100%, even at high current rates, and 100% of deep of discharge (DoD). In relation to P(VdF-
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CTFE) membranes, the best ionic conductivity value at room temperature is 1.5 mS.cm-1 for the 

membranes prepared with 20 wt.% initial copolymer concentration and solvent evaporation 

temperature at 25 ℃, leading to a degree of porosity of 60% and an electrolyte uptake value of 

292%. The prepared P(VdF-CTFE) separator membranes show good cyclability and rate 

capability. At C/10 and 2C discharge values of 168 and 102 mA.h.g-1, respectively, are obtained. 

The ink for C-LiFePO4 based cathodes presents a delivered capacity value of 81 mA.h.g-1 after 

50 cycles at 2C (charge and/or discharge process in half an hour) and with coloumbic efficiency 

of 100%. With respect to the anode, the discharge capacity values at C/6 and 2C are 152 and 32 

mA.h.g-1, showing their suitability for printed anodes.  

Thus, the developed materials for battery separators, cathodes and anodes show suitable 

characteristics for the development of screen printable lithium-ion batteries. 
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Materiais poliméricos para baterias impressas 

 

Resumo 

 

Existe um interesse crescente em dispositivos de energia de armazenamento finos e 

flexíveis, por forma a ir de encontro às necessidades da sociedade moderna em aplicações tais 

como sensores de radiofrequência, embalagens interativas e outros produtos de consumo. 

Baterias impressas satisfazem estes requisitos e podem ser também uma excelente alternativa às 

baterias convencionais em diversas aplicações. O interesse nas baterias impressas está 

relacionado com o facto de serem finas, flexíveis e de integração simples em dispositivos, 

associado a baixos custos de produção. A fabricação de baterias impressas não é simples e requer 

a formulação de tintas a ser otimizada para cada técnica de impressão. A formulação das tintas 

dos diversos materiais necessários para o desenvolvimento de baterias impressas tem sido pouco 

explorada no desenvolvimento de sistemas de armazenamento de energia. Vários trabalhos 

desenvolvidos têm-se concentrado no desenvolvimento de tintas para cátodos e ânodos, 

continuando o separador a ser um dos maiores desafios, requerendo fortes esforços de 

investigação. 

O objetivo deste trabalho é produzir separadores de baterias baseados em poli(fluoreto de 

vinilideno-co-hexafluoropropileno), P(VdF-HFP), e poli(fluoreto de vinilideno-co-cloro-

trifluoroetileno), P(VdF-CTFE), devido à sua baixa cristalinidade e alta temperatura de fusão, em 

que estes podem ser formuladas como tintas. Para o separador da bateria, pretende-se estabelecer 

uma correlação entre condições de processamento, morfologia, propriedades físico-químicas e 

desempenho das baterias. Em relação à tinta para os cátodos, o objetivo era produzir uma nova 

tinta com base em LiFePO4, para screen-printing de baterias. As tintas para os ânodos foram 

baseadas em ânodo. 

Assim, a microestrutura de membranas de P(VdF-HFP) e P(VdF-CTFE) obtidas a partir 

de uma solução foi avaliada em função da concentração de polímero e da temperatura de 

evaporação do solvente. A formação de uma membrana porosa é atribuída ao processo de 

separação de fases líquido-líquido. Para membranas de P(VdF-HFP) e P(VdF-CTFE), a fase β e 

as propriedades térmicas, mecânicas, dielétricas e piezoelétricas foram avaliadas e dependem, 

fortemente, da concentração inicial de polímero e da temperatura de evaporação do solvente. 

Testes de ciclo carga-descarga realizados em “half-cell” de Li/Sn-C e Li/LiFePO4 com 

membranas P(VdF-HFP), evidenciaram capacidades nominais que variam de 70% a 90% do 
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valor teórico, com boa capacidade de retenção e uma eficiência de carga/descarga  perto dos 

100%, mesmo em altas taxas de corrente e 100% de profundidade de descarga (DoD). Em 

relação a membranas de P(VdF-CTFE), o melhor valor de condutividade iónica à temperatura 

ambiente é de 1,5 mS.cm-1 para a membrana preparada com uma concentração de polímero 20 

wt.% e temperatura de evaporação do solvente a 25 ℃, conduzindo a um grau de porosidade de 

60% e um valor de absorção do eletrólito de 292%. As membranas de P(VdF-CTFE) preparadas 

mostram bons ciclos carga/descarga e capacidade de taxa. Para C/10 e 2C são obtidos valores de 

descarga de 168 e 102 mA.h.g-1, respetivamente. A tinta para o cátodo, baseada em C-LiFePO4, 

apresenta, após 50 ciclos a 2C (é a taxa mais rápida) um valor de capacidade de 81 mA.h.g-1 

(processo de carga e/ou descarga em meia hora) e com eficiência colombiana de 100%. 

Referente ao ânodo, os valores da capacidade de descarga a C/6 e 2C são 152 e 32 mA.h.g-1 , o 

que indica ser uma boa abordagem para ânodos impressos.  

Assim, os materiais desenvolvidos para os separadores de bateria, cátodos e ânodos, 

mostram características adequadas ao desenvolvimento de baterias de iões de lítio impressas por 

screen-printing. 
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1. Introduction 

 

 

 

 

 

This chapter describes the most important developments in printed batteries: the 

advantages and disadvantages of printed batteries are highlighted with respect to conventional 

batteries and the main printing techniques and applications are presented. The chapter is 

organized in two sections devoted to research and industrial developments, respectively. The 

main challenges and future research and development needs in this field are also discussed. 

Finally, the objectives of the present work and the structure of the document are presented. 

  

 

 

This chapter is based on the following publication: “Advances and Future Challenges in 

Printed Batteries”, R. E. Sousa, C. M. Costa and S. Lanceros-Méndez, ChemSusChem, 8 (21), 

2015, 3539 – 3555. 
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1.1. Printed batteries 

 

Printing electronics is a technology that involves the printing of electronic circuits and 

components such as sensors, transparent electrodes and light emitting devices [1] in different 

substrates such as paper, plastic and textile, using standard or specific printing processes and 

equipments [2]. It requires the development of materials’ inks, i.e., dielectric, semiconductive or 

conductive inks based on polymers, metal nanoparticles or composites that are used to print 

active devices [3]. In this sense, recent advances in conductive inks through their stabilization in 

dispersions and novel formulations as well as in flexible substrates promise to deliver new 

applications and open new markets [4]. The most important advantages of printing electronics 

are low cost, flexibility and simplicity of production. Fabrication of electronics is particularly 

interesting for large area devices which do not require high density patterning, such as radio 

frequency identification (RFID) tags, light-emitting diodes (LEDs), health monitoring tags, 

memories, flexible displays, smart labels, batteries, active clothing and photovoltaics [5 – 6].  

Batteries have an increasingly strong technological impact in our society and have 

become an essential part of our daily lives [5]. By moving away from batteries that contain 

heavy metal towards eco-friendly ones, it is observed the beginning of a new paradigm of power 

devices [7]. For a long time, conventional batteries were bulky and heavy. Nowadays, it is 

possible to obtain printed batteries thinner than a millimeter and lighter than a gram, which can 

be produced cost-effectively through a printing process and in large scale [8].  

All batteries fabricated by printing technologies are denominated printed batteries [9]. In 

its true sense, flexible batteries [10] and/or micro-batteries [11] can also be included in this scope, 

whenever obtained by printing. 

Printed batteries are based on solid polymer or composite gels electrolytes with ionic 

conductivities close to high performance liquid electrolytes, in addition to having anode and 

cathode materials [8]. The combination of materials based on conductive inks with high-

throughput printing techniques in battery systems has enabled the fabrication of functional 

systems that are customizable, with large area, thinner, low-cost and mechanically flexible [6, 

12]. The result of this combination is expressed in small, high-power, flexible and light-weight 

rechargeable lithium-based batteries [12]. Furthermore, when combined with a roll-to-roll 

production method, it enables batteries to be fabricated at high speed on roll-to-roll machinery 

that join the various layers of the battery in a continuous run process, reducing the productions 

steps and costs [12].  
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An overview on printed battery components, technologies, applications and advantages is 

shown in Figure 1.1. 

 

Figure 1.1. Overview on the main issues regarding printable batteries. 

There is a strong recent interest in ultrathin, flexible, safe energy storage devices to meet 

the various design and power needs of modern gadgets. To build such fully flexible and robust 

electrochemical devices, multiple components with specific electrochemical and interfacial 

properties need to be integrated into single units [13]. The performance characteristics of energy 

devices are essentially determined by the structural and electrochemical properties of the 

electrode materials. Other important component is the electrolyte that limits high-power 

capability and packaging designs [13]. The characteristics of the printed batteries differ 

significantly from those of conventional batteries and the key differentiating factor is its 

integration, beyond of other properties such as capacity, weight, dimensions and safety [8], and 

tends to be thinner and eco-friendly. Currently, strong research efforts are being devoted to 

improve performance of batteries and developing new fabrication processes. There are already 

several companies on the market (as seen in Chapter 2), producing printable batteries suitable for 

costumer products with specific designs and characteristics. 

From smart cards to radio-frequency identification (RFID) security and information 

devices, to thin film medical products, printed batteries can provide the required power. New 

products and applications that require on-board battery power are increasingly emerging [14]. 

Further, transparent devices have recently attracted substantial attention, but as battery electrode 

materials are not transparent and have to be thick enough to store energy, the development of 

transparent printed batteries is still a challenge [15].  
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Taking account the new applications (e-labels, e-packaging, e-posters, medical 

disposable) that resulted from the combination of the printing electronics and battery  

technologies, the global market value expected in 2015 is $0.15 billions of dollars [16]. 

While it is demonstrated that printed batteries market is strongly increasing, the 

manufacturers of these new types of batteries face important challenges [17]. 

 

1.2. Main advantages and disadvantages of printed batteries 

 

1.2.1. Advantages 

 

Printing electronics offers a potential for high-volume manufacture, driving down 

production cost, and allowing larger area, flexible, compact and portable devices [5]. Further, it 

facilitates production and integration [5] and it is suitable for large area devices which do not 

require high density patterning such as batteries [5 – 6]. 

The reasons for using a printed battery would generally be either to lower the cost or to 

enable specific design features that only printing can provide [17]. Printed batteries basically 

combine the advantages associated with thin-film technologies – lightweight, flexible, 

integration, etc. – with the low manufacturing cost typically associated with printing [17]. It is 

possible to obtain printed batteries thinner than a millimeter [6, 8, 12], lighter than a gram [8], 

mechanically flexible and customizable [6, 12], which can be produced cost-effectively in large 

scale [6, 8, 12]. 

Many printing technologies are capable of producing electrical components with 

functional polymers and materials on flexible media, patterning them in a variety of ways [18]. 

On the other hand, by the use of specifically formulated conductive inks in screen-printing, 

flexography or inkjet, a variety of products are now able to be produced [18], the emergence of 

novel ink formulations and flexible substrates promising to deliver new markets and applications 

[4]. 

It is only a matter of time before these technologies and applications advance to a level 

where they can be mass-produced in more complex forms, such as car batteries and portable 

electronics [18]. 
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1.2.2. Disadvantages 

 

Printable batteries have still the drawbacks of a developing technology, still optimizing 

materials and processes to maximize performance. However, the most serious problem for these 

batteries is its cost [17]. The main factor retarding the market entrance for the printed batteries at 

the present time is their higher cost with respect to conventional batteries. However, there have 

really been some ways to address this problem. Conventional batteries are very inexpensive and 

it is currently impossible for printable batteries to compete with them [17, 19].  It will change as 

production volume increases and technology improves [19]. Efforts in this sense must include 

new manufacturing approaches [17, 19], including the simplification of the manufacturing 

methods which is translated into a reduction of costs [19].  

The addressable market for these types of new battery technologies is small (the powered 

smartcard is a good example of printable battery applications) [17]. In this context, 

manufacturers have also the need to develop products in which the batteries are integrated, such 

as cosmetic patches [17]. In this context, printed battery industries have often worked with 

original equipment manufacturers (OEMs) to build an integrated application system [19 – 20]. 

However, it seems difficult, at the present stage, to be able to compete on price alone with the 

conventional battery market [19]. 

Recent commercial attempts to develop “battery inks” show high manufacturing costs 

and produce small nominal voltages [18]. Improvements in the refinements in areas of 

printability and material quality and performance are thus essential [18]. 

 

The main advantages and disadvantages of printed batteries are resumed on Table 1.1. 

Table 1.1. Main advantages and disadvantages of printed batteries. 
 

Advantages 
 

Disadvantages 
 

Flexibility 

Compact and portable 

Easy production and 

integration 

Fabrication of large area 

devices 

Customizable 

 
Currently higher cost 

Non-optimized 

manufacturing process 

New inks materials needed 
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1.3. Printed batteries vs. conventional batteries 

 

Printed batteries hardly will be able to compete with conventional batteries in 

applications that do not show constraints with respect to size, shape or accessibility [20]. Printing 

battery technology is thus meant to fill the gap of conventional batteries in which size and high 

density power are main requirements of some highly advanced electronic devices [20].  

Printed batteries are suited for a variety of specific applications, as it will be described in 

the next chapter [19], manufactured through printing technologies [21], attractive due to 

tailorable size, flexibility and the possibility of low-cost manufacturing in large areas, turning 

them economically attractive [19].  

The main features of printed batteries are presented in Figure 1.2. 

 

Figure 1.2. Main features of the printed batteries. 

The key factors and features of printed batteries are: 

 

Small thickness: Conventional batteries are not adequate for several electronic 

applications, including antennas [22], biosensors [23] and RFID devices [24], among others. 

Printed batteries with small thickness and optimizable forms printed directly onto various 

substrates are the ideal for high performance printed electronics. 

 

Low-cost of production: One of the advantages of printed batteries is the prospect of low-

cost devices. After optimization of the experimental procedure, mask costs are eliminated, 

enabling cost effective manufacturing, even in low volume production. Further, it can also be 

integrated in the same production line that the application device [25]. 
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Flexible substrates: Typically, polymer substrates show high resistance to chemicals, are 

light weight and flexible. This flexibility facilitates the manufacturing process [26] and allows 

novel applications areas.  

 

Eco-friendly: Printing batteries show safety and eco-friendly advantages. Eco-friendly 

means free of toxins, heavy metals and rare earth elements. Further, they require low energy, 

either during the manufacturing process or during operation. The reduction of the solid material 

waste during manufacturing is a key feature of printing batteries [27]. 

 

Currently, the only component in a printed battery that is not solid is the electrolyte. 

Normally, this component can be composite gel where the separator layer being typically soaked 

with an organic liquid electrolyte (salt dissolved into a polar or ionic liquid to produce an ion-

conducting solution and then, an inert polymeric material [28], the process being determined by 

a time depending swelling process. With the development of solid-state electrolyte inks, these 

batteries could become entirely printed, which is still more advantageous [21] than the 

manufacturing current processes. 

Other fundamental step in printed battery manufacturing is encapsulation [29], used for 

protection and, mostly important, to reduce humidity and maintain the electrolyte solution inside 

the battery [30]. 

Other storage energy device that can be fabricated based on printing techniques is 

supercapacitor. The supercapacitor in comparison with batteries have high specific power 

(W/kg), excellent rapid charging/discharging rate, long cycle life (>100 000 cycles), simple 

principles, fast dynamics of charge propagation and low maintenance cost [31]. 

 

1.4. Relevant applications 

 

Printed batteries are suitable for a wide range of applications. The most highlighted 

applications of printed batteries are radio frequency identification (RFID) devices, sensors, 

powered cards, smart toys and medical devices, which also show the highest potential market 

demand. The common requirements for printed batteries for their use in these applications are 

being thin, flexible and disposable. Printed batteries can also be applied in products that require 

on-board battery power and that are continuously emerging [9]. RFID devices (Figure 1.3) use 

radio waves to communicate to a host device, the main application being automatically 

identifying and tracking tags attached to objects [32]. 
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Figure 1.3. Graphical representation of an RFID device. 

There are two types of RFID devices: active and passive. The difference among them is 

that active RFID uses an internal power source (battery) within the tag to continuously power it 

and its radio frequency (RF) communication circuit, whereas passive RFID relies on RF energy 

transfer from the reader to the tag to power it [33]. The limitation of active RFID tag 

performance is directly related with its battery [34]. The combination of printed batteries with 

RFID devices opens possibilities to extend the RFID performance in distance and will allow a 

rapid expansion to its market, evaluated in $9.2 billion dollars [35]. 

Powered cards are also applications where printed batteries can be increasingly used. 

Figure 1.4 shows an example of powered cards with an incorporated battery.  

 

Figure 1.4. Representation of a powered card. 

These cards contain memory chips or microprocessors which require embedded battery, 

enabling applications such as one time password (OTP) cards, secure access, financial cards and 

gift cards, among others [36]. 

The miniaturization of electronics allowed strong advances in the area of medicine, with 

the development of novel medical devices in which printed batteries can be considered 

advantageous taking into account their size and flexibility. One example of medical devices 

using printed batteries is transdermal drug delivery (TDD) systems where batteries power the 

integrated circuit that ensures proper dosage control until [37]. Figure 1.5 shows an example of 

these medical devices.  
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Figure 1.5. Example of the transdermal drug delivery system. 

Printed batteries can also be used in other health monitoring systems, in wound care and 

cosmetic uses, wireless patches for patient monitoring such as electrocardiogram, vital signs 

monitoring and patient wristbands [38]. 

Other potential applications for printed batteries include sensors and smart toys. 

Depending on the application of the sensor, a printed battery coupled to the sensor provides 

long-term remote monitoring and data acquisition [39]. 

Finally, other important applications of printed batteries are small power electronic devices 

that need energy harvesting since that source of energy is rarely available. This energy is harvested 

from ambient light, thermal gradients, vibration/motion, electromagnetic radiation, etc. [16].  

In relation to parameters performance of printed batteries which include power and 

energy values, lifetime and discharge rate, they depend on the application. For example, RFID 

tag requires only 5.14 μW during the active state with a current consumption of 700 nA at 1.5 V, 

which represents five year operation with a 50 mA.h capacity battery [40]. 

The active and sleep power of smart card component are 15.1 mW and 4.9 μW, 

respectively, and using a battery with 25 mA, the autonomy of the smart cart with adiabatic 

circuit is almost 18 months [41].  

For TDD systems, the typical pumping capacity value is 57 μA.cm-2, and using a printed 

battery with a capacity of 247 mW.h, the pump continuously works for 12 days [42]. 

 

1.5. Printing techniques for printed batteries 

 

Printing technology is a reproducible process in which an ink is applied to a substrate 

with the objective to transfer a specific pattern [4a, 43]. The object printed can be an image, text, 

graphics or a device [44].  
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In the past few decades, printing technologies have evolved from being just a tool to print 

information into a generator of functionalities, leading to their widespread utilization in printing 

electronics [43]. 

Generally, printing technologies are classified in two classes: conventional and digital 

printing. The difference among these two classes is that conventional printing requires the use of 

mask [4, 27].  

Figure 1.6 shows the most important printing techniques that can be used for printing 

batteries, divided into the two main printing classes. 

 

Figure 1.6. Techniques for battery printing divided into the two main printing classes. Figure 

adapted from [4]. 

The main techniques used in conventional printing are spray, flexography and screen. 

Typically, these techniques require the use of a printing plate (the mask) to be reproduced and 

can be used for rapid and large-scale production [43]. In contrast with conventional printing, 

digital printing does not require the use of printing plate and the printed object relies on the 

application of individual droplets that are ejected from a nozzle [45]. 

Independently of the printing technique, the common characteristic in all techniques is 

the use of inks. The ink is then the main component of the printing techniques. The fine control 

of important characteristics of inks, such as viscosity and surface tension, is essential for suitable 

printing. Ink characteristics which also affect print quality are flow, wetting and solubility [46]. 

Typically, the inks for printed batteries are composed by solvent, binder and a solid component. 

This solid component is constituted by one or more components depending on the application [47]. 

The curing process is essential, independently of the type of ink. For solution-based inks, 

the quality of the printed object depends on the volatility of the solvent used and the viscosity of  
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the ink [48]. A suspension-based ink is also being increasingly used for printed batteries and 

involves the use of colloidal suspensions and nanoparticles. The most used ones are conductive 

inks composed by conductive fillers [47].  

Table 1.2 shows the most relevant parameter values related to the different printing 

techniques and including both ink and printing pattern characteristics. In particular, the ink 

viscosity is critical in defining printing technique and pattern quality [49] and presents a range of 

values for each printing technique.  

Table 1.2. Characteristic values of the viscosity and surface tension of the ink, layer thickness, 

resolution and throughput for the different printing methods [4, 44, 51]. 

 
Printing 

technique 

 
Viscosity 

/ Pa.s 

 
Surface 

Tension / 

mN.m-1 

 
Layer 

thickness 

/ μm 

 
Resolution / 

μm 

 
Throughput 

/ m2s-1 

 
Flexographic 

 
0.05-0.5 

 
13.9-23 

 
0.04-2.5 

 
30-80 

 
3-30 

 
Spray 

 
< 0.15 

 
---- 

 
25-20000 

 
Areal coating 

 
3-45 

 
Screen 

 
0.5-50 

 
38-47 

 
0.015-100 

 
20-100 

 
2-3 

 
Inkjet /Piezo 

 
0.005-

0.02 

 
15-25  

< 0.05-20 
 

15-100 
 

0.01-0.5 

The most common types of inkjet printers are based on piezoelectric heads, from which a 

droplet is ejected directly on the substrate by the action of the piezoelectric actuators [50]. 

In relation to the other parameters shown in Table 1.2, it is particularly relevant to stress 

the higher resolution of inkjet printing and the larger throughput representing the velocity of 

printing of spray technique.  

In this way, Table 1.3 shows the most important advantages and disadvantages of the 

different printing techniques. 

Considering both the advantages and disadvantages of each printing technique, the choice 

of the printing technique for batteries must take into account the size of the battery and the ink 

viscosity for each component of the battery. All the aforementioned printing techniques show 

versatility and are able to integrate the existing manufacturing lines of industries [4a]. 

Screen printing and inkjet printing are the most used printing techniques for printed 

batteries, related to the range of materials that can be formulated as inks, and the possibility to 

apply them in various production scales, ranging from prototypes to large-scale production.  
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Table 1.3. Main advantages and disadvantages of the different printing techniques. 

 
Printing 

technique 

 
Main features 

 
Advantages 

 
Disadvantages 

 
Flexographic 

- Low plate pattern 

- High throughput 

- Thin layers 

- Plate degradation due to 

solvents 

 
Spray 

- High throughput 

- High thickness variation 

- Low resolution 

- Excessive overspray 

- Poor painting efficiency 

 
Screen 

- Robust  

- Simple  

- Thick layers 

- Resolution 

- High ink viscosity 

- High throughput 

 
Inkjet /Piezo 

- Non-contact  

- Small ink quantities 

- Low viscosity inks 

- High throughput 

- Nozzle reliability 

 

1.5.1. Flexography 

 

Flexographic printing is a relief printing technique where the image is printed from 

protruding elements on a plate cylinder. The image is transferred to any type of substrate 

including plastic, metallic films and paper, among others [52]. A uniformly cylinder, called 

anilox cylinder, is used to adjust the amount of ink transferred onto the substrate as shown in 

Figure 1.7. 

 

Figure 1.7. Schematic illustration of flexographic printing. 
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The uniform thickness of the ink is controlled by the number of engraved cells (mostly 

inverted pyramids) (Figure 1.7), ensuring an evenly and rapid transfer of a controlled amount of 

ink to the printing plate [52]. The anilox roll is the most sensitive part of the flexographic 

process. It is typically fabricated in chrome-coated ceramics or stainless steel, and the excess of 

ink is removed from it by a doctor blade process. The ink is transferred onto the raised image 

elements of the flexible printing plate and further onto the substrate. The reliefs on the printing 

cylinder pick out ink from the anilox roll, and printing occurs by pressing the substrate against 

the impression cylinder [27]. 

The main advantage of using flexography for printing electronics and batteries is the 

speed and potential to produce integrated smart packages [18]. 

 

1.5.2. Spray 

 

Spray printing is characterized by a collection of moving droplets in the direction of the 

substrate, resulting from an atomization process as shown in Figure 1.8.  

 

Figure 1.8. Schematic illustration of spray printing. 

There are different conventional spray printing techniques based on air and electric field 

(electrostatic) [53]. In the electrostatic spray technique, the droplets are injected in the direction 

of the substrate by a high voltage applied to the nozzle. Air spray technique, on the other hand, is 

based on air-pressure, being more used than the previous one. Finally, there are also hybrid spray 

techniques based on both electrostatic and air pressure spray techniques.  

Spray printing allows to print a relatively wide variety of ink viscosities and thicknesses, 

which mainly determine the droplet size [54]. Typically, the printer layers are dried after every 

printing unit. For the mass production of printed electronics, several parameters such as substrate  
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characteristics, humidity and temperature, among others, must be taken into account. The use of 

spray printing for battery printing has a strong potential due to its easy operation and flexibility 

in industrial scale systems [4, 27]. 

 

1.5.3. Screen printing 

 

In printed electronics, screen printing is the most popular technology as it is faster and 

more versatile than other printing technologies. It further adds simplicity, speed and adaptability 

to the fabrication process [55].  

In screen printing, ink is pressed with a squeegee through a screen onto the substrate as 

shown in Figure 1.9.  

 

Figure 1.9. Schematic illustration of flatbed type screen printing technique. 

The screen is made of a porous mesh. Due to the simplicity of the process, a wide variety 

of substrates and inks can be used, allowing a thinner layer which is typical for screen printing. 

There are two main types of screen printing techniques: flatbed and rotary. 

The flatbed process type is illustrated in Figure 1.9 and, as previously indicated, the ink is 

pressed with a squeegee through a flat screen onto the substrate. In rotary screen printing, ink is 

pushed through a perforated metal or polyester screen cylinder onto the substrate with a 

squeegee in movement [56]. Thus, rotary screen printing has the highest throughput, edge 

definition/resolution and achievable wet thickness. 

Independently of the type, screen printing is an inexpensive, large-area printing technique 

with good control over the deposition area. The quality of screen-printed films highly depends on 

the number of fibers in the screen mesh, the tension of the mask, the distance from the mask to 

the substrate, the characteristics (hardness, edge) and process parameters (speed, pressure, angle) 

of the squeegee, the temperature, the humidity and the air flow around the printing area [27]. 

Also, the ink viscosity is linked to all mentioned parameters, and has to be critically adjusted to 

match the mesh used in the screen mask. 
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Finally, stencil printing is very similar to screen printing and both processes generally use 

the same equipment. The difference between these printing techniques is that in stencil printing, 

the image is a set of open patterns in a solid foil [44]. 

 

1.5.4. Inkjet printing 

 

Inkjet printing is currently the most studied technique for producing low-cost printed 

electronics [45]. Inkjet printing relies on the formation of individual droplets that are ejected 

from a nozzle directly onto the substrate. As shown in Figure 1.10 the inkjet technique can be 

based on continuous flow or drop-on-demand (DOD) where a droplet is ejected on the substrate 

only when needed [57]. 

  
Figure 1.10. Schematic illustration of inkjet printing: a) continuous flow and b) drop-on-demand 

(piezoelectric). 

With respect to the last one, there are two types of drop-on-demand inkjet printers: 

thermal and piezoelectric. Thermal inkjet printers deposit ink from the nozzle by heating the ink 

until a bubble is formed, thus forcing a small drop of ink out from the nozzle. Piezoelectric inkjet 

printers use piezoelectric actuation to force the ink out of the nozzle [55a, 57]. This one has the 

largest potential in printed electronics since the ink viscosity remains constant during the jetting, 

thus leading to a more reliable and accurate droplet formation and jetting, leading to increasing 

print quality and speed, as well as a wider range of suitable materials [27, 51a].  

Inkjet printing is a relatively new technology on an industrial scale and presents some 

limitations with respect to processing speeds and ink formulation (viscosity) (Table 1.2) [45, 

55a]. The precision of this technique is the highest among printing techniques, being able to 

obtain structures in the range of nanometers by increasing the electric field value along with the 

distance between nozzle and substrate [52]. 
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In summary, the printing techniques affect the properties of printed batteries through the 

size and thickness of the different printed layer. The large size of printed battery increases the 

capacity value of the batteries and the most important techniques for obtaining large batteries are 

screen and spray printing. For applications that require low capacity (μA.h), i.e., small size and 

low thickness, the best printing technique is inkjet printing, taking account its advantages. 

Generally, for different applications, the ideal of printed batteries are larger areas and 

thicker layers of the different components. 

Tailoring of printed batteries is necessary to optimize its performance taking in account 

the application requirements and the best printing technique for these requirements. 

 

1.6. Printing batteries 

 

Batteries, invented by Alessandro Volta in 1800, are nowadays the essential 

electrochemical power source for the consumer electronics market and are one of the keys for the 

revolution of the road transportation concept (electric and hybrid vehicles) [58]. 

Typically, batteries are classified into primary (single-use) and secondary and the 

difference between them is that secondary batteries can be recharged and used several times [59]. 

Independently of the chemical material that composes the electrodes and the size of batteries, the 

main components in a battery are positive electrode (cathode), negative electrode (anode) and 

separator as it is shown in Figure 1.11. 

 

Figure 1.11. Schematic representation of the main components and the charge and discharge 

process of a battery. 

During the charging process, the ions move from the cathode to the anode and during the 

discharge process, the movement is made on the opposite direction [60]. In printed batteries, the 

most used battery types are lithium and zinc, and just the electrodes are printed. Normally, the 
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separator component is not printed and is composed by porous membrane with electrolyte 

solution (salts are dissolved into a polar solvent). The electrolyte solution into porous membrane 

is produced through the uptake (soaked) or injection process [28a]. 

Lithium-ion (Li-ion) batteries have advantages with respect to other types of batteries 

(zinc, nickel-metal hydride (NiMH)), such as being compact, lightweight, high average discharge 

rate (~3.7 V) and showing the highest energy density (100-265 Wh.kg-1) [61]. Materials based on 

carbon (i.e., graphite, carbon nanotubes (CNTs) and carbon nanofibers (CNF)) are used as anode 

active materials [62]. For example, for the anodes based on graphite, the electrochemical 

reaction of a Li-ion battery system is: 

𝐶𝑛 + 𝑥𝐿𝑖+ + 𝑥𝑒−
       𝑐       
→     

       𝑑       
←     

𝐶𝑛𝐿𝑖𝑥 

where 𝑐  represents the charge process and 𝑑  represents the discharge process. For cathode 

materials, many active materials have been used, i.e., lithium cobalt oxide (LiCoO2), lithium 

manganese dioxide (LiMnO2) and lithium iron phosphate (LiFePO4), that are transition metal 

oxides. For example, for cathodes based on LiFePO4, the electrochemical reaction of a Li-ion 

battery system is: 

𝑳𝒊𝑭𝒆𝑷𝑶𝟒

       𝒄       
→     

       𝒅       
←     

𝑳𝒊𝟏−𝒙𝑭𝒆𝑷𝑶𝟒 + 𝒙𝑳𝒊+ + 𝒙𝒆−  

where 𝑐 represents the charge process and 𝑑 represents the discharge process.  

In relation to zinc-manganese dioxide batteries (Zn/MnO2), they show certain advantages 

such as high energy content, lower internal resistance, large shelf life and low cost, and thus, 

could replace lithium batteries in many applications [63].  

Printed batteries based on manganese dioxide or zinc have lower cost materials in 

comparison with materials for Li-ion batteries. One fundamental process in printed batteries is its 

sealing that has as main objective to keep constant the atmosphere inside the battery and affect 

its life time. The sealing process consists in sealing layer based on polymer glue that can be 

activated by heat or pressure application [64]. Further, these materials can be formulated into 

inks to be printed by screen printing process onto a variety of substrates in line with other 

manufacturing steps. 

There are several other battery types that result from the combination of the different 

elements that are being developed to power small electronics devices, as we will show in the 

next subsection. 
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1.6.1. Printed battery developments 

 

This subsection is structured in three parts, devoted to the developments in Li-ion 

batteries, zinc/manganese dioxide batteries and other battery types, respectively. For each part, 

the materials and electrolyte solutions will be presented, as well as the main characteristics of the 

battery, such as capacity and related properties and the used printing technique. This information 

is chronologically ordered, to evaluate the evolution of the area, and further discussed. 

 

1.6.1.1. Lithium-ion batteries 

 

The main characteristics of the developed printed batteries based on Li-ion are 

summarized in Table 1.4. 

Table 1.4. Development for printed batteries based on Li-ion batteries and their main properties 

and components. 

Battery 

Type 
Anode Cathode 

Separator / 

Electrolyte 

Printing 

technique 

Capacity / 

voltage 
Ref 

Li-ion Li4Ti5O12 LiMn2O4 

40% PEG, 25% 

PEO, 

20% lithium salt 

and 15% γ-LiAlO 

Screen 

printing 
150 mAh/g [65] 

Li-ion 

Li-metal or 

Fe/Si 

multilayer 

Zr-LiCoO2 
1M LiPF6 in 

EC:DEC (1:1) 

Screen 

printing 

250 μAh/cm2 

/ 2V 
[71] 

Li-ion 

/HPE/MoO

xSy-on-Si 

Li MoS2 LiAsF6 EC:DEC 
Multiple 

processes 
------- [69] 

Li-ion SnO2 Li 
1M LiPF6 in 

EC:DMC (1:1) 

Inkjet 

printing 

812.7 mAh/g 

at 33 μA/cm2 
[70] 

Li-ion Li LiCoO2 

polypropylene 

separator soaked 

with 1M LiPF6 in 

EC:DEC (1:1) 

Screen 

printing 
179 μAh/cm2 [72] 

Li-ion Li LiCoO2 LiPON 
Screen 

printing 
125 μAh/cm2 [66] 

Li-ion 
Graphite: 

MCMB6-28 
LiCoO2 ----- ---- 100 mAh [73] 

Li-ion Li LiCoO2 
1M LiPF6 in 

EC:DMC (1:1) 

Inkjet 

printing 
120 mAh/g [74] 

Li-ion Li4Ti5O12 LiCoO2 
Xerox paper with 

LiPF6 in EC/DEC 

doctor-

blade-

coated 

120 mAh/g [75] 

Li-ion Li LiCoO2 LLZONb or Li3BO3 
screen-

printing 

85 mAh/g / 

3V to 4.1V 
[67] 

Li-ion Li 

graphene-ink  

with 0.1 M 

TiO2 

nanoparticles 

1 M LiClO4 --------- 241 mAh/g [76] 

Li-ion Li Li4Ti5O12 
1M LiPF6 in 

EC:EMC (1:1) 

Micro 

printing 
~146 mAh/g [77] 
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Li-ion Li LiCoO2 

UV 

(ultraviolet)-cured 

ethoxylated 

trimethylolpropane 

triacrylate 

(ETPTA) polymer 

matrix, high-boiling 

point liquid 

electrolyte 

(1M LiPF6 in 

ethylene carbonate 

(EC)/propylene 

carbonate (PC): 

1/1 (v/v)), and 

alumina (Al2O3) 

nanoparticles 

mechanicall

y imprinted 

with a 

maze-

patterned 

PDMS 

stamp 

130 mAh/g [78] 

Li-ion Li4Ti5O12 LiCoO2 

PMMA with SiO2 + 

1 M LiPF6 solution 

in 1:1 (v/v) mixture 

of EC:DMC 

spray-

painting 

technique 

3.91 V and 

100 mAh/g 

for LCO and 

1.5 V and 125 

mAh/g for 

LTO 

[79] 

Li-ion Li4Ti5O12 LiFePO4 
1M LiClO4 in 

EC:DMC 
3D-printing 1.6 mAh/cm2 [80] 

Li-ion Graphite LiCoO2 

P(VDF-

HFP)+silica+ 1 M 

LiPF6 dissolved in 

EC/PC EMC 

(1.5:1.0:1.5 w/w/w), 

Screen-

printing 
2.5 mAh/cm2 [68] 

Li-ion Graphite ----- 

1M LiClO4 in 

EC:DEC (1:1) 

soaked on standard 

whatman separator 

Spray 

deposition 
350 mAh/g [81] 

Li-ion 
Lithium 

metallic 
LiMn2O4 

1M LiPF6 in 

EC:DMC (1:1) 

soaked on standard 

whatman separator 

Laser-

printing 
----- [82] 

Li-ion 
Lithium 

metallic 
Li4Ti5O12 

1M LiPF6 in 

EC:EMC (1:1) 
3D-printing ----- [83] 

Li-ion Li4Ti5O12 LiFePO4 

silica based 

ionogels confining 

ionic liquid 

Inkjet 

printing 
300 μAh/cm2 [84] 

Li-ion 
Graphene/ 

Sulphur 
LiMn2O4 

microporous 

tri-layer membrane 

(PP/PE/PP) Celgard 

2320 soaked in 1.0 

M LiN(CF3SO2)2 

and 0.2M LiNO3 in 

DME and DOL 

Spray 

printing 
1500 mAh/g [85] 

Screen printing technique is used for the preparation of electrodes based on Li4Ti5O12 and 

LiMn2O4 materials in Li-ion batteries with high capacity (~150 mA.h.g-1) [65] and thick-film 

electrodes (~6 μm), with a mixture of a carbon-coated LiCoO2 powder and an epoxy resin, which 

shows high adhesion strength between the printed cathode and the current collector [66].  

Li3BO3 and LLZONb solid electrolytes are also fabricated by screen printing [67]. 

Lithium metal as the active anode material was deposited on the opposite side of the LLZONb 

pellet using a vacuum deposition process. The printed battery fabricated by screen printing 

shows high coulombic efficiency and the electrochemical performance of the battery is 

comparable to that for a lithium-ion battery fabricated by physical vapor deposition.  
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Sequential screen printing (wet) processes have been applied in the fabrication of a 

pouch-type flexible thin-film Li-ion battery, printing consecutive layers for the current collector, 

positive and negative electrodes and gel polymer electrolyte [68].  It was shown that optimum 

conditions of each process are determined by adjusting the paste or slurry compositions to 

achieve lower surface resistance of each layer (current collector and electrodes) and higher ionic 

conductivity for the gel polymer electrolyte [68].  

Three-dimensionally (3D) micro-batteries are being fabricated in order to increase battery 

capacity [69]. Three-dimensional perforated Si substrates with high aspect ratio vertical channels 

have been prepared using inductively coupled plasma (ICP) etching in that a hybrid-polymer 

electrolyte is coated [69]. Inkjet printing was used for the preparation of SnO2 electrodes, with 

the thickness of the monolayer being ~ 770 – 780 nm [70]. This work demonstrated that inkjet 

printing is suitable for the preparation of thin film electrodes for lithium-ion batteries [70]. 3D 

patterned Li4Ti5O12 electrode materials have been fabricated by a micro printing technology [77], 

and the cell shows much better charge and discharge capacities than a conventional cell with a 

flat Li4Ti5O12 electrode at high rates [77]. Highly ion-conductive, bendable polymer electrolytes 

were fabricated, being also conformable to 3D micropatterned architectures of electrodes over 

large areas [78]. This work is particularly relevant as it shows that polymer electrolytes are 

directly writable or printable onto complex and flexible substrates taking into account their 

rheological characteristics as shown in Figure 1.12. 

  

Figure 1.12. a) Conceptual illustration of a printable, flexible, shape-conformable c-GPE. b) 

Dripping characteristic of a liquid electrolyte that does not incorporate Al2O3 nanoparticles 

(designated as F-solution). c) Non-dripping behaviour of UV-curable electrolyte mixture before 

UV-crosslinking reaction (designated as V-solution). d) Comparison of viscosity (as a function 

of shear rate) between the F- and V-solution [78]. 

It is shown that the challenge in the development of 3D-structured and/or printed flexible 

batteries is the maintenance of proper contact in order to facilitate electrochemical reaction at the 

interface between polymer electrolytes and electrodes [78]. Through painting technique, Li-ion  
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batteries were fabricated by sequentially spraying the component paints on desired surface using 

an airbrush operating at 40 psi of compressed air [79]. The paints can be sprayed through a set of 

masks fabricated according to the desired device geometry. The temperature of the substrate was 

controlled from 90 – 120 ℃ using a heat gun or hot plate. 

The separator shows low ionic resistance, with an ionic conductivity of 1.24x10-3 S.cm-1. 

In Li-ion polymer batteries, well-controlled micro-porosity of polymer separators is essential for 

optimal electrolyte uptake and for the formation of a microporous gel electrolyte (MGE) with 

high ionic conductivity and retention upon cycling [79]. Before assembling the Li-ion cell, spray 

printed LCO/polymer and LTO/polymer stacks were tested in half cell configuration, showing 

the expected plateau potentials (3.91 V for LCO and 1.5 V for LTO), good initial capacities (100 

mA.h.g-1 for LCO, 125 mA.h.g-1 for LTO) and suitable capacity retention upon cycling [79].  

It was also demonstrated [81] that spray printing of aqueous slurries can be successfully 

implemented on a pilot paper machine for rapid and reliable large-scale production of self-

standing Li-ion battery electrodes, using natural micro-fibrillated cellulose as a binder. The 

feasibility of the proposed process in producing well-functioning electrodes has been 

demonstrated by evaluating the long-term electrochemical behaviour at room temperature.  

In the work of L. Hu et al. [75], all components of a Li-ion battery were integrated into a 

single sheet of paper by a simple lamination process. Free-standing, lightweight CNT thin films 

(~0.2 mg.cm-2) were used as current collectors for both anode and cathode and were integrated 

with the battery electrode materials through a simple coating and peeling process. LTO/CNT and 

LCO/CNT coin cells have been fabricated for half-cell tests in which lithium metal foil and 

xerox paper were used as the counter electrode and separator, respectively.  

3D printing has been used for the fabrication of Li-ion batteries based on Li4Ti5O12 (LTO, 

mean diameter of 50 nm) and LiFePO4 (LFP, mean diameter of 180 nm), as shown in Figure 1.13. 

 

Figure 1.13. a) Optical and b) SEM images of printed and annealed 16-layer interdigitated LTO-

LFP electrode architectures [80]. 
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This 3D-battery shows high areal energy density of 9.7 J.cm− 2 at a power density of 2.7 

mW.cm− 2 [80]. LiMn2O4 composite material was laser-printed onto flexible Al substrates for the 

development of porous thick-film cathodes with thickness of 60 μm. The laser-printed cathode 

films were calendered and/or laser structured in order to manufacture 3D microstructures with 

improved electrical contact to the Al substrate and to improve the electrolyte wetting behaviour 

[82]. The 3D-patterned electrode is characterized by lined patterns with a high aspect ratio [83]. 

The cell using 3D-patterned electrode showed much better rate capability than that using a 

conventional flat electrode.  

Delannoy et al. [84] showed that technology of all-solid state ink-jet printed micro-

batteries is safe and with competitive performances in comparison to the standard all solid state 

micro-batteries. High ionic conductivity and compatibility with porous composite electrodes 

allow good electrochemical cycling performance: thus, a full Li-ion cell with LiFePO4 and 

Li4Ti5O12 porous composite electrodes shows a surface capacity of 300 μAh cm-2 for more than 

100 cycles. 

High capacity (~1500 mA.hg-1) was found in Li-ion batteries with anode based on 

graphene and sulphur materials through the spray printing method [85].  

 

 
1.6.1.2. Zn/MnO2 batteries 

 

Table 1.5 summarizes the main characteristics of printed batteries based on Zn/MnO2. 

Table 1.5. Development of printed batteries based on Zn/MnO2 and their main properties and 

components. 

Battery 

Type 
Anode Cathode Separator / Electrolyte Printing technique Capacity/voltage Ref 

Zn/MnO2 Zn MnO2 
separator soaked in a solution of 

NH4Cl and ZnCl2 electrolytes 
Printing process 

15 mAh-

25mAh/ 1.45 V 
[86] 

Zn/MnO2 Zn MnO2 

(4.6 M NH4Cl (aq.)/13.7 wt% 

polyethyleneimine (PEI)/3.7 wt% 

Carbopol 940 

Screen printing 25mAh [87] 

Zn/MnO2 Zn MnO2 fibrous substrate 
Stencil-printing 

technique 
---- / 14V [6] 

Zn/MnO2 Zn MnO2 
Poly acrylic acid (PAA) based KOH 

gel electrolyte 
Stencil printed 4 mAh/cm2 [88] 

Zn/MnO2 Zn MnO2 

polyvinyl alcohol/cellulose wet-laid 

nonwoven material soaked in a 

solution of KOH (5.6m) and ZnO 

(0.37m) 

Embedding the 

membrane with 

electrochemically 

active ink 

1.5V and 3 

mAh/ cm2 
[89] 

Zn/MnO2 Zn wire 
MnO2/carbon 

fiber 
------ ----- 158 mAh/g [90] 

Zn/MnO2 Zn MnO2 
paper separator soaked in saturated 

zinc acetate electrolyte 
----- ----- [91] 

Zn/MnO2 Zn MnO2 

1:1 mixture of P(VdF-HFP) and 0.5 M 

solution of zinc trifluoromethane-

sulfonate (Zn + Tf) salt dissolved in 

BMIM + TF- ionic liquid 

Flexography 
0.13 mAh/cm2 / 

1.8V 
[92] 
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Printed thin-film batteries are particularly compelling as power sources for printed 

electronics as they can be manufactured on the same printing line. A challenge in this integration 

has been the typically low cell potential of a battery (maximum of 4.2 V), which alone does not 

meet the typically higher potential requirements of printed thin-film transistors (TFTs) (10 to 30 

V) [6]. Addressing this issue, in [6], Zn/MnO2 batteries were fabricated with MnO2 ink based on 

a mixture (by weight) of 45.3% MnO2 particles (Tronox), 10.6% graphite (KS6, Timcal), 12.1% 

KOH (9M), 1.8% styrene-butadiene binder (LICO Technology Corp.), and 30.2% deionized 

water as a solvent. The zinc ink was fabricated by a mixture (by weight) of 69.3% Zn, 7.3% ZnO 

nanopowder (Inframat), 10.9% Bi2O3 (Alfa Aesar), 1.6% styrene-butadiene binder and 10.9% 

ethylene glycol as solvent. 

Batteries using a random network of CNTs serve both as charge collector and as interface 

with the active components [86]. Devices fabricated by layer-by-layer in an all solution-phase 

approach are presented suitable for large-scale production such as roll-to-roll printing. The 

proof-of-concept device is based in anode (Zn foil), which also acts as a charge collector, 

separator soaked in a solution of NH4Cl and ZnCl2 electrolytes and cathode fabricated from a 

paste of MnO2, CNTs and the same electrolyte mixture. A random CNTs network on top serves 

as the charge collector, although any conducting nanowire could serve for the same purpose. In 

addition, the devices can be fabricated using a roll-to-roll or inkjet printing process [86]. 

On a different approach, a 1.5 V-class film-type Leclanché battery was designed by 

adopting a multi-layered packaging film and NH4Cl based adhesive aqueous electrolytes 

fabricated by screen printing technique in order to improve the barrier and selective permeation 

property, ionic conductivity and shelf life, respectively [87]. 

Further, in [88], a flexible printed battery was presented with a mesh support as 

illustrated in Figure 1.14.  

 

Figure 1.14. a) Schematic diagram of the cross-section of an assembled Zn/MnO2 alkaline 

battery with sandwich-type architecture and b) optical image of a flexible Zn/MnO2 battery 

laminated inside a polyethylene pouch [88]. 
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The mesh support enables these flexible batteries to exhibit a high capacity, due to 

increased thickness of the electrode. This battery design can be customized to power devices 

with various power and energy requirements, and the process can be readily integrated with the 

current large scale manufacturing techniques. The mesh architecture is not limited to alkaline 

battery systems and could be used with other battery chemistries. Readily customized flexible 

batteries, such as those described in [88], will help to realize the potential of flexible mobile 

electronic devices. 

A technique to reinforce arbitrary battery electrodes was developed by supporting them 

with mechanically tough, low-cost fibrous membranes, which also serve as the separator [89]. 

This technique was used to fabricate a high energy density, nontoxic Zn/MnO2 battery with 

printed current collectors. The Zn and MnO2 electrodes were prepared by a solution-based 

embedding process, as represented in Figure 1.15. 

 

Figure 1.15. Schematic of the process used to reinforce flexible battery electrodes [89]. 

The cell had a nominal potential of 1.5 V and an effective capacity of ~3 mA.h.cm-2. The 

effect of bending and fatigue on the electrochemical performance and mechanical integrity of the 

battery were investigated. The battery was able to maintain its capacity, even after 1000 flex 

cycles to a bend radius of 2.54 cm. The battery showed an improvement in discharge capacity 

(ca. 10%) if the MnO2 electrode was flexed to tension as a result of the improvement of particle-

to-particle contact. The flexible battery was used to power a light-emitting diode display 

integrated with a strain sensor and microcontroller. 

A novel fiber-type zinc-carbon battery based on carbon fiber was proposed in [90]. The 

fiber battery comprises two carbon fiber based electrodes, one insulated wire as the separator and 

electrolyte, which is sealed in a flexible plastic tube. The fiber battery does not exhibit any loss 

in the capacity during the bending tests, illustrating good flexibility. 

The development for all other composite slurry components of the zinc-based battery 

system for flexographic printing in shown in [92], including water-based zinc anode, nickel  
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current collector, as well as the inert particle based ionic liquid slurry electrolyte. It is also 

suggested that further optimization of the ink formulations is possible to achieve better printing 

quality on a variety of nonconductive and conductive substrates. Specifically, the effects of the 

polymer binder contents as well as the type and amount of surfactant additives on the printability 

must be addressed. 

 

1.6.1.3. Other battery types 

 

Previously, we saw the development of printed Li-ion and Zn/MnO2 batteries taking into 

account the printing technique and capacity value. However, there are other developed battery 

types, from which the main characteristics are summarized in Table 1.6. 

Table 1.6. Main properties and components of different printed batteries. 

Battery 

Type 
Anode Cathode Separator / Electrolyte 

Printing 

technique 

Capacity / 

voltage 
Ref 

Ni/H2 Ni Ni 
Celgard separator (3501) soaked with 

26 wt.% KOH 
Microfabrication 

1.7mAh at 

C/12 /1.48V 
[93] 

Zn/air 
Zn/carbon

/polymer 

PEDOT|Au| 

Gore-TexTM 
LiCl/LiOH electrolyte solution Screen printing 1.4 mAh/cm2 [94] 

Silver/zinc Zinc Silver 10M KOH + ZnO Inkjet printing ------ [95] 

Silver/zinc Zinc Silver 57:29:14 H2O:KOH:PEO (Mv = 600,000) Printing technique 1.8 mA/cm2 [96] 

Silver/zinc Zinc Silver PAA containing 6MKOH + 1MLiOH Screen printing 
1.3-2.1 mAh/cm2 

/ 1.5V 
[97] 

Silver/zinc Zinc Ag2O PAA electrolyte Stencil printing 5.4 mAh/cm2 [98] 

Organic 

Radical 

Batteries 

------ ------ 

0.1 M solution of tetrabutylammonium 

hexafluorophosphate in propylene 

carbonate 

Inkjet printing ------- [99] 

Organic 

Radical 

Batteries 

------ ------ 

0.01 M AgNO3 and 0.1 M solution of 

tetrabutylammonium perchlorate (TBAP) 

in CH3CN 

Screen printing ------- [100] 

A conventional Ni-H2 battery relies on high-pressure hydrogen (55–70 atm) to provide 

the necessary hydrogen capacity to match the positive electrode capacity. In light of this demand, 

evaluating the possibility of microfabricating a Ni-H2 batteries using thick film printing is 

attractive as it is shown in [93]. Nickel hydroxide powder (Kansai Catalyst Co., Ltd.) was used 

as the positive active material. The 12 μm powder is 2.5 wt.% cobalt surface-coated and has a 

4.5 wt.% zinc and 0.7 wt.% cobalt mixed in a solid solution within the nickel hydroxide. An ink 

based on platinum black in PVdF/DMF slurry was developed and printed.  

A platinum black-based ink was shown to be an acceptable negative electrode ink with 

reasonable reactivity towards hydrogen oxidation and reduction and negligible mass transfer 

resistance. A full cell was assembled using the printed positive assembly and the printed negative 

assembly with a conventional electrolyte-soaked separator. 

Sudden upward shifts in charging curves and a corresponding rapid increase in the total 

cell impedance were observed during cycling. The increase in the cell impedance is related to  
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poor oxygen recombination/water redistribution within the cell. However, an improvement in the 

cycle percent utilization was also observed, showing the possibility of acceptable cycling 

behaviour if better control of the total cell impedance can be achieved [93]. 

A two-step printing technique to deposit an alkaline electrolyte for a high-energy density 

silver/zinc printed battery is shown in [96]. An analysis of electrolytes with polyethylene oxide 

and methyl cellulose was performed, and it was found that a dried 57:29:14 H2O:KOH:PEO (Mv 

= 600,000) electrolyte showed the highest areal energy density of 4.1 ± 0.3 mW.h.cm−2 and a 94 

± 3% Ag2O at a C/2 discharge rate of 1.8 mA.cm−2. Through the synthesized PAA separator, it 

was demonstrated a stencil printed silver oxide battery with areal capacities of 5.4 mA.h.cm−2 

and volumetric capacities of 7.1 mA.h.cm−3 [98].  

 

Figure 1.16. a) Stencil printing of slurry to form printed electrodes, b) cross section of a printed 

battery stack, c) top-down view of battery stack and d) SEM image of a fully printed battery 

stack [98]. 

The batteries of Figure 1.16 show no difference in discharge upon flexing at a bend 

radius of 1.0 cm, indicating their potential in flexible applications. The processes developed are 

scalable to large scale manufacturing and allow for customization to the application. An organic 

radical battery with carbon fibers in composite electrodes was fabricated by screen printing 

technique as is shown in [100]. The authors show that the charge/discharge performance of this  
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battery was dominated by the interfacial electron transfer processes at the current 

collector/carbon fiber interface. 

 

1.7. Commercial printed batteries 

 

Batteries manufactured by means of printing techniques are already on the market. Such 

products offered by the companies presented in Table 1.7 actually serve niche markets. 

Table 1.7. Commercial printed batteries. 

Company 
Voltage 

(V) 

Chemical 

System 
Anode Cathode Electrolyte Capacity 

Technique 

production 

PowerPaper 1.5 Zn/MnO2 Zn MnO2 ZnCl 15-30 mAh 

Screen 

Printing /silk-

screen 

printing 

Solicore 3 Li/MnO2 
Lithium 

Metal (Li) 

Manganese 

Dioxide 

(MnO2) 

Lithium bis-

trifluoromethanesul 

fonimide (LiTFSI) 

10- 25 mAh  

Blue Spark 1.5 Zn/MnO2 Zn MnO2 Zinc Chloride 30- 54 mAh  

Enfucell 1.5-3 
Metal - 

MnO2 
Zn MnO2 Zinc Chloride 10- 90 mAh 

All Printed by 

Roll to roll 

Cymbet Corp 3.6-3.8 Li-ion Li LiCoO2 LiPON 1-30 mAh  

Front Edge 

Technology 
3 

Lithium-

LiCoO2 
Li LiCoO2 LiPON 1-5 mAh  

Infinite Power 

Solutions 
4 X-LiCoO2 Li LiCoO2 LiPON 0.7 mAh  

Oxis Energy 

Ltd 
 Li-Sulphide Li Li2S+S 

Aprotic electrolyte; 

comprising lithium 

salt 

  

Ion 

Technology 
3.5 

Graphite-

aluminum 
Al Graphite Solid Polymer 

30 mAh/ 

4cm2 
 

Leeds Lithium  

Carbon - 

lithiated 

metal oxide 

(gel 

electrolyte) 

C LiMn2O4 Polymer electrolyte   

Varta 

Microbattery 
3 Li/MnO2 

Li metal, 

alloy, or 

Li/graphite 

MnO2, 

LiCoO2, or 

LixMnO2 

Organic electrolyte 
25 mAh 

(@0.03mA) 
 

Thin Battery 

Technology 
1.5 

Zn/ 

C/MnO2 
Zn c/MnO2 ZnCl2, Zn(OAc)2   

Imprint Energy   Zn 
Metal 

Oxide 

Solid polymer 

(zinc ions in 

Imprint’s case) 

 
Screen 

Printing 

Power ID 1.5 Zn/MnO2 Zn MnO2   

Electrodes 

layers are 

fabricated 

from 

proprietary 

ink that can 

be printed 

onto any 

substrate 

Prelonic 1.5 Zn/MnO2 Zn MnO2   
Screen 

Printing 

The Advanced Materials Innovation Center (AMIC) developed a lithium polymer battery 

that can be manufactured by printing technology [101]. The printed lithium-polymer battery  
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developed is flexible and designed for flexible displays or as attachment to curved surfaces. It is 

manufactured using screen-printing technology, with dimensions around 500 μm but having an 

increased surface area than other conventional batteries. Beyond this fact, it shows low cost 

production and it is rechargeable [101]. 

A flexible manganese and zinc type battery was also developed by the Fraunhofer 

Research Institution for Electronic Nano Systems [101] with size (20×20 mm2), 20 mA.h 

capacity and 1 mA current. 

Enfucell Inc. has created a thin, flexible and eco-friendly soft battery. During the majority 

of the 20th century, batteries have been cylinders or rectangles in shape and containing heavy 

metals. Enfucell is taking a different approach. The company is focusing on the environmental 

impact of its batteries in industry. Enfucell’s batteries are made of low-cost, environmentally 

friendly materials based on zinc and manganese dioxide with zinc chloride as an electrolyte 

[102]. Enfucell Inc. and Blue Spark Inc. have developed flexible and soft not rechargeable 

batteries by using a printing method on plastic substrates [5, 102]. 

On the other hand, Solicore Company produces ultra-thin, flexible, safe, high energy 

density lithium polymer batteries to meet product's power and design needs [14]. They use the 

screen printing technology to manufacture this battery replacing liquid, gel and paste electrolytes 

commonly found in most rechargeable batteries by a polymer electrolyte [14]. 

The delivered capacity value also depends on the size of the battery. For example, the 

Softbattery of Enfucell Inc. with dimension of 60 mm x 72 mm presents 90 mA.h at 0.6 mA in 

comparison with the same battery but from different dimensions (36 mm x 46 mm) which has 

only 18 mA.h at 0.2 mA [102].  

Table 1.7 shows that there are different commercial printed batteries with capacity 

varying from 0.7 to 90 mA.h. The main difference of the printed batteries is being the electrolyte. 

The formulation of this material is extremely important as it determines ionic conductivity and 

diffusion. It is relevant to notice the lack of precise information from the manufacturers in this 

issue and also about the price. 

The price of the battery depends on manufacturer company and size but taking account its 

applications is predicted to be from $2 to $5 for each battery.  

 

1.8.  Batteries based on poly(vinylidene fluoride) materials 

 

Battery separators are often based on porous polymer membranes, including fluorinated 

polymers, such as poly(vinylidene fluoride) (PVdF) and its copolymers. When compared to  
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commercial separators, PVdF and its copolymers are more advantageous [111 – 114], due to 

their high polarity and dielectric constant, which provides larger affinity with polar liquid 

electrolytes [115 – 118], which can assist ionization of the lithium salts [119 – 127]. Further, 

these polymers can be tailored in different geometries through binary and ternary 

polymer/solvent systems, are wetted by organic solvents, chemically inert, show good contact 

between electrode and electrolyte and are stable in cathodic environment [119 – 127]. 

Due to selective interactions with the anion, PVdF as battery separator is effective in 

enhancing the lithium transport number. The ionic conductivity of PVdF is associated to the total 

solution uptake, which depends on porosity and pore size [128]. Polymer electrolytes based on 

PVdF for battery applications should present high porosity (50 -80 %) and small pore diameters 

(<1µm) [129]. Porous battery separators from fluorinated polymers are most commonly obtained by 

phase inversion processes such as thermal induced phase separation (TIPS), using solvent and non-

solvent systems and electrospinning [115, 118]. The achieved porosity of battery separators ranges 

between 0% to 90% and the pore size from 0.5 μm to 16 μm [116, 130 – 135]. The cells with 

polymer electrolytes showed good electrochemical and rate performance during cycling [129, 136].  

Recently, the copolymer poly(vinylidene fluoride-co-hexafluoropropene) (P(VdF-HFP)) 

has drawn increasing attention as it seems to be more promising than PVdF for battery separator 

applications [1, 21], as the addition of the hexafluoropropylene (HFP) group into the main VdF 

blocks increases the fluorine content, leading to a more hydrophobic material [1], soluble in 

more solvents and with lower degree of crystallinity [22]. Meanwhile, strong research efforts are 

being developed on the copolymer poly(vinylidene fluoride-co-chloro-trifluoroethylene)  

(P(VdF-CTFE)) for electrical energy storage [106 – 109] due to its high ionic conductivity and 

good compatibility with lithium metal electrodes [110]. This copolymer is relatively recent and 

should be further studied, being necessary to understand and tailor its microstructure for different 

applications.  

On the other hand, PVdF binder is the most used for electrode slurry preparation for C-

LiFePO4 based cathodes, once it is essential for binding active material and conductive additive, 

for obtaining high adhesion of the electrode to the current collector and mechanical stability and 

flexibility of the electrode [82]. It also shows high temperature thermal stability, chemical 

resistance, low permeation, excellent electrical and mechanical properties [83], electrochemical 

stability from 0 V to 5 V, good and durable adhesion to the current collector and chemical 

resistance in the electrolyte solution [148]. Other main characteristic of the binder is its 

molecular weight, which should be high for improving the adhesion between electrode and 

collector and the cohesion between active material and conductive additive [84]. 
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1.9. Thesis objectives 

 

Taking into account the previous state of the art, there is a scientific and technological 

need on the development of novel separator membranes as well as to develop novel inks for the 

different components of the battery.  

In order to address some of these challenges, this work has, as main objectives, the 

development of novel materials for separator membranes based on PVdF co-polymers and to 

develop novel screen-printable cathode and anode inks. Specifically, it is proposed to: 

 understand and to tailor copolymers membranes separators, establishing a correlation 

among processing conditions, microstructure of the P(VdF-HFP) and PVdF-CTFE 

membranes, and their properties, in order to evaluate their application range;  

 understand and establish a correlation among the microstructure of the P(VdF-HFP) 

and PVdF-CTFE membranes and their properties for battery applications such as 

electrolyte solution uptake and ionic conductivity; 

 develop new cathode and anode inks for lithium-ion printed batteries.  

 

1.10. Thesis structure 

 

The present thesis is divided into six chapters, showing the evolution of the work during 

the investigation. Five of the chapters are based on published scientific articles.  

In Chapter 1 it is described the general state of the art and future needs on printed 

batteries. It is to notice that more specific states of the art on each topic are presented in each 

chapter. 

The main characteristics of P(VdF-HFP) membranes, as a result of different 

solvent/solute ratios and solvent evaporation temperatures, are shown in Chapter 2. Separator 

membranes with different microstructures have been obtained and their degree of crystallinity, 

porosity, dielectric and piezoelectric properties have been evaluated. 

In Chapter 3 it is presented and discussed the performance as battery separators of the 

P(VdF-HFP) membranes presented in Chapter 2. Ionic conductivity, voltammetry and 

charge/discharge cycles were evaluated for the different membranes. 

The main characteristics of P(VdF-CTFE) separator membranes as a result of different 

preparation conditions, including variations of solvent/solute ratio and solvent evaporation 

temperatures, are shown in Chapter 4. Separator membranes with different microstructures have  
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been obtained and their degree of crystallinity, porosity, dielectric and piezoelectric properties 

have been evaluated. 

In Chapter 5 the performance as battery separators of the membranes presented in 

Chapter 4 is presented and discussed. Ionic conductivity, voltammetry and charge/discharge 

cycles were evaluated for the different membranes. 

In Chapter 6 it is shown the production of cathode screen-printable inks, their physico-

chemical properties and cycling tests on Li/LiFePO4 half-cells with commercial electrolyte 

membranes (Whatman brand). Further, results related to the development of anode inks are also 

presented. 

Finally, Chapter 7 provides the general conclusions, as well as suggestions for future work. 
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This chapter reports and discusses poly(vinylidene fluoride-co-hexafluoropropylene), 

P(VdF-HFP), membranes, that have been prepared by thermally induced phase separation 

(TIPS), allowing to tune microstructure and morphology. The obtained microstructure is 

explained by the Flory-Huggins theory, depending on polymer concentration and solvent 

evaporation temperature. The formation of a porous membrane is attributed to a spinodal 

decomposition of the liquid-liquid phase separation. The effect of the processing conditions on 

the morphology, degree of porosity, degree of crystallinity and crystalline polymorph, thermal, 

dielectric and piezoelectric properties of the P(VdF-HFP) polymer were evaluated. 

  

 

 

This chapter is based on the following publication: “Microstructural variations of 

poly(vinylidene fluoride co-hexafluoropropylene) and their influence on the thermal, dielectric 

and piezoelectric properties”, R. E. Sousa, J. Nunes-Pereira, J. C. C. Ferreira, C. M. Costa, A. V. 

Machado, M. M. Silva and S. Lanceros-Méndez, Polymer Testing, 40, 2014, 245 – 255. 
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2.1. Introduction 

 

Significant advances are being performed in scientific and commercial areas for the 

development of membrane separation technologies [1]. Polymeric membranes are being used for 

a variety of industrial areas, including microfiltration (MF) [2], ultrafiltration (UF) [1, 2], reverse 

osmosis (RO) [1, 2], nanofiltration (NF) [3], hyperfiltration [3] and gas separation [2]. The 

applications of membrane technologies cover almost every industrial sector including 

environmental, electronic, energy, chemical and biotechnology [1]. For example, the membrane 

is a critical component of fuel cells [4] and lithium-ion batteries [1, 5] and the control of surface 

hydrophobicity allows the development of membrane distillation (MD) [6] applications. Each 

application imposes specific requirements to the membrane material and structure. For micro and 

ultrafiltration membranes, porosity and pore size of the membranes determine the efficiency of 

filtration [2].  

Much effort is being devoted to improve membrane anti-fouling properties, mechanical 

strength and chemical resistance [1]. In a general way, the final properties of the polymer 

membrane depend on processing parameters, including polymer concentration, solvent 

evaporation temperature, solvent type, non-solvent content in the solution and coagulation bath 

[7, 8]. The most commonly used technique to produce membranes is the phase separation of 

polymer solutions by phase inversion, which can be achieved by different methods [2], including 

TIPS [9], controlled evaporation of solvent from three component systems [10], precipitation 

from the vapour phase [11], immersion precipitation (IP) [12] and air-casting [13]. Currently, 

most of the commercial membranes for microfiltration and ultra-filtration [14] are produced by 

phase inversion methods [14], mainly due to its simplicity and flexible production scales, 

allowing maintaining low production costs.  

Among the aforementioned methods, TIPS has received considerable attention and has 

become one of the main methods of polymer membrane preparation [15]. In comparison to 

traditional phase separation processes, TIPS shows some advantages: it can be applied to a wide 

range of polymers, including those that cannot otherwise be formed into membranes due to its 

poor solubility [9]; it can be used to generate dense and porous films, the latter with isotropic, 

anisotropic or asymmetric microstructures with an overall porosity as high as 90 %;  and it is 

more flexible than wet or dry-casting, since it depends primarily on heat transfer rather than the 

more complex multi-component mass transfer [9].  
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Poly(vinylidene fluoride) (PVdF) has received large attention as a membrane material 

due to its outstanding properties such as high mechanical strength, thermal stability, chemical 

resistance and high hydrophobicity, when compared to other polymer materials, such as 

polysulfone (PSU), polyethersulfone (PES) and polyimide (PI) [16]. PVdF membranes have 

been extensively applied in ultrafiltration and microfiltration [17], and are currently being 

explored as potential candidates in membrane contactor [18] and membrane distillation 

applications [19]. PVdF dissolves in common organic solvents, in which, porous PVdF 

membranes can be produced by phase inversion [20].  

Besides PVdF, there are some other fluoropolymers which can be used as membrane 

materials, such as P(VdF-HFP) and poly(vinylidenefluoride-trifluoroethylene) P(VdF-TrFE) 

[20]. P(VdF-HFP) has drawn much attention [1, 21] and seems to be more promising than PVdF 

for membrane applications as the addition of the amorphous phase related to the 

hexafluoropropylene (HFP) group into the main VdF blocks, increases the fluorine content 

leading to a more hydrophobic material [1], soluble in more solvents and with lower degree of 

crystallinity  [22]. Thus, for lithium-ion battery separator applications, the amorphous phase of 

HFP helps to capture larger amounts of liquid electrolytes [23], whereas the crystalline VdF 

phase provides mechanical integrity for the development of free-standing films [21].  

Microporous membranes of P(VdF-HFP) have been prepared by phase inversion from 

acetone/water/P(VdF-HFP) solutions with degrees of porosity between 70 and 90 % [23]. The 

effect of P(VdF-HFP) concentration for the development of hollow fiber membranes has been 

studied in the system N,N-dimethylacetamide (DMAC)/ poly(ethylene glycol)/ (PEG)/P(VdF-

HFP) and it was verified that internal and external pore sizes decreased with increasing 

copolymer content [24]. P(VdF-HFP) membranes were also produced on ternary system from 

PVdF and propylene carbonate (PC) or dimethyl sulfoxide (DMSO) solutions, the gelation 

occurring at relatively low concentrations and the miscibility area of the ternary diagram being 

larger for DMSO than for PC [25]. 

Taking into account the reported literature for production of membranes based on P(VdF-

HFP), a systematic approach to the modification of P(VdF-HFP) microstructure is still needed. 

Thus, the present work is devoted to the preparation of membranes from the P(VdF-HFP)/N,N 

dimethylformamide (DMF) solution. Membranes were prepared by TIPS varying P(VdF-

HFP)/DMF relative concentration and solvent evaporation temperature. Membranes with 

different microstructures have been obtained and their degree of crystallinity, porosity, dielectric 

and piezoelectric properties has been evaluated. 
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2.2. Experimental 

 

2.2.1. Materials  

 

Poly(vinylidene fluoride-co-hexafluoropropylene) P(VdF-HFP) (Solef 21216; Mw = 

600,000 g.mol-1; 12 wt.% HFP) was supplied by Solvay. N,N-dimethylformamide (DMF, 99.5 

%) was supplied by Merck. 

 

2.2.2. Membrane preparation 

 

The P(VdF-HFP) polymer concentration in solution ranged from 5 wt.% to 20 wt.%. The 

polymer was dissolved in DMF at room temperature under constant magnetic stirring until a 

homogeneous solution was obtained. After total polymer dissolution, the solution was placed on 

clean a glass substrate and spread by blade coating with the thickness of 100 m followed by 

isothermal evaporation within an air oven at temperatures from room temperature to 100 ℃. 

 

2.2.3. Sample characterization  

  

The morphology of the P(VdF-HFP) membranes (prepared by fracturing the 

corresponding film in liquid nitrogen) was obtained by scanning electron microscopy (SEM) 

(Cambridge, Leica) with an accelerating voltage of 15 kV. Previously, the samples were coated 

with a thin gold layer using a sputter coating (Polaron, model SC502 sputter coater).  

The porosity of the membranes was determined using a pycnometer according to the 

following expression: 

𝜌𝑚 =
 𝜌𝑤𝑚3 

 𝑚1+𝑚3−𝑚2 
  (2.1) 

where 𝜌𝑚 represents the density of the membrane sample (the density of the pristine polymer, 

𝜌𝑝𝑜𝑙, is equal to 1.77 g cm-3), 𝜌𝑤 is the water density, 𝑚1 is the mass of pycnometer with water, 

𝑚2 is the mass of pycnometer with water and the membrane and 𝑚3  is the mass of the dry 

membrane [26]. 

The degree of porosity was then calculated using the following relation [26]:  

𝜙 = 1 −
 𝜌𝑚 

 𝜌𝑝𝑜𝑙 
  (2.2) 
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Contact angle measurements (sessile drop in dynamic mode) were performed at room 

temperature in a Data Physics OCA20 device using ultrapure water (3 ml droplets) as the test 

liquid. At least 3 measurements on each sample were performed in different sample locations 

and the average contact angle was calculated. 

The polymer crystalline was identified by Fourier Transformed Infrared spectroscopy 

(FTIR) at room temperature with a Jasco FT/IR-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. 

Melting temperature and degree of crystallinity were determined by differential scanning 

calorimetry (DSC) with a Mettler Toledo 821e apparatus. The samples were cut from the central 

region of the membranes, placed in 50 l crucibles and heated from 50 to 200 ℃ at a rate of 10 

℃.min-1, under an argon atmosphere. The degree of crystallinity (𝜒𝑐) was calculated from the 

enthalpy of the melting peak (Δ𝐻𝑓) based on the enthalpy of a 100% crystalline sample, through: 

𝜒𝑐 =
 Δ𝐻𝑓 

 𝑥𝐻𝛼+𝑦Δ𝐻𝛽 
 (2.3) 

where 𝑥 is the weight fraction of the 𝛼-phase, 𝑦 is  the weight fraction of the 𝛽-phase determined 

from the FTIR measurements, Δ𝐻𝛼 is the melting enthalpy of pure crystalline 𝛼-PVdF and Δ𝐻𝛽 

is the melting enthalpy of pure crystalline 𝛽-PVdF which are reported to be 93.04 J.g-1 and 103.4 

J.g-1 respectively [27, 28]. 

Dielectric measurements were performed using a Quadtech 1920 LCR precision meter. 

The real part of the dielectric function (𝜀′) and the dielectric losses (𝑡𝑎𝑛 𝛿) were obtained at 

room temperature in the frequency range of 200 Hz to 1 MHz with an applied voltage of 0.5 V.  

Circular aluminum electrodes of 5 mm diameter were vacuum evaporated onto both sides of 

each sample.  The error associated to the dielectric measurements is ~2 %, mainly due to the 

geometrical factors. 

The piezoelectric 𝑑33 coefficients were then measured using a 𝑑33 meter APC YE2730A. 

For determination of the piezoelectric coefficient, the P(VdF-HFP) was first poled by corona 

discharge at a controlled temperature inside a home-made corona chamber with the following 

parameters: applied voltage of 10 kV at a constant current of 20 μA; constant distance of 2 cm 

between the sample and the tip; poling time 30 min. The poling conditions were further 

optimized by varying poling temperature from 80 to 120 ℃ and then cooled to room temperature 

under the applied electric field [29].  
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2.3. Results 

 

The membrane thickness varies between 9 – 76 m depending on polymer concentration 

(Figure 2.1) and is independent of the evaporation temperature.  
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Figure 2.1. Membrane thickness as a function of polymer concentration for the different 

evaporation temperatures. 

SEM images showing the microstructural evolution of the P(VdF-HFP) samples prepared 

by solvent evaporation at room temperature and varying initial polymer concentration in the 

P(VdF-HFP)/DMF binary system from 5 to 20 wt.% are presented in Figure 2.2 a) – Figure 2.2 

d). The effect of the solvent evaporation temperature on membrane morphology is shown in 

Figure 2.2 e) – Figure 2.2 f).  
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Figure 2.2. Surface images of the P(VdF-HFP) membranes prepared from the P(VdF-

HFP)/DMF solution: solvent evaporation at room temperature with a) 5 wt.% P(VdF-HFP), b) 10 

wt.%  P(VdF-HFP), c) 15 wt.%  P(VdF-HFP) and d) 20 wt.% of  P(VdF-HFP). Microstructures 

of the sample with 20 wt.% P(VdF-HFP) with solvent evaporation at e) 50 ºC and f) 100 ℃. 

The membranes show a porous morphology evolving from large pore sizes of ~7.5μm 

(Figure 2.2 a)) to lower pore sizes of ~2μm (Figure 2.2 d)), the pore size decreasing with 

increasing initial polymer concentration in the P(VdF-HFP)/DMF solution. 

In particular, Figure 2.2 a) shows a three dimensional particulate morphology with macro 

voids or finger-like pores suggesting a precipitation situation dominated by liquid-liquid 

demixing in the phase diagram [30]. The inset of Figure 2.2 a), shows that the particulate 

morphology is the spherulitic structure characteristic of PVdF [31]. 

The degree of porosity of the P(VdF-HFP) membranes is plotted in Figure 2.3 as a 

function of initial polymer concentration.  

 

 

 

 

 



Chapter 2 – Microstructural variations of poly(vinylidene fluoride co-hexafluoropropylene) and their influence on 

the thermal, dielectric and piezoelectric properties 

 
    53 

 

4 8 12 16 20
45

50

55

60

65

70

75

80

85

 

 

P
o
ro

s
it
y
 /
 %

Polymer concentration / %
 

Figure 2.3. Degree of porosity as a function of P(VdF-HFP) initial concentration in the P(VdF-

HFP)/DMF system prepared by solvent evaporation at room temperature. 

Regardless initial polymer concentration, the membranes show high degrees of porosity 

between 56 % and 78 % for 15 and 10 wt.% of P(VdF-HFP), respectively, which is in line with 

the degree of porosity obtained in similar systems (P(VdF-HFP)/DMF/clay) [32]. The high 

degree of porosity is due to the low evaporation temperature, the polymer chains have reduce 

mobility and prevent the polymer to occupy the free space left by the evaporated solvent [33]. 

These effects will be later discussed in relation to the phase diagram of P(VdF-HFP)/DMF 

system. 

The presence of pores is not observed for membranes with 20 wt.% of initial polymer 

concentration with solvent evaporation temperatures of 50 ℃ and 100 ℃, Figure 2.2 e) and 

Figure 2.2 f), respectively. The morphology of these membranes is characterized by a dense and 

compact microstructure. Increasing solvent evaporation temperature above 40 ℃ , increased 

polymer chains mobility, making them able to occupy the free space left by the solvent during 

evaporation, which results in a compact microstructure. Further, increasing temperature leads to 

increased solvent evaporation rate and favors polymer diffusion and spherulite growth [34]. The 

spherulite size increases with increasing evaporation temperature for a given polymer 

concentration (Figure 2.2 a), Figure 2.2 e) and Figure 2.2 f)). 

Further, at solvent evaporation temperatures above 40 ℃  the morphology of the 

membranes is independent of the polymer concentration.  

For samples obtained after high temperature solvent evaporation, no porosity is detected. 

One important parameter for the development of membrane applications is the 

hydrophobicity of the membranes that can be assessed through the measurement of the contact  
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angle. The contact angle as a function of initial polymer concentration and for the different 

evaporation temperatures is illustrated in Figure 2.4.  

 

Figure 2.4. Contact angle as a function of P(VdF-HFP) concentration for the different 

evaporation temperatures. 

For membranes up to 10 wt.% initial polymer concentration with solvent evaporation at 

room temperature, a water contact angle above 125° is measured, which is related to the large 

pore size and irregular surface [35]. Increasing initial polymer concentration leads thus to a 

strong decrease of the contact angle to ~85° due to the smoother and more compact morphology 

(Figure 2.1) [36]. 

Increasing solvent evaporation temperature leads to a strong decrease of the water contact 

angle to values around 85 ° , which increases up to ~95 °  for increasing initial polymer 

concentration, associated to increased roughness in this compact morphology, related to the 

larger spherulite sizes (Figure 2.2), as discussed in [37].  

The crystalline phase of the polymer after polymer crystallization is relevant for the 

different applications of this electroactive polymer [20] and can be determined by FTIR. Table 

2.1 shows the most relevant vibration modes of P(VdF-HFP) and Figure 2.5 shows the FTIR-

ATR spectra of the membranes. 
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Table 2.1. Vibration modes characteristics of the P(VdF-HFP) polymer, where 𝜈𝑠 is symmetric 

stretching, 𝜈𝑎  is antisymmetric stretching, 𝛿  is scissoring, 𝑤  is wagging, 𝑡  is twisting, 𝑟  is 

rocking, CCC 𝛿  is skeletal bending of C(F)–C(H)–C(F) and CCC 𝛿′ is skeletal bending of 

C(H)–C(F)–C(H). 

Wavenumber (cm-1) Vibration modes Ref 

611 –C–F–wagging modes [38] 

613 CF2 (𝛿) and CCC 𝛿′ [39] 

615 𝛼-phase [27] 

760 𝛼-phase [40] 

762 CF2 (𝛿) and CCC 𝛿 [39] 

765 𝛼-phase [41] 

766 𝛼-phase [42] 

794 CF3 stretching [40] 

795 𝛼-phase [40] 

796 CF3 stretching [38] 

798 CH2 (𝑟) [39] 

834 CH2 (𝑟) [39] 

836 Amorphous region [40] 

838 𝛽-phase [43] 

839 Amorphous phase [42] 

841 𝛾-phase [42] 

853 𝛼-phase [40] 

871 amorphous phase [43] 

877 CC (𝜈𝑠) and CCC 𝛿 [39] 

879 Amorphous phase [42] 

974-976 𝛼-phase [40, 42, 43] 

977 𝛼-phase (due to TGTG−(T: trans and G: gauche) conformation) [38] 

978 CH2 (𝑡) [39] 

1062 C–C skeletal vibration [40] 

1063 symmetrical stretching mode of CF2 [43] 

1069 CF2 (𝜈𝑠) and CH2 (𝑤) [39] 

1148 symmetrical stretching mode of CF2 [43] 

1151 CC (𝜈𝑎) and CF2 (𝜈𝑠) [39] 

1173 Symmetrical stretching mode of CF2 [44] 

1179 Symmetrical stretching mode of CF2 [43] 

1185 CF2 (𝜈𝑠)+CH2 (𝑡) [39] 

1197 asymmetric stretching vibrations of the –CF2 group [42] 

1200 ―CF2 groups [44] 

1202 Asymmetrical stretching of –CF2– [40] 

1203 asymmetrical stretching vibrations of the CF2 group [43] 

1212 𝛼-phase [40] 

1214 CF2 (𝜈𝑎)+CH2 (𝑤) [39] 

1276 symmetric stretching vibrations of the –CF2 group [42] 

1295 CF2 (𝜈𝑎) and CF2 (𝑟) [39] 

1382 symmetrical stretching mode of CH2 wagging [43] 

1384 𝛼-phase [40] 
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1386 CH2 (𝛿)+CH2 (𝑤) [39] 

1390 CH2 groups [44] 

1400 –C–F– stretching [40] 

1401 CH2 (𝛿), CH2 (𝑤), and CC (𝜈𝑎) [39] 

1402 ―CF groups [44] 

2924 CH2 (𝜈𝑠) [39] 

2982 CH2 (𝜈𝑠) [39] 

3025 CH2 (𝜈𝑎) [39] 

In particular, Figure 2.5 a) shows the FTIR-ATR spectra for the sample prepared from 20 

wt.% P(VdF-HFP) in the P(VdF-HFP)/DMF system for the different solvent evaporation 

temperatures and Figure 2.5 b) shows the spectra for the samples obtained at 100 ℃ solvent 

evaporation temperature for different initial polymer contents.  
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Figure 2.5. FTIR-ATR spectra for a) samples prepared from 20 wt.% P(VdF-HFP) initial 

polymer concentration with solvent evaporated at different temperatures and b) samples prepared 

after solvent evaporation at 𝑇 =100 ℃ for different initial polymer concentration in the P(VdF-

HFP)/DMF system.  

Most relevant bands (Table 2.1) are clearly identified in all the spectra, indicating with no 

significant variations in the polymer structure. The arrows in Figure 2.5 represent the vibrational 

bands at 760, 974, 1148, 1295 and 1384 cm-1 which show higher variation depending on samples 

preparation procedure. The peaks at 760, 974 and 1384 cm-1 correspond to 𝛼-phase crystals, 

which increase with increasing solvent evaporation temperature [20]. The vibrations bands at 

1148 and 1295 cm-1 are assigned to symmetrical stretching mode of CF2, CF2(𝜈𝑎) and CF2(𝑟), 

respectively. Further, the vibration band at 838 cm-1 is characteristic of the 𝛽-phase. At a given 

polymer concentration (Figure 2.5 a)), the vibration bands at 1148 and 1295 cm-1 increase with 

increasing solvent evaporation temperature and polymer/solvent ratio (Figure 2.5 b)).  

The specific bands at bands at 760 cm-1 and 838 cm-1 allow the quantification of the 𝛼 and  
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𝛽-phase content following the procedure presented in [20]. The phase content was calculated 

from the FTIR spectra by applying the following equation: 

𝐹(𝛽) =
 𝑋𝛽 

 𝑋𝛼+𝑋𝛽 
=

 𝐴𝛽 

 (𝐾𝛽/𝐾𝛼)𝐴𝛼+𝐴𝛽 
 (2.4) 

where 𝐹(𝛽) represents the 𝛽-phase content, 𝐴𝛼  and 𝐴𝛽  the absorbencies at 760 and 838 cm−1, 

corresponding to the 𝛼  and 𝛽-phase material, 𝐾𝛼  and 𝐾𝛽  are the absorption coefficient at the 

respective wave number and 𝑋𝛼 and 𝑋𝛽  the degree of crystallinity of each phase. The value of 𝐾𝛼 

is 6.1×104 and 𝐾𝛽 is 7.7×104 cm2.mol-1 [20]. 

Table 2.2. 𝛽-phase content of the P(VdF-HFP) membranes as a function of the preparation 

conditions. 
 

Samples 
 

𝜷-phase / % ± 2 % 
 

5/95, 𝑇 =100 ℃ 
 

75 
 

10/90, 𝑇 =100 ℃ 
 

66 
 

15/85, 𝑇 =100 ℃ 
 

22 
 

20/80, 𝑇 =100 ℃ 
 

16 
 

20/80, 𝑇 =50 ℃ 
 

24 
 

20/80, 𝑇 =25 ℃ 
 

79 

It is observed that the electroactive 𝛽-phase content decreases with increasing solvent 

evaporation temperature for a given initial polymer concentration and also decreases with 

increasing polymer fraction in the initial P(VdF-HFP)/DMF solution The evaporation rate is 

essential and affects the crystalline phase of PVdF and copolymers [20]. For low evaporation 

temperatures, crystallization rate is slow due to lower polymer chain mobility, which leads to 

nucleation of the electroactive 𝛽 -phase [20] due to strong polar interactions. For higher 

evaporation temperature, above 50 ℃, the evaporation rate is high, leading to crystallization of 

the material in the 𝛼 -phase (Table 2.2). Regarding membranes evaporated at 100 ℃  with 

different polymer concentration, it is observed a decrease in the 𝛽-phase content with increasing 

polymer content in the initial solution (Table 2.2). This depends on the sample thickness (Figure 

2.1) and is explained by the solvent diffusion. Chinaglia et al. [45] concluded that the polymer 

concentration affects the diffusivity of the solvent in the dispersed phase at high temperatures, 

and the evaporation rate grows faster than the solvent diffusivity through the polymeric solution, 

as observed in our work. 
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Figure 2.6 shows the DSC heating scans behaviour for the samples prepared from 20 wt.% 

P(VdF-HFP) initial concentration for the different solvent evaporation as well as for the samples 

prepared after solvent evaporation at 100 ℃ with different initial polymer concentrations.  
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Figure 2.6. DSC scans a) for samples prepared with 20 wt.% initial polymer concentration 

evaporated at different temperatures and b) for samples prepared after solvent evaporation at 

𝑇 =100 ℃ for different initial polymer concentration content in the P(VdF-HFP)/DMF system.  

Independently on solvent evaporation temperature and initial polymer concentration, the 

melting behaviour is similar and characterized by a broad melting peak in the range 120 to 145 

℃. The large melting peaks observed in Figure 2.6 are due to the melting of the crystalline phase 

of the polymer. The differences observed in the shape of the peaks are attributed to the existence 

of more defective crystals and/or the different crystalline phase present in the P(VdF-HFP) 

polymer. The characteristic features of the materials obtained from the DSC scans of Figure 2.6, 

melting temperature (Tm) and degree of crystallinity (𝜒) calculated after (2.3), are summarized in 

Table 2.3. The melting temperature is similar, within experimental error, for all samples except 

for the sample evaporated at room temperature (Figure 2.6 a)), and also in line with the values 

reported in the literature for samples prepared with 12 wt.% of HFP [46]. Thus, it is concluded 

that solvent evaporation temperature and initial polymer content in the solutions does not influence 

the melting temperature of the samples, leading to similar crystalline characteristics [45]. 
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Table 2.3. Melting temperature and degree of crystallinity of the membranes as a function of the 

preparation conditions. 
 

Samples 
 

Tf / ℃ ± 1℃ 
 

𝝌 / % ± 2% 
 

5/95, 𝑻 =100 ℃ 
 

134 
 

18 
 

10/90, 𝑻 =100 ℃ 
 

135 
 

14 
 

15/85, 𝑻 =100 ℃ 
 

135 
 

30 
 

20/80, 𝑻 =100 ℃ 
 

138 
 

35 
 

20/80, 𝑻 =50 ℃ 
 

131 
 

27 
 

20/80, 𝑻 =25 ℃ 
 

140 
 

33 

The degree of crystallinity, on the other hand, shows a stronger dependence on the 

processing conditions (Table 2.3): whereas the degree of crystallinity is nearly independent on 

the solvent evaporation temperature, it shows a strong dependence on the initial polymer content, 

with the degree of crystallinity increasing for increasing initial polymer concentration within the 

solution. Decreasing initial polymer concentration leads to weaker polymer interaction during 

polymer crystallization, due to the larger relative solvent content. This fact leads to an 

amorphization of a larger polymer concentration, therefore lower degree of crystallinity [47].  

Non-porous membranes are used in applications such as sensors and actuators and 

therefore it is important the characterization of the dielectric and piezoelectric properties. The 

dielectric behaviour (complex permittivity) of the samples is shown in Figure 2.7.  

For PVdF homopolymer and its copolymers, it was reported that dielectric properties 

were anisotropic with respect to different crystal orientations [48]. The dielectric behaviour (𝜀’, 

tan 𝛿 and 𝜎’) for the samples obtained after solvent evaporation at 50 ℃ is the same as for the 

samples obtained after evaporation at 100 ℃ thus, just the dielectric results for the P(VdF-HFP) 

membranes evaporated at 100 ℃ are shown.  
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Figure 2.7. Electrical response for the samples obtained after solvent evaporation at 𝑇 =100 ℃ 

with different polymer concentrations in the P(VdF-HFP)/DMF system: a) dielectric constant, b) 

tan 𝛿 and c) conductivity. Inset of a) variation of the dielectric constant as a function of polymer 

concentration at 1 kHz. 

Figure 2.7 a) shows the variation of 𝜀’  for the samples with different polymer 

concentration evaporated at 100 ℃, as a function of frequency. All P(VdF-HFP) membranes 

show a similar behaviour of 𝜀’ as a function of frequency. The 𝜀’ decreases with increasing 

frequency due to slower dipole mobility. The differences observed in Figure 2.7 a) between 

membranes are correlated with the degree of crystallinity (Table 2.3) and thus with the initial 

polymer concentrations in the P(VdF-HFP)/DMF system. The values of the dielectric constant, 

shown in Figure 2.7 a) and Figure 2.7 d), are similar to the values of dielectric constant for PVdF 

homopolymer (𝛼 -phase, 𝜀’ =  7 and 𝛽 -phase, 𝜀’= 12) [49]. The value of 𝜀´  for P(VdF-HFP) 

polymer found in the literature varies between 9.9 and 15, depending on the experimental 

conditions [46]. Regarding tan 𝛿 (Figure 2.7 b)), it is observed that it increases with increasing 

frequency for all P(VdF-HFP) membranes, which can be attributed to the 𝛼𝑎 relaxation process, 

i.e., micro-brownian movement of the amorphous phase chain segments or movement of 

crystalline-amorphous interphase chain segments [50]. The real part of the dielectric material 

conductivity can be calculated from the dielectric measurements presented in Figure 2.7 a) by: 
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𝜎′(𝜔) = 𝜀0𝜔𝜀′′(𝜔) (2.5) 

where 𝜀0 is the permittivity of free space, 𝜔 = 2𝜋𝑓 is the angular frequency and 𝜀′(𝜔) = 𝜀′ tan 𝛿 

is the frequency dependent imaginary part of the dielectric permittivity [51]. The values for the 

P(VdF-HFP) membranes at different polymer concentrations as a function of frequency are 

presented in Figure 2.7 c). For all P(VdF-HFP) membranes, the conductivity increases with 

increasing of frequency in a similar way. 

Figure 2.6 a) shows that the dielectric constant depends on the evaporation temperature, 

i.e., increases with the increasing temperature and depends on the crystalline phase present in the 

polymer (𝛼  and 𝛽 -phase). At the same polymer concentration, 20 wt.%, dielectric constant 

increases with increasing of α-phase (𝑇 =50 ℃, 𝛼-phase= 76 % and 𝑇 =100 ℃, 𝛼-phase= 84 %). 

Poling of the material is a critical step in the optimization of the piezoelectric response of 

the samples in the electroactive phase [20, 52, 53], the final material response strongly depends 

on processing conditions and resulting crystal microstructure structures. In this way, the 

piezoelectric response, as evaluated by the d33 piezoelectric coefficient, was optimized as a 

function of poling temperature and concentration, as shown in Figure 2.8. 
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Figure 2.8. a) Modulus of the piezoelectric d33 coefficient for the membrane with 20 wt.% of 

P(VdF-HFP) initial concentration and solvent evaporation temperature of 50 ℃ as a function of 

poling temperature and b) modulus of the 𝑑33  piezoelectric coefficient for the solvent 

evaporation temperature of 100 ℃ and poling temperature of 100 ℃ as a function of polymer 

concentrations in the P(VdF-HFP)/DMF system. 

In a general way, the piezoelectric coefficient increases with increasing poling 

temperature, as temperature increases the mobility of the molecular chains allowing a more 

effective orientation of the molecular dipoles though the interaction with the applied electric 

field [54]. The maximum poling temperature used in the work is below the melting temperature, 
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Tm ~131-140 ℃, in order to prevent sample degradation. Figure 2.8 a) shows the |𝑑33| behaviour 

as a function of poling temperature for the membrane with 20 wt.% P(VdF-HFP) initial 

concentration and solvent evaporation temperature of 50 ℃ . The observed behaviour is 

representative of the remaining samples studied in this work.  

The piezoelectric coefficient is negative, and its modulus, |𝑑33|, increases with increasing 

poling temperature from ~8 up to ~11 pC/N ± 2pC/N, by poling at 80 ℃ and 100 ℃, respectively. 

For increasing poling temperature up to 120 ℃ the |𝑑33| decreases to ~9 pC/N. 

In this way, as temperature increases for a given poling field, the molecular chains 

mobility increases inducing a better alignment of the dipolar moments with the applied electric 

field and, therefore, an increase of the piezoelectric response [55]. Close to the melting 

temperature, this behaviour is hindered due to irreversible effects on the crystalline 

microstructure [56]. 

Figure 2.8 b) shows the behaviour of the |𝑑33| coefficient as a function of polymer 

concentration in the P(VdF-HFP)/DMF system for solvent evaporation temperature of 100 ℃. 

The modulus of the piezoelectric 𝑑33  coefficient decreases with increasing polymer 

concentration in the P(VdF-HFP)/DMF system. This behaviour is mainly attributed to the 

different electroactive 𝛽-phase content within the P(VdF-HFP) polymer samples that affects the 

piezoelectric properties of the polymer: the larger the 𝛽-phase content the larger the piezoelectric 

response of the material [52]. The 𝛽-phase of the samples is responsible for the piezoelectric 

properties. According to Figure 2.8 b), the |𝑑33| behaviour follows the same trend as the 𝛽-phase 

content in the P(VdF-HFP), that depends on the polymer concentration in the P(VdF-HFP)/DMF 

system. 

The values of the 𝑑33 determined in this work are in accordance with the values observed 

in the literature, i.e., He et al. [57], |𝑑33| / pC/N=5.4-12.6 for maximum field of 250 MV.m-1 at 

room temperature and Huan et al. [58], |𝑑33| / pC/N=20-24 [58] at poling fields from 20 to 160 

MV.m-1. 

 

2.4. Discussion 

 

The isothermal evaporation process can be described by the Flory-Huggins theory [59]. 

The Gibbs free energy fluctuations for binary systems (polymer/solvent) are described by [60]: 

 Δ𝐺 

 𝑅𝑇 
=

 𝜙′

 𝑛 
ln 𝜙′ + (1 − 𝜙′) ln(1 − 𝜙′) + 𝜒12𝜙′(1 − 𝜙′)  (2.6) 

where 𝑛 is the degree of polymerization, 𝜙′ is the polymer volume fraction and 𝜒12 is the Flory- 
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Huggins parameter for a binary mixture. The Flory-Huggins parameter 𝜒12  in order to 

temperature is determined by:  

𝜒12 =
 𝜈0 

 𝑅𝑇 
𝛿2  (2.7) 

where 𝑅 is the gas constant, 𝜈0 is the molar volume of the solvent, 𝑇 is the temperature, and 𝛿 is 

the Hansen solubility parameter. Through the Flory-Huggins theory (2.6), the phase diagram for 

the P(VdF-HFP)/DMF system was constructed using 𝜈0 = 77.4 cm3.mol-1 (DMF volume molar), 

N=3.5 (Solvay datasheet) and the solubility parameters (𝛿𝑃𝑉𝐷𝐹−𝐻𝐹𝑃 = 17.2 MPa1/2, 𝛿𝐷𝑀𝐹 = 24.7 

MPa1/2) [61, 62]. 

In Figure 2.9, it is represented the phase diagram for the P(VdF-HFP)/DMF system. 
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Figure 2.9. Phase diagram for the P(VdF-HFP)/DMF system. 

Figure 2.9 shows the regions of stability, metastability and instability of the polymer 

solution. These regions are separated by the binodal and the spinodal lines, and the phase 

separation of the P(VdF-HFP)/DMF system can be controlled through the initial polymer 

concentration and the solvent evaporation temperature. The metastable region between the 

spinodal and binodal lines is referred as the nucleation and growth region. The phase separation 

occurs either by spinodal decomposition or by nucleation and growth region (metastable region). 

The initial position of the P(VdF-HFP)/DMF solution in the phase diagram for the preparation of 

the membranes is represented by the circles. 

The morphology, β-phase content and thermal properties of P(VdF-HFP) samples depend 

on the initial polymer concentration and solvent evaporation temperature, as shown in Figure 2.2, 

Figure 2.5 and Figure 2.6. The microstructural variations of the P(VdF-HFP) membranes shown 

in Figure 2.2 are due to the phase separation during the crystallization process, as demonstrated in  
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the phase diagram (Figure 2.9).  

By solvent evaporation at room temperature, the membranes exhibit a degree of porosity 

that depends on the polymer concentration, as illustrated in Figure 2.3. Regardless the 

experimental conditions (P(VdF-HFP) concentration, 5 – 20 wt.% and evaporation solvent 

temperature, 𝑇 = 25 ℃, 𝑇 = 50 ℃ and 𝑇 =100 ℃), the membranes show 𝛽-phase contents above 

79 % (Figure 2.5 and Table 2.2). The degree of crystallinity determined by DSC scans (Figure 

2.6) ranges between 11% and 35%, depending on the polymer concentration and solvent 

evaporation temperature, which may be due to the deferral of liquid-liquid demixing process. 

The dielectric and piezoelectric properties are correlated with the degree of crystallinity and β-

phase content. The variations of the aforementioned properties as explained by the initial 

position of the solution the P(VdF-HFP)/DMF phase diagram (Figure 2.9). 

At room temperature, for the different polymer/solvent ratios, the microstructure 

formation is governed by a competition between the phase separation dynamics and the 

evaporation of the solvent. However, when polymer concentration is increased in the P(VdF-

HFP)/DMF systems, the system transits from the unstable (5 wt.% of P(VdF-HFP)) to metastable 

region (20 wt.% of P(VdF-HFP)) in which the process is dominated by nucleation and growth. 

For this fact, the P(VdF-HFP) membranes present microstructure with different degree of 

porosity (Figure 2.2 and Figure 2.3).  

For a given polymer/solvent ratio (20/80), at different solvent temperatures (20 ℃ and 

100 ℃), the system passes from the metastable region to the one-phase region (homogeneous 

microstructure) and no porous microstructure is observed (Figure 2.2). This fact is also observed 

for other polymer/solvent ratios, when the solvent evaporation temperature increases. At a given 

evaporation temperature (𝑇 =100 ℃), the piezoelectric coefficient depends on the polymer 

concentration and is related to 𝛽 -phase content and degree of crystallinity [52]. The |𝑑33| 

coefficient decreases with the decreasing of the 𝛽-phase content and shows lower variation with 

the degree of crystallinity of the samples.   

 

2.5. Conclusions 

 

P(VdF-HFP) membranes were prepared by TIPS from DMF solutions varying initial 

polymer concentration and solvent evaporation temperature and were obtained with a wide 

range of different morphologies and degree of porosity. Experimental results are correlated with 

the initial position of the solution in the phase diagram for the binary system described by the 

Flory-Huggins theory. After solvent evaporation at room temperature the samples show a porous  
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microstructure with varying degree of porosity, attributed to the spinodal decomposition of the 

liquid-liquid phase separation. These P(VdF-HFP) membranes present different β-phase content 

and degree of crystallinity that can be controlled through the polymer concentration and 

evaporation solvent temperature. These variations depend on the positions of the membranes in 

the phase diagram determined by P(VdF-HFP)/DMF system. Both degree of crystallinity and β-

phase content also determine the piezoelectric response of the P(VdF-HFP) membranes, leading 

to suitable samples for applications in battery separator, membranes, sensors and actuators. 

The membrane solutions prepared with different P(VdF-HFP) contents show different 

viscosities. Once the range of the viscosities of the printing technologies is large, the solutions 

are suitable for inks and can be used in printing technology. The rheology requirements and 

properties of these solutions are simpler than for electrode slurries (with polymer, carbon black 

and active material particles). The choice of the viscosity will depend on the printing technique 

and this must be adjusted and optimized depending on the printing technique. 
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3. Influence of the degree of porosity of 

poly(vinylidene fluoride-co-hexafluoropropylene) 

separators in the performance of Li-ion batteries 
 

 

 

 

This chapter describes the preparation of poly(vinylidene fluoride-co-

hexafluoropropylene), P(VdF-HFP), as separators for lithium batteries, using different 

polymer/solvent N,N-dimethylformamide (DMF) ratios, as well as their characterization, 

including physico-chemical and electrochemical characterization, as well as cycling tests, 

performed on Li/Sn-C and Li/LiFePO4 half-cells with the developed P(VdF-HFP) polymer 

electrolyte separator membranes. 

  

 

 

This chapter is based on the following publication: “Influence of the degree of porosity of 

poly(vinylidene fluoride-co-hexafluoropropylene) separators in the performance of Li-ion 

batteries”, R. E. Sousa, J. Nunes-Pereira, C. M. Costa, M. M. Silva, S. Lanceros-Méndez, J. 

Hassoun, B. Scrosati and G. B. Appetecchi, Journal of Power Sources, 263, 2014, 29 – 36. 
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3.1. Introduction 

 

In the last decade, rapid developments in electronics miniaturization and novel portable 

electric devices technologies [1, 2] led to strongly increasing needs of safe and high density 

energy storage devices, focusing in particular on rechargeable lithium-ion batteries [1, 3]. 

Recently, lithium-ion battery systems have been expanding for other applications such as 

aerospace technologies, electric and hybrid vehicles [4]. 

Liquid electrolytes currently used in commercial lithium-ion batteries are based on 

organic solvents (mainly alkyl carbonates), which are volatile, flammable and easy to ignite on 

exposure to high temperatures [5]. Gel polymer electrolytes (GPEs), e.g., formed by a liquid 

solution trapped through a polymer host, are receiving considerable attention as lithium battery 

solid separators [6, 7] due to their simple processability, feasibility to suit various cell 

geometries, cost competitiveness and safety [3] in combination with ionic conduction 

comparable to the one of the most used liquid electrolytes, low density, mechanical flexibility 

and stability [6 – 8]. In the last years, various polymer hosts with different chemical structures 

have been investigated [1 – 8]. Among these, polyvinylidene fluoride (PVdF) and its copolymers 

have been chosen as potentially interesting hosts by virtue of their appealing properties [9], such 

as high solubility in dispersed media, low crystallinity degree, low glass transition temperature, 

high dielectric constant (able to assist ionization of lithium salts), possibility of tuning the 

separator porosity degree and pore size (through binary and ternary polymer/solvent systems), 

good contact at electrolyte/electrode interface and stability in cathodic environment [8]. 

Among PVdF based copolymers, the P(VdF-HFP) material has drawn great attention [1] 

as polymer host for lithium-ion battery GPEs. The incorporation of hexafluoropropylene (HFP) 

amorphous phases into vinylidene fluoride (VdF) blocks is able to modify the properties of the 

homopolymer, e.g., promoting the uptake of larger liquid electrolyte contents [9, 10] and 

enhancing the flexibility of the polymer chains (and thus enabling the assisted transport of the 

lithium cations [11]), whereas the crystalline VdF phase provides sufficient mechanical integrity 

for processing free-standing films [10]. The pore size and shape, the volume fraction and 

interconnectivity of the pores are key factors for determining the retention ability and, therefore, 

the ionic conductivity of GPEs [12]. 

Many techniques have been developed for the preparation of porous polymer electrolyte 

membranes such as preferential dissolution, immersion precipitation method, template-leaching 

technique, evaporation phase inversion, melt spinning and cold stretching, thermally induced  
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phase separation (TIPS) and liquid-liquid extraction process [13]. In order to explore the 

optimum condition for the pore generation, P(VdF-HFP) based polymer electrolytes were also 

prepared through different solvent/non-solvents combinations and immersion precipitation [13]. 

Polymer hosts with large pore size and high porosity can be obtained by adding additives, e.g., 

polyvinylpyrrolidone (PVP) or polyethyleneglycol (PEG) can be dissolved in the casting solution 

[12]. 

The objective of the present work is to establish a correlation among the microstructure 

(e.g., pore size and porosity degree) of the P(VdF-HFP) membranes, prepared through binary 

polymer/solvent DMF systems, and their properties for battery applications such as electrolyte 

solution uptake and ionic conductivity. P(VdF-HFP) films, obtained from polymer/solvent 

slurries having different weight compositions, were prepared and investigated. The performance 

of the polymer electrolyte membranes as a function of the porosity degree was evaluated in 

Li/LiFePO4 and Li/Sn-C half-cells. The results are reported in the present chapter. 

 

3.2. Experimental 

 

3.2.1. Materials  

 

P(VdF-HFP), Solef 21216 (Solvay, Mw = 600.000 Da, VdF/HFP mole ratio equal to 

88/12) and lithium bis(trifluoromethanesulfonyl)imide, LiTFSI (Sigma-Aldrich) were dried 

under vacuum at 25 ℃ for 48 hours and 25 ℃ for 96 hours, respectively. DMF and propylene 

carbonate (PC) were purchased from Merck and used as received. 

 

3.2.2. Membrane preparation 

 

Appropriate amounts of P(VdF-HFP) were added to DMF to prepare solutions having 

polymer/solvent weight ratio equal to of 5/95, 10/90, 15/85 and 20/80, respectively. The 

solutions were prepared at room temperature by stirring the two components until complete 

polymer dissolution. The solutions were then cast on clean glass substrates and spread by blade 

coating (once this method produces results similar to the screen printing technique) to obtain 

membranes ranging from 30 to 75 m. Finally, the full removal of the DMF solvent was allowed 

by drying in an oven at 25 ℃ for 24 hours. 
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3.2.3. Morphological characterization 

 

The morphology of the polymer membranes was analyzed using the method described in 

section 2.2.3. Membrane porosity was determined through density measurements using a 

pycnometer according to (2.1), and the porosity () was calculated according to (2.2), both 

defined in section 2.2.3. 

The tortuosity () of the electrolyte membrane conduction pathways (pores), e.g., the 

ratio between the thickness sample and the effective pore length, was determined by the relation: 

𝜏 = √ 
 𝜎0𝜙 

 𝜎𝑖 
   (3.1) 

where 𝜎0 is the conductivity of the liquid electrolyte and 𝜎𝑖 and 𝜙 represent the conductivity and 

the porosity of the membrane, respectively. 

 

3.2.4. Liquid electrolyte uptake 

 

The electrolyte uptake was determined by immersing the membranes in a solution of 1 M 

LiTFSI in PC, i.e., showing a conductivity (𝜎0) equal to 6.5  10-3 S.cm-1 at 25 ℃,  for 24 hours. 

The electrolyte content (Econtent) was evaluated according to: 

𝐸𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
 𝑚−𝑚0 

 𝑚0 
× 100  (3.2) 

where 𝑚0 is the mass of the dry membrane and 𝑚 is the mass of the membrane upon loading 

with electrolyte solution.  

 

3.2.5. Physicochemical characterization 

 

Polymer phase in the membranes was investigated by Fourier Transformed Infrared 

(FTIR) spectroscopy and the thermal properties of the membranes were determined by 

differential scanning calorimetry (DSC), as described in section 2.2.3 and the crystallinity degree 

(𝜒𝑐) was calculated according to (2.3). 

 

3.2.6. Transport properties 

 

The ionic conductivity was evaluated by impedance spectroscopy, using an Autolab 

PGSTAT-12 (Eco Chemie) set-up, in a frequency range from 65 kHz through 500 mHz. The 
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samples were housed within symmetrical two gold blocking electrode cells located in a Buchi 

TO50 oven. The measurements were performed within an argon filled glove box in a 

temperature (controlled by a type K thermocouple) range from 20 ℃ to 120 ℃ by heating scans 

at 8 ℃.h-1. The ionic conductivity (𝜎𝑖) was calculated according to the following equation:  

𝜎𝑖 =
 𝑑 

 𝑅𝑏𝐴 
  (3.3) 

where 𝑅𝑏 represents the electrolyte membrane bulk resistance, obtained by impedance 

spectroscopy, 𝑑 is the thickness of the electrolyte sample and 𝐴 is the electrochemical active 

area, respectively.  

 

3.2.7. Lithium cell manufacturing and testing 

 

The Sn-C anode active material, e.g., formed by tin nanoparticles uniformly dispersed in 

a micrometric carbon matrix with a Sn:C weight ratio equal to 3:7, was prepared as described in 

previous papers [15 – 18] with a tin content of about 35% corresponding to a theoretical capacity 

equal to 400 mA.h.g-1. The LiFePO4 cathode material, displaying a theoretical specific capacity 

of 170 mA.h.g-1, is a commercial product (Model A1100, LFP-NCO product line) developed and 

manufactured by Advanced Lithium Electrochemistry (Aleees Taiwan) [17]. 

Composite electrodes were prepared by blending the active material (Sn-C or LiFePO4), 

the electronic conductor (Super-P carbon, MMM) and the binder (PVdF, Solvay) in N-methyl-

pyrrolidone. The so-obtained slurry was cast onto copper (Sn-C) or aluminum (LiFePO4) foil, 

allowing the solvent removal. Coin electrodes, having a 10 mm diameter and thickness ranging 

from 40 µm to 50 µm, were punched from the tapes. Finally, the electrodes were dried under 

vacuum at 110 ℃  overnight and transferred in the glove box. The weight composition of 

electrodes resulted 80(active material):10(electronic conductor):10(binder) with an active 

material mass loading of 2.0 mg.cm-2 (anodes) and 4.0 mg.cm-2 (cathodes), corresponding to 0.8 

mA.h.cm-2 (Sn-C anodes) and 0.68 mA.h.cm-2 (LiFePO4 cathodes), respectively. 

The Li/Sn-C and Li/LiFePO4 half-cells were fabricated by housing in 2032 coin-type 

containers the sequence composed by a lithium disc anode (10 mm diameter), a swollen 

PVdF/HFP-based electrolyte membrane (14 mm) and a Sn-C (or LiFePO4) electrode (10 mm). 

The cycling performance of the half-cells was evaluated using a multichannel Maccor 4000 

battery tester at room temperature. The (galvanostatic) measurements were performed within the 

0.01 – 2.0 V (anode half-cells) and 2.5 – 4.0 V (cathode half-cells) voltage range, respectively, at 

current rates from 0.1C (40 mA.g-1 and 17 mA.g-1 for the Sn–C and the LiFePO4 electrode, 

respectively) through 2C (0.8 A.g-1 and 0.34 mA.g-1). 
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3.3. Results and discussion 

 

The procedure route described above allowed us to obtain homogenous P(VdF-HFP) 

separator membranes having good mechanical properties and thickness ranging from 80 to 120 

µm. Membranes prepared from slurries having a P(VdF-HFP)/DMF weight ratio equal to 5/95 

resulted in white coloured samples, whereas an increase of the polymer/solvent ratio up to 20/80 

gives translucid appearance.    

The membrane morphology strongly affects the performance of the battery as well as the 

assembly process. Figure 3.1 shows the cross-section SEM image of P(VdF-HFP) separator 

membranes obtained from slurries having different polymer/solvent weight ratios.  

 

Figure 3.1. Cross-section SEM picture of P(VdF-HFP) separator membranes prepared from 

slurries having different polymer/solvent weight ratios: a) 5/95; b) 10/90; c) 15/85; d) 20/80. 

The porosity of the P(VdF-HFP) membranes is the result of the polymer-solvent (DMF) 

interaction in the phase diagram of binary systems [19] and might be explained as a liquid-liquid 

phase separation and consequent crystallization of the copolymer rich phase [20]. The presence 

of open and homogeneously distributed porosity with interconnected pathways is well evidenced 

in the membranes, particularly in samples 5/95 (Figure 3.1 a)) and 10/90 (Figure 3.1 b)). A 

further increase of the polymer fraction within the slurry, prepared for obtaining the separator 

membranes, leads to a decrease in porosity content and pore size as shown in Figure 3.1 c)  
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(sample 15/85) and Figure 3.1 d) (sample 20/80). Therefore, optimal P(VdF-HFP) separator 

membranes can be obtained from polymer/DMF slurries with a solvent content equal or above to 

90% in weight. 

Figure 3.2 reports the porosity and electrolyte content trend of P(VdF-HFP) separator 

membranes obtained from slurries having different polymer/solvent weight ratios.  

 

Figure 3.2. Liquid uptake and porosity of P(VdF-HFP) separator membranes prepared from 

slurries having different polymer/solvent weight ratios. 

It is observed a generally decreasing liquid uptake (solid squares) with increasing 

polymer content in the starting slurry. The solution content (e.g., LiTFSI in PC) ranges from 

76% to 77% (in weight) for polymer fractions equal or below 10% in weight, whereas further 

increase of the P(VdF-HFP) content leads to a sharp decrease of the liquid uptake down to 26% – 

32%. However, this does not seem to be in good agreement with the trend exhibited by the 

porosity (open squares). For instance, a liquid uptake decreasing from 32% to 26% (in volume) 

is observed, by passing from a polymer weight fraction of 0.15 to 0.20, despite an increase in 

porosity from 56% to 70% in volume. This apparently contrasting behaviour is likely ascribable 

to the presence of blind (closed) pores (due to the higher polymer fraction in the P(VdF-

HFP)/DMF preparation slurry), which are not filled by the liquid electrolyte and, therefore, do 

not take part in the uptake process.   

The tortuosity (𝜏) value of these samples is reported in Table 3.1.  
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Table 3.1. Physico-chemical properties of P(VdF-HFP) electrolyte membranes obtained through 

polymer/solvent slurries having different weight compositions. 
 

Electrolyte 

sample 

 
Porosity 

/ vol.% 

 
Liquid uptake 

/ wt.% 

 
Tortuosity 

 
Crystallinity 

degree / % 

 
Conductivity  

(20 ℃) / S.cm-1 
 

5/95 
 

72 ± 5 
 

77 ± 1 
 
2 

 
31 

 
(1.3 ± 0.1)  10-3 

 
10/90 

 
79 ± 4 

 
76 ± 1 

 
6 

 
29 

 
(1.4 ± 0.1)  10-4 

 
15/20 

 
56 ± 7 

 
32 ± 1 

 
16 

 
35 

 
(1.4 ± 0.1)  10-5 

 
20/80 

 
70 ± 6 

 
26 ± 1 

 
11 

 
32 

 
(3.8 ± 0.1)  10-5 

The tortuosity gives information about pore connectivity relating the mean actual path 

with sample thickness and is correlated with the conduction process through ionic conductivity 

[21]. High tortuosity values indicate longer ionically conductive pathways, resulting in lower 

ionic conductivity and enhancing diffusive phenomena through the polymer electrolyte. 

Otherwise, low tortuosity values highlight short conduction pathways, leading to faster ion 

transport properties and, consequently, to higher battery cycling performance and rate capability. 

The ideal 𝜏 value is equal to 1, corresponding to a perpendicular conduction pathway across the 

polymer electrolyte, which represents the optimal condition for assuring high conduction values. 

The results of Table 3.1 indicate a marked tortuosity increase with the polymer fraction in the 

starting slurry for obtaining the P(VdF-HFP) membrane, this resulting correlated with the 

porosity degree and pore connectivity. The sample 5/95 shows a  value equal to 2, which raises 

up to 16 for the membrane 15/85. 

The results obtained from FTIR analysis and thermal measurements performed on 

P(VdF-HFP) membranes are shown in Figure 3.3.  

  

Figure 3.3. a) FTIR spectrum and b) DSC trace of P(VdF-HFP) separator membranes prepared 

from slurries having different polymer/solvent weight ratios. 
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The characteristic vibration modes (833 cm−1 and 1402 cm−1) of the β-phase crystalline of 

the P(VdF-HFP) polymer do not change independently on the preparation conditions and porosity 

degree, indicating that the polymer crystallizes in the same phase [9, 22]. The amorphous phase of 

this copolymer is confirmed by the presence of a vibrational band at 874 cm-1 [23]. 

The DSC traces (Figure 3.3 b)) highlight an endothermic peak centered at about 140 ℃ 

corresponding to the melting of the P(VdF-HFP) copolymer. No relevant difference on the 

thermal properties was observed with the polymer fraction increase within the starting slurry. 

The degree of crystallinity (𝜒𝑐) for all samples is presented in 

Table 3.1. This parameter ranges from 29% to 35%, being therefore independent on the 

polymer/solvent weight ratio within experimental error.  

The transport properties were investigated in terms of ionic conductivity as a function of 

the temperature, determined by impedance spectroscopy measurements taken on symmetric two 

gold electrode cells (Au°/electrolyte membrane sample/Au°) at temperature intervals ranging 

from 20 ℃ to 120 ℃. The room temperature AC responses, represented in Figure 3.4 a) as 

Nyquist plots, show an inclined straight-line (typical of the blocking electrode capacitive 

behaviour) which intercepts with the real axes, Z’, gives the PVdF based electrolyte membrane 

ionic resistance [24, 25].  

  

Figure 3.4. a) Room temperature AC response and b) conductivity Arrhenius plot of polymer 

electrolytes based on P(VdF-HFP) separator membranes prepared from slurries having different 

polymer/solvent weight ratios. 

This value was obtained through analysis of the impedance responses, performed using a 

common approach, i.e., by defining an equivalent circuit taking into account all possible contributions 

to the impedance of the tested electrolyte membranes [24, 25]. The validity of the chosen circuit  



Chapter 3 – Microstructural variations of poly(vinylidene fluoride co-hexafluoropropylene) and their influence on the 

thermal, dielectric and piezoelectric properties 

 
81 

 

was confirmed by fitting the impedance responses using a Non-Linear Least-Square (NLLSQ) fit 

software developed by Boukamp [26, 27]. Only fits characterized by a 𝜒2 factor [26, 27] lower 

than 10-4 were considered acceptable to assure the validity of the proposed model. The 

equivalent circuit, proposed to represent the electrochemical cell under study, is constituted by 

two elements connected in series, e.g., the electrolyte bulk resistance (R) and the double layer 

capacitance at electrolyte/electrode interface (Qdl). A constant-phase element, CPE (Q), was used 

instead of pure capacitance (C). 

The ionic conductivity vs. temperature dependence of the P(VdF-HFP) based electrolyte 

membranes is plotted in Figure 3.4 b), which denotes how conduction values above 10-3 S.cm-1 

are exhibited at room temperature (below 20 ℃) by the 5/95 sample (solid square). An increase 

of the P(VdF-HFP) fraction above 0.05 (5 wt.%) in the polymer/solvent slurry, prepared for 

obtaining the separator membranes, leads to a progressive decrease in ionic conduction. Above a 

polymer fraction equal to 0.10, the conduction values do not exceed 10-4 S.cm-1 even at medium-

high temperatures. This issue is in good agreement with the results reported in Figure 3.2 and  

Table 3.1, which evidence a decay in porosity and liquid uptake and an increase in 

tortuosity of the ion conduction pathways with the increasing of the polymer/solvent weight 

ratio. For instance, the 5/95 polymer electrolyte sample displays the highest conductivity values. 

Surprisingly, the 20/80 sample exhibits higher conduction values with respect to the 15/85 

electrolyte membrane. This behaviour may be ascribed to an optimal pore size and 

interconnection, thus allowing a better distribution of the liquid content. A moderate raise in 

conductivity is observed with increasing temperature, suggesting that the ion movement is 

activated by modest energy amounts, as generally expected in gel electrolytes [28 – 30]. 

Table 3.2 compares the physico-chemical properties of the polymer electrolyte developed 

in the frame of this work with those of similar P(VdF-HFP) electrolyte membranes containing 

different Li+ conducting, organic solutions as reported in literature [31 – 34].  

Table 3.2. Physico-chemical properties of P(VdF-HFP) membranes swollen in different lithium-

ion conducting organic solutions. References are reported in the table. 
 

Electrolyte solution 
 
Porosity % 

 
Ionic conductivity S.cm-1 

 
Reference 

 
LiTFSI (1 M) e PC 

 
72 

 
1.3x10-3 

 
This work 

 
LiClO4 (1 M) - EC/PC (1/1 w/w) 

 
83 

 
1.5x10-3 

 
 [31] 

 
LiPF6 (1 M) - EC/DMC (1/1 w/w) 

 
78 

 
3.4x10-4 

 
 [8] 

 
LiBF4 (1 M) - EC/γBL (1/3 w/w) 

 
n.a 

 
3.4x10-3 

 
 [32] 

 
LiPF6 (1 M) - EC/DEC (1/1 w/w) 

 
70-90 

 
1.2x10-3 

 
 [33] 
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The different values of the porosity degree depend on the processing techniques, whereas 

the ionic conductivity value is affected by the liquid solution used in the polymer electrolytes. It 

is to note that the P(VdF-HFP) electrolyte system developed in the present work exhibits 

comparable ion conduction value despite a lower porosity degree. This suggests a better pore 

distribution through the P(VdF-HFP) host ascribable to a good optimization of the 

solvent/polymer ratio.  

The electrochemical performance of the P(VdF-HFP) based polymer electrolyte 

membranes was evaluated in Li/Sn-C and Li/LiFePO4 half-cells. The sample 5/95, showing the 

best liquid uptake (Figure 3.2) and ion-transport properties (Figure 3.4), was selected as the 

preferred ionically conducting separator.  

Figure 3.5 shows selected voltage vs. capacity profiles obtained upon prolonged cycling 

tests run on a Li/Sn-C half-cell.  

  

 

Figure 3.5. a) and b) Selected voltage vs. capacity profiles and c) cycling performance of a 

Li/Sn-C anode half-cell using the polymer electrolyte separator membrane 5/95. Current rate: 

0.2C. Room temperature. 

The typical voltage signature of the Sn–C material was displayed, characterized by an 

initial irreversible capacity, e.g., associated with the electrode structural reorganization, solid 

electrolyte interface (SEI) film formation [35] and eventual impurities decomposition (reduction),  
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followed by reversible cycles (i.e., lithium-Sn alloying-dealloying [15, 17, 36]), with average 

voltage value about 0.6 V vs. Li/Li+. A capacity of about 300 mA.h.g-1 was delivered, 

corresponding to 75% of the theoretical value and approaching the performance observed in 

liquid electrolytes [15]. Apart the first cycle, the discharge/charge efficiency quickly levels 

around 100%, highlighting a highly reversible alloying-dealloying process. Prolonged cycling 

tests (Figure 3.5 c)), performed at medium charge/discharge current rate (C/5) and deep of 

discharge (DoD) equal to 100%, indicate a good capacity retention. 

The applicability of the P(VdF-HFP) polymer electrolytes was further studied in lithium 

cells using LiFePO4 as the working electrode. Figure 3.6 shows selected voltage vs. capacity 

profiles obtained upon prolonged cycling tests, run at C/5 and 100% of DoD, on a Li/LiFePO4 

cathode half-cell.  

  

 

Figure 3.6. a) and b) Selected voltage vs. capacity profiles and c) cycling performance of a 

Li/LiFePO4 cathode half-cell using the polymer electrolyte separator membrane 5/95. Current 

rate: 0.2C. Room temperature. 

The voltage profile feature reflects the reversible charge (lithium removal)-discharge 

(lithium uptake) cycling behaviour of LiFePO4, characterized by a flat plateau evolving at 

around 3.5 V vs. Li/Li+, with first charge capacity extending up to 180 mA.h.g-1 and reversible 

capacity during the following cycles in the order of 120 mA.h.g -1 (e.g., 71% of the theoretical  
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value). The irreversible capacity observed during the first charge half-cycle is most likely due to 

SEI film formation [35] and oxidation of eventual impurities in the electrolyte membrane. The 

discharge/charge efficiency, apart the initial irreversible capacity, levels at 100% starting from 

the second cycle for both cathode half-cells. Figure 3.6 b) plots the cycling performance obtained 

at a current rate of C/5. The results show a modest capacity fading during cycling tests. For 

cathodic half-cells, the delivery capacity at 0.1C is 122.1 mA.h.g-1 (71% of the theoretical 

value), approaching the one observed  in LiPF6-EC-DMC liquid electrolyte supported by glass 

fiber separators (155 mA.h.g-1 at 0.1C) [17, 18, 37]. 

The half-cells (anodic and cathodic) based on the P(VdF-HFP) 5/95 separator membrane 

have been selected for further investigation in terms of the rate capability. Figure 3.7 reports the 

voltage vs. capacity profiles (a) and c)) and the capacity evolution (b) and d)), obtained at 

different current rates (from 0.1C through 2C), for Li/Sn–C (a) and b)) and Li/LiFePO4 (c) and 

d)) half-cells.  

 

Figure 3.7. a) and c) Voltage vs. capacity profiles and b) and d) capacity evolution, obtained at 

different current rates (from 0.1C through 2C), for Li/Sn-C (a) and b)) and Li/LiFePO4 (c) and 

d)) half-cells using the polymer electrolyte separator membrane 5/95. Room temperature. 

As expected, a progressive increase of the discharge plateau slope, as well as the ohmic 

drop, is observed with the increasing of the current density (Figure 3.7 a) and Figure 3.7 c)). The 

results depicted in Figure 3.7 b) and Figure 3.7 d), and also summarized in Table 3.3, indicates  
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that the half-cells are able to deliver appreciable capacity values up to a current rate of 0.5C, e.g., 

more than 85% and 50% of the initial capacity are discharged at 0.2C and 0.5C, respectively 

(Table 3.3), this representing a remarkable value considering the gel configuration of the 

membrane.  

Table 3.3. Room temperature specific capacity values delivered, at different current rates, by 

Li/Sn-C and Li/LiFePO4 half-cells based on the P(VdF-HFP) 5/95 polymer electrolyte separator 

membrane. 

 
 

Delivered capacity / mA.h.g-1 
 

Half-cell 
 

0.1C 
 

0.2C 
 

0.5C 
 

1C 
 

2C 
 

Li/Sn-C 
 

362.8 
 

319.1 
 

188.9 
 

52.2 
 

24.7 
 

Li/LiFePO4 
 

122.1 
 

105.8 
 

66.9 
 

3.9 
 

0.05 

Higher current rates, i.e., 1C and 2C, result in modest delivered capacity values (Table 

3.3), most likely limited by the polarization associated by the electrolyte diffusion kinetics. 

However, following cycling tests run again at 0.1C have evidenced capacities close to the initial 

value (Figure 3.7 b) and Figure 3.7 d)), this clearly indicating good capacity uptake for both 

anode and the cathode cells. This behaviour is also evidenced in Figure 3.8, which displays the 

delivered capacity, normalized with respect to the nominal one, vs. current rate dependence.  

 

Figure 3.8. Delivered capacity, normalized with respect to the nominal one, vs. current rate 

dependence for Li/Sn-C and Li/LiFePO4 half-cells using the polymer electrolyte separator 

membrane 5/95 at room temperature. 

 

 

 

 



Chapter 3 – Influence of the degree of porosity of poly(vinylidene fluoride-co-hexafluoropropylene) separators in the 

performance of Li-ion batteries 

 
86 

 

3.4. Conclusions 

 

A progressive, almost linear, decrease in capacity is observed with the increasing of the 

current density up to 1C, associated to diffusion phenomena taking place within the electrode 

active material phase and polymer electrolyte separator membrane. Further raises in current rate 

above 1C result just in modest capacity decay. This behaviour can be ascribable to the 

intercalation of the Li+ ion present in the electrode pores only. Nominally, no contribution from 

the Li+ ion diffusion in the bulk electrolyte exists in this current regime. 

The physico-chemical properties of polymer electrolyte membranes, based on the P(VdF-

HFP) copolymer and prepared through different polymer/solvent (DMF) ratios, as separators for 

lithium battery systems, were investigated. 

SEM results have shown that optimally distributed porosity membranes with moderately 

tortuous pathways can be obtained from polymer/DMF slurries with a solvent content equal or 

above to 90% in weight. The P(VdF-HFP) samples were found able to retain liquid solution up 

to a fraction equal to 77% in weight. Impedance measurements revealed conduction values 

above 10-3 S.cm-1 at room temperature. 

Cycling tests, performed on Li/Sn-C and Li/LiFePO4 half-cells based on P(VdF-HFP) 

polymer electrolyte membranes, have evidenced nominal capacities ranging from 70% to 90% of 

the theoretical value with very good capacity retention and charge/discharge efficiency close to 

100% even at high current rates and 100% of DoD. A capacity decay is observed at current 

regime above 1C, associated to the diffusion phenomena taking place within the electrode active 

material phase and polymer electrolyte membrane. Further work is in progress for enhancing the 

rate capability especially at high rates, e.g., improving the pore distribution and interconnection 

within the separator membranes.   

To summarize, the good cycling behaviour exhibited by the half-cell indicates that the 

P(VdF-HFP) polymer electrolyte membranes developed in this work may be used as separators 

in lithium cell both in the anodic and in the cathodic region. 
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4. Tailoring poly(vinylidene fluoride-co-chlorotri-

fluoroethylene) microstructure and physico-

chemical properties by exploring its binary 

phase diagram with  dimethylformamide 
 

 

 

 
 

 

This chapter reports and discusses poly(vinylidene fluoride-co-chlorotrifluoroethylene), 

P(VdF-CTFE), membranes, which were prepared by solvent casting from N,N 

dimethylformamide (DMF). The preparation conditions involved a systematic variation of 

polymer/solvent ratio and solvent evaporation temperature. The microstructural variations of the 

P(VdF-CTFE) membranes depend on the different regions of the P(VdF-CTFE)/DMF phase 

diagram, explained by the Flory-Huggins theory. The effect of the polymer/solvent ratio and 

solvent evaporation temperature on the morphology, degree of porosity, 𝛽-phase content, degree 

of crystallinity, mechanical, dielectric and piezoelectric properties of the P(VdF-CTFE) polymer 

were evaluated. 

  

 

This chapter is based on the following publication: “Tailoring 

poly(vinylidene fluoride-co-chlorotrifluoroethylene) microstructure and 

physico-chemical properties by exploring its binary phase diagram with  

dimethylformamide”, R. E. Sousa, J. C. C. Ferreira,  C. M. Costa, A. V. 

Machado, M. M. Silva and S. Lanceros-Méndez, Journal of Polymer 

Science B: Polymer Physics, 53 (11), 2015, 761 – 773. 
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4.1. Introduction 

 

Fluoropolymers are a class of polymers with increasing interest due to their wide range of 

actual and potential applications [1]. In particular, they are being used for aerospace applications 

[2, 3], gaskets, seals, petrochemical, automotive, medical and electrical industries [3], lubricants, 

thermal insulators, chemically resistant materials, filter membranes and as electrical insulators 

[2]. Potential applications include energy storage and advanced electronic devices begin 

explored due to the electroactive properties of some fluoropolymers [4]. Among their most 

interesting properties are chemical, thermal [2, 3, 5] and electrical stabilities, inertness to acids, 

high resistance to aging and oxidation [2, 3], low refractive index, low or no flammability [3] 

and mechanical strength. On the other hand, some characteristics such as their highly 

hydrophobic and solvophobic nature leading to poor solubility, wettability and miscibility with 

other materials, limit their applications in fields such as filtration membranes and medical 

devices [2]. 

In this way, strong research efforts have been developed to tune materials properties by 

varying the chemical compositions and therefore to extend their application range. 

Fluoropolymers that contain certain functional groups such as tetrafluoroethylene (TFE) and 

hexafluoropropene (HFP) have been developed by direct copolymerization with functional 

fluoro-monomers or by modification of fluoropolymers without any functional groups [1, 2, 4, 

6]. One of these fluoropolymers is the P(VdF-CTFE) copolymer.  

P(VdF-CTFE) copolymers with small VdF content are semicrystalline copolymer with a 

hexagonal structure [4, 7]. The copolymers with high VdF content (containing 25 – 70 mol% 

VdF) are semicrystalline with a monoclinic crystalline structure [4] and can be also obtained in 

the amorphous state. P(VdF-CTFE) copolymer shows the [(CH2CF2)x(CF2CFCl)y]n [4, 7] 

chemical structure, the relative Chlorotrifluoroethylene (CTFE) content being critical in 

determining the copolymer physico-chemical properties [7]. In particular, there is a strong 

influence on the thermal properties, the glass transition temperature, Tg, ranging from ~ – 40 ℃ 

for pure PVdF to 45 ℃ for P(VdF-CTFE) [7].  

Ferroelectric PVdF and its copolymers (P(VdF-CTFE)) show strong dipolar moments 

originating from the C-F bonds, the orientation of dipoles in the crystalline phase being 

responsible for the piezoelectric properties [8]. A high electromechanical response is reported for 

P(VdF-CTFE) [4, 7] containing 9 and 12 mol.% CTFE and its dielectric permittivity is 13 and 

dependent on CTFE content. The first applications of P(VdF-CTFE) were wire and cable covers  
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due to its high flexibility, high elongation and cold impact resistance. Nowadays, this polymer 

also begins to find applications in membranes for water and organic liquid treatment [1] and non-

volatile polymer memories [9]. The pseudo-block structure of P(VdF-CTFE) offers feasibility 

for possible grafting modification via atom transfer radical polymerization (ATRP) preserving 

the high mechanical, thermal and chemical stabilities [5]. Nowadays, strong research efforts are 

being develop on the use of the materials for electrical energy storage [9 – 12], as high energy 

material [3] and the development of gel electrolyte membranes containing. In particular, its key 

features for energy storage application are its high ionic conductivity and good compatibility 

with lithium metal electrodes [6].  

CTFE is also used in ternary polymers with VdF and trifluoroethylene (TrFE) or HFP to 

further tune electromechanical transduction and dielectric permittivity, etc. [6, 7, 13]. In the 

terpolymers, the CTFE units disrupts the sequence length of the crystal, which lowers both the 

melting and Curie transitions, leading to good electromechanical response through the more 

mobile polar domains [13]. The presence of the chlorine atom in the terpolymers of VdF and 

TrFE imposes a larger steric hindrance, which favors the (ferroelectric) trans conformation of the 

polymer backbone [13]. The addition of CTFE to the VdF–HFP copolymer has the effect of 

increasing the melting point and increasing the amorphous content [6].  

Several techniques have been used for the processing of P(VdF-CTFE) membranes, 

including solution casting [2, 4, 13], electrospinning [12, 14] and non-solvent induced phase 

inversion [5]. Terpolymer films have been produced from solvent/non-solvent systems [6] and 

spin-coating [9], but there is still a need to stablish clear processing-morphology-physical 

properties relationships for this important copolymer, in particular for the development of 

polymer membranes. 

Taking into account the state of art for P(VdF-CTFE) membranes and the need of 

understanding and tailoring its microstructure for different of applications, the novelty of this 

chapter is the fabrication of P(VdF-CTFE) membranes by solvent casting from DMF, by varying 

systematically polymer concentration and evaporation temperature along the phase diagram of 

the polymer/solvent system. Thus, membranes with different microstructures have been obtained 

with distinct thermal, mechanical, dielectric and piezoelectric properties, suitable for a wide 

range of applications. 
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4.2. Experimental  

 

4.2.1. Materials 

 

P(VdF-CTFE) (Solef 31508 with Mw = 270-290 kg.mol-1; 18.66wt.% of CTFE content 

[15]) was supplied by Solvay. The solvent DMF (99.5%) was purchased from Merck. 

 

4.2.2. Membrane preparation 

 

P(VdF-CTFE) polymer concentration in solution ranged from 5 wt.% to 20 wt.%, 

concentration at which the polymer showed already a large viscosity. The polymer was dissolved 

in DMF at room temperature under constant magnetic stirring until a homogeneous solution was 

obtained. After polymer dissolution, the solution was placed on a clean glass substrate, spread by 

blade coating with the thickness of 100 μm and submitted to isothermal evaporation in a 

temperature range between 25 ℃ and 200 ℃ within an air oven from Binder, ED23 oven.  

The samples produced were identified as (x CTFE y), where x represent the polymer 

concentration and y represents the solvent evaporation temperature. 

 

4.2.3. Sample characterization 

 

The morphology of the P(VdF-CTFE) membranes was obtained by the method described 

in section 2.2.3. 

The porosity of the samples (𝜙) was measured by the pycnometer method:  

𝜙 =
 𝑊2−𝑊3−𝑊𝑆 

 𝑊1−𝑊3 
  (4.1) 

where 𝑊1 is the weight of the pycnometer filled with ethanol, 𝑊𝑆 is the weight of the sample, 𝑊2 

is the weight after the sample was soaked in ethanol and additional ethanol was added to complete 

the volume of the pycnometer and 𝑊3  is obtained when the sample was removed from the 

pycnometer and the residual weight of the pycnometer with ethanol was measured [16]. The mean 

porosity of each membrane was obtained as the average of the values determined in three samples. 

Contact angle measurements were performed, polymer phase in the membranes was 

investigated by Fourier Transformed Infrared (FTIR) spectroscopy and the thermal properties of 

the membranes were determined by differential scanning calorimetry (DSC), as described in 

section 2.2.3. 



Chapter 4 – Tailoring poly(vinylidene fluoride-co-chlorotri-fluoroethylene) microstructure and physico-chemical 

properties by exploring its binary phase diagram with  dimethylformamide 

   
96 

 

Mechanical tests were carried out at room temperature through stress-strain 

measurements in the tensile mode of a Shimadzu-AG-IS testing instrument at a strain rate of 

1mm/min. 

The real part of the dielectric permittivity (𝜀′) and the dielectric losses (tan 𝛿) were 

obtained as described in section 2.2.3. 

The piezoelectric 𝑑33 
coefficients were measured using a 𝑑33 

meter APC YE2730A. For 

determination of the piezoelectric coefficient, the P(VdF-CTFE) samples were first poled by corona 

discharge at a controlled temperature inside a home-made corona chamber with the following 

parameters obtained after process optimization: applied voltage of 8 kV at a constant current of 10 

μA; constant distance of 1.5 cm between the sample and the tip; poling time 1 hour, poling 

temperature at 120 ℃ and then cooled to room temperature under the applied electric field [17]. 

 

4.2.4. Mesoscale simulation  

 

Mesoscopic models based on dynamic density functional were used for describing the 

phase separation phenomena in the polymer/solvent mixture. 

The dynamic density functional (DDF) model (mesoscale model based on the Gibbs free 

energy) consists on representing the total functional free energy as a function of time. This 

model is represented by the diffusion equation of the time-dependent Ginzburg-Landau model:  

 𝜕𝜙(𝑟,𝑡) 

 𝜕𝑡 
= 𝑀. ∇2

 𝛿𝐹 

𝛿𝜙(𝑟,𝑡) 
+ 𝜂(𝑟, 𝑡)  (4.2) 

where 𝐹 = 𝐹𝑖𝑑 + 𝐹𝑚𝑓  (𝐹𝑖𝑑  is the ideal free energy function and 𝐹𝑚𝑓  is the mean field free 

energy that correspond to Gibbs free energy), 𝜙 is the volume fraction of the polymer, M is the 

kinetic coefficient and 𝜂(𝑟, 𝑡) is a Gaussian random force, corresponding to a force correction 

factor [18]. 

The simulation was executed through the MesoDyn Model of Materials Studio software 

v6.0.0. The MesoDyn software solves the DDF problem applied to polymer mixtures by varying 

volume fraction and temperature, in order to assess the conditions for crystallization nucleation 

to occur. Within this process, it was necessary to build a polymer chain of P(VdF-CTFE) and a 

DMF molecule. Further, it was required to build an amorphous cell of polymer mixture based on 

the polymer-solvent volume fractions corresponding to the ones established in the experimental 

work. Finally, the polymer phase separation was studied as a function of the polymer concentration 

within the solution and the solvent evaporation temperature independently of the size of the box 

[19]. The size of the box was 502×502×32 nm with a number of simulation steps of 2000. 
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4.3. Results 

 

The microstructural variations observed through the SEM images obtained from the 

P(VdF-CTFE)/DMF binary system, by varying initial polymer concentration (5 to 20 wt.%) and 

solvent evaporation temperature (from 25 ℃ to 200 ℃) are shown in Figure 4.1. 

 

 

 

Figure 4.1. Surface images of the P(VdF-CTFE) membranes prepared from the P(VdF-CTFE)/DMF 

solution: solvent evaporation at 25 ℃ for a) 5 wt.% and b) 20 wt.% P(VdF-CTFE) samples. 

Solvent evaporation at 50 ℃ for c) 5 wt.% and d) 20 wt.% P(VdF-CTFE) samples. Morphologies 

of the samples with 20 wt.% P(VdF-CTFE) with solvent evaporation at e) 100 ℃ and f) 200 ℃. 
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As a function of initial polymer concentration (Figure 4.1 a), 5wt.% and  Figure 4.1 b), 

20wt.%) at 25 ℃, it is observed a porous morphology formed by sponge-like macrovoids as a 

result from a precipitation situation dominated by liquid-liquid demixing in the phase diagram 

[20]. A porous morphology is also observed in the samples prepared after solvent evaporation at 

50 ℃  (Figure 4.1 c), 5wt.% and Figure 4.1 d), 20 wt.%). For low solvent evaporation 

temperatures (25 ℃ and 50 ℃) at a given polymer concentration (5 wt.%) –  Figure 4.1 a) and  

Figure 4.1 c) – the membranes are characterized by a uniformly distributed spherulitic particulate 

morphology. Figure 4.1 a) and Figure 4.1 c) also show that the size of the spherulites increases 

with increasing solvent evaporation temperature. This behaviour is the same independently of the 

polymer concentration in the solution, as shown by Figure 4.1 b) and Figure 4.1 d) for the 20 

wt.% samples concentration. Moreover, for a given polymer concentration, the size of the 

spherulites increases with increasing of solvent evaporation temperature (Figure 4.1 b) and  

Figure 4.1 d)). The particular morphology observed in Figure 4.1 a) – Figure 4.1 d) is ascribed to 

the relevance of the amorphous fraction in the formation of the membrane at lower 

crystallization temperatures (25 ℃  and 50 ℃ ). At these temperatures, the amorphous phase 

supplies sufficient chain mobility through the reorganization of the membrane structure, which is 

interrupted at the time of polymer vitrification [21], leading to low values of degree of crystallinity. 

A different microstructure is observed at high solvent evaporation temperatures for the 20 wt.% 

sample. As observed in Figure 4.1 e) and Figure 4.1 f) for solvent evaporation at 100 ℃ and 200 

℃, the membranes exhibit a dense morphology as temperature improves the polymer diffusion and 

the spherulite growth due to increased mobility of the polymer chains, that occupy the free space 

left by the solvent, giving rise therefore to a dense morphology [22]. The pores observed in 

Figure 4.1 e) for the samples evaporated at 100 ℃ are the result of the high evaporation rate of 

the DMF solvent that limits the mobility of polymer chains. The morphology observed for the 

samples evaporated at 200 ℃ (Figure 4.1 f)) consists on thick films with just surface pores 

within spherulites of diameters around 100 μm (insert of Figure 4.1 f)). 

The different morphologies shown in Figure 4.1 are attributed to the initial position of the 

solution in the phase diagram of the P(VdF-CTFE)/DMF system, as it will be later discussed. 

The evaporation temperature of the solvent and the P(VdF-CTFE) concentration strongly affects 

the membrane morphology and the degree of porosity (Figure 4.2). 

Figure 4.2 represents the degree of porosity of the P(VdF-CTFE) membranes evaporated 

at 25 ℃ as a function of the initial polymer concentration.  
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Figure 4.2. Degree of porosity as a function of P(VdF-CTFE) initial concentration in the P(VdF-

CTFE)/DMF system prepared by solvent evaporation at room temperature. 

The degrees of porosity ranges between 70% and 60% for all initial polymer 

concentrations in the solution between 5 and 20 wt.%. The explanation of this morphology is that, 

at low evaporation temperature, the polymer chains have a reduced mobility hindering the 

polymer to occupy the free space left by the evaporated solvent [23]. This behaviour at 25 ℃ is 

also detected for P(VdF-CTFE) membranes evaporated at 50 ℃, ranging the degree of porosity, 

in this case, between 56 % and 40 % for 5 and 20 wt.% of P(VdF-CTFE) in the initial solution, 

respectively. The decrease in the degree of porosity for P(VdF-CTFE) membrane evaporated at 

50 ℃ and 100 ℃ in comparison with the samples at 25 ℃ for a given polymer concentration (e.g. 

5 wt.%) is due to the increase of solvent evaporation rate and increased polymer chain mobility 

[24]. For higher solvent evaporation temperature at 200 ℃, a thick film is observed with no porosity. 

It is to notice that the evaporation temperature is above the melting temperature of the copolymer 

and under this temperature conditions, and different from the other situations, melt 

crystallizations occurs.  

The analysis of the hydrophobicity of the membranes is essential to determine their range 

of applicability. Figure 4.3 shows the contact angle as a function of initial polymer concentration 

for the different solvent evaporation temperatures.  
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Figure 4.3. Contact angle as a function of P(VdF-CTFE) polymer concentration at different 

evaporation temperatures. 

For P(VdF-CTFE) membranes evaporated at 25 ℃  the water contact angle is 

approximately between 130° and 140°, independently of the initial polymer concentration. The 

hydrophobic character observed for these membranes is mainly related to the large pore size and 

irregular surface [25]. In a general way, the water contact angle decreases with increasing 

solvent evaporation temperature, as shown in Figure 4.3 for the 5 wt.% initial polymer 

concentration, suffering minor variations with the initial polymer concentration. Thus, for the 

initial polymer concentration of 5 wt.% there is a strong decrease of the contact angle from 

~140° to ~100° from the samples evaporated at 25 ℃ and 200 ℃, respectively (Figure 4.1 f)). 

This fact is mainly attributed to the variations in the morphology of the samples [26], but can 

also attributed to the polymer phase and therefore the polarity of the polymer chains. 

Typically P(VdF-CTFE) polymer with less than 17 mol.% CTFE content crystallizes in 

the non-polar 𝛼-phase [27]. The identification and quantification of the crystalline phase of 

P(VdF-CTFE) as a function of the initial polymer concentration and solvent evaporation 

temperature was performed by FTIR (Figure 4.4).  
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Figure 4.4. FTIR-ATR spectra for a) samples prepared after solvent evaporation at 𝑇 =25 ℃ for 

different initial polymer concentrations in the P(VdF-CTFE)/DMF system and b) samples 

prepared from 20 wt.% P(VdF-CTFE) initial polymer concentration with solvent evaporated at 

different temperatures.  

The specific bands characteristics of the α and β-phases of the pure PVdF polymer are 

765, 796, 855 and 976 cm-1 and 840 and 1232 cm-1, respectively [28]. The more representative 

vibration bands of P(VdF-CTFE) copolymer are: C-C stretch at 649, 666 and 698 cm-1, C-Cl 

stretch at 902, 937 and 970 cm-1, F-C-F asymmetrical stretch at 1202 cm-1, F-C-F symmetrical 

stretch at 1130 cm-1 and C-F stretch at 1285 cm-1 [29]. FTIR-ATR spectra for the P(VdF-CTFE) 

membranes prepared after solvent evaporation at 25 ℃ for different initial polymer concentration 

are shown in the Figure 4.4 a). Figure 4.4 b) shows the FTIR-ATR spectra for the membranes 

prepared with the same initial polymer concentration (20 wt.%) but with solvent evaporation 

temperature between 25 ℃ to 200 ℃. 

It can be observed that the polymer concentration (Figure 4.4 a)) and solvent evaporation 

temperature (Figure 4.4 b)) have a significant effect on vibrations bands of the P(VdF-CTFE) 

polymer and, therefore, different polymer phase contents are presented in the different samples. 

Independently of the experimental conditions, it is detected the presence of the vibrations bands 

at 760, 795, 974 and 1384 cm-1 that correspond to the α crystalline phase, but also the specific 

band at 838 cm-1 , identifying the 𝛽-phase [28]. This fact confirms the coexistence of multiple 

phases of P(VdF-CTFE) polymer, as detected through of XRD and DSC, as a function of 

crystallization condition [30].  

The quantification of the crystalline phases present in the samples was performed using the 

specific bands at 766 cm-1 and 840 cm-1, identified with the presence of the 𝛼  and 𝛽-phases, 

respectively, and following the method explained in [28]. Assuming that the samples are composed  

just by the 𝛼 and 𝛽-phases, the 𝛽-phase content is calculated by (2.4), as described in section 2.3,  
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with 𝐴𝛼 and 𝐴𝛽 the absorbencies at 766 and 840 cm−1, corresponding to the 𝛼 and 𝛽-phase material, 

𝐾𝛼 and 𝐾𝛽 are the absorption coefficient at the respective wave number and 𝑋𝛼 and 𝑋𝛽 the degree 

of crystallinity of each phase. The value of 𝐾𝛼 is 6.1×104 and 𝐾𝛽 is 7.7×104 cm2.mol-1 [28]. 

The 𝛽-phase fraction obtained for the different P(VdF-CTFE) membranes is summarized 

in Table 4.1. 

Table 4.1. 𝛽 -phase content of the P(VdF-CTFE) membranes prepared from different initial 

polymer concentrations and solvent evaporation temperatures. 
 

Samples 
 

𝜷-phase / % ± 2% 
 

5CTFE25 
 

56 
 

10CTFE25 
 

25 
 

15CTFE25 
 

32 
 

20CTFE25 
 

33 
 

20CTFE50 
 

26 
 

20CTFE100 
 

87 
 

20CTFE200 
 

82 

Table 4.1 shows that the 𝛽 -phase content decreases with increasing of polymer 

concentration in the P(VdF-CTFE)/DMF system for a given solvent evaporation temperature (25 

℃) and increases with increasing solvent evaporation temperature for a given initial polymer 

concentration (20 wt.%). The observed behaviour is determined by the solvent evaporation rate 

influencing the PVdF crystalline [31, 32] and also by the inclusion of the CTFE fraction in the 

PVdF polymer. 

Concerning of the P(VdF-CTFE) membranes with different initial polymer concentration 

evaporated at 25 ℃, it was observed a decrease of the 𝛽-phase content with increasing initial 

polymer content up to 10 wt.%, remaining then practically constant until the initial polymer 

concentration of 20 wt.% in which the inclusion of the CTFE fraction is the factor determining 

the 𝛽-phase content. This behaviour can also be explained by the solvent diffusion, as initial 

polymer concentration affects the diffusivity of the solvent and the evaporation rate is dominated 

by the solvent diffusion coefficient [32]. For higher polymer concentration of 20 wt.%, the 

increase of the 𝛽-phase fraction by increasing solvent evaporation temperature is related to the 

inclusion of CTFE in the PVdF which leads to an oriented packing of the CH2-CF2 dipoles 

favoring the formation of the 𝛽-phase, as reported in [33].  

The melting behaviour and degree of crystallinity of the P(VdF-CTFE) membranes were 

determined by differential scanning calorimetry (DSC). 
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The DSC thermographs of the P(VdF-CTFE) membranes as a function of the initial 

polymer concentration and solvent evaporation temperature are shown in Figure 4.5 a) and 

Figure 4.5 b), respectively. 
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Figure 4.5. DSC scans for a) samples prepared after solvent evaporation at 𝑇 =25 ℃  for 

different initial polymer concentration in the P(VdF-CTFE)/DMF system and b) samples 

prepared from 20 wt.% P(VdF-CTFE) initial polymer concentration with solvent evaporation at 

different temperatures. 

Figure 4.5 shows, in all cases, a bimodal peak that represents the melting temperature of 

the polymer. The bimodal peak, with maximum around 166 ℃ , represents the melting 

temperature of the P(VdF-CTFE) polymer [5]. Figure 4.5 and Table 4.2 shows that the maximum 

melting temperature (164 ℃ – 167 ℃) of the P(VdF-CTFE) membranes is not affected by the 

solvent evaporation temperature and polymer concentration, within experimental error. The 

differences observed in the bimodal peak for all P(VdF-CTFE) are attributed to the increase of 

lamellae thickness, i.e. the interlamella diffusion of the polymer chains [34] and the coexistence 

of the two crystalline phases with different crystal types. 

The degree of crystallinity of the P(VdF-CTFE) membranes, represented in Table 4.2, 

was obtained by (2.3) as described in section 2.2.3 [28]. 
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Table 4.2. Maximum melting temperature and degree of crystallinity of the membranes as a 

function of polymer concentration and solvent evaporation temperature. 
 

Samples 
 

Tf / ℃ ± 1 ℃ 
 

𝝌 / % ± 2% 
 

5CTFE25 
 

165 
 

21 
 

10CTFE25 
 

165 
 

21 
 

15CTFE25 
 

164 
 

22 
 

20CTFE25 
 

164 
 

27 
 

20CTFE50 
 

167 
 

25 
 

20CTFE100 
 

166 
 

15 
 

20CTFE200 
 

167 
 

18 

The degree of crystallinity shown in Table 4.2, slightly depends on solvent evaporation 

temperature and initial polymer concentration. For a given solvent evaporation temperature (25 

℃), the degree of crystallinity increases slightly with increasing polymer concentration, due to 

increased polymer-polymer interaction during polymer crystallization [35]. On the other hand, 

for a given initial polymer concentration (20 wt.%), the degree of crystallinity decreases with 

increasing solvent evaporation temperature, due to the increasing of crystallization kinetics 

leading to more defective structures [36]. It has been reported that the degree of crystallinity for 

P(VdF-CTFE) with 9 wt.% CTFE content is around 25%, the degree of crystallinity decreasing 

with increasing CTFE content in the P(VdF-CTFE) polymer [4]. 

The determination of the mechanical properties of the P(VdF-CTFE) films and 

membranes is a relevant factor associated to the integrity and safety of the membranes, which is 

critical in certain applications such as filtration, microelectronics applications and battery 

separators, among others. 

Stress/strain curves for the different P(VdF-CTFE) membranes as a function of initial 

polymer concentration and solvent evaporation temperature are shown in Figure 4.6.  
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Figure 4.6. Stress-strain curves for a) samples prepared after solvent evaporation at 𝑇 =25 ℃ for 

different initial polymer concentration in the P(VdF-CTFE)/DMF system and b) samples 

prepared from 20 wt.% P(VdF-CTFE) initial polymer concentration with solvent evaporation at 

different temperatures. 

The behaviour in the stress/strain curve for all P(VdF-CTFE) membranes is typical for a 

thermoplastic polymer in which an elastic linear region characterized by the Young’s modulus 

(slope of stress-strain in the elastic region at a deformation of 5%) is detected, followed by the 

yielding strain/stress, separating the elastic from the plastic region [37]. 

The mechanical parameters (Young’s modulus, yielding stress/strain) calculated from the 

data in Figure 4.6 are represented in Table 4.3. 

Table 4.3. Young´s modulus (𝐸´), yielding stress (𝜎𝑦) and yielding strain (𝜀𝑦) of the membranes 

as a function of polymer concentration and solvent evaporation temperature. 

 
Samples 

 
𝑬´ / MPa ± 2% 

 
𝜺𝒚 / % ± 1% 

 
𝝈𝒚 / MPa ± 2% 

 
5CTFE25 

 
155 

 
3 

 
5.0 

 
10CTFE25 

 
155 

 
5 

 
6.0 

 
15CTFE25 

 
100 

 
3 

 
1.3 

 
20CTFE25 

 
38 

 
4 

 
1.2 

 
20CTFE50 

 
110 

 
2 

 
1.8 

 
20CTFE100 

 
180 

 
6 

 
10.4 

 
20CTFE200 

 
230 

 
11 

 
13 

Figure 4.6 and Table 4.3 show that that the Young’s modulus and yielding stress decrease 

with increasing polymer concentration at 25 ℃. This behaviour is fully ascribed to the different 

porous morphologies of the P(VdF-CTFE) membranes, as the degree of crystallinity is practically 

constant for those samples (Table 4.2). In relation to the effect of the solvent evaporation temperature,  
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both Young’s modulus, yielding stress and yielding strain are enhanced with increasing solvent 

evaporation solvent temperature for a given initial polymer concentration: as the solvent 

temperature increases, the degree of porosity present in the P(VdF-CTFE) membranes decreases, 

increasing the mechanical properties. 

Technological developments based on the use of electroactive polymers such as P(VdF-

CTFE) are mainly based on its dielectric and piezoelectric properties, in particular for 

applications as sensors, actuators, electromechanical and acoustic transducers.  
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Figure 4.7. Electrical results for the samples prepared by solvent evaporation at 𝑇 =200 ℃ from 

different initial polymer concentrations in the P(VdF-CTFE)/DMF system: a) dielectric constant, 

b) tan 𝛿  and c) conductivity. d) Variation of the dielectric constant in function of polymer 

concentration at 1 kHz. 

Figure 4.7 a) shows the variation of 𝜀’ for the P(VdF-CTFE) membranes evaporated at 

200 ℃ as a function of polymer concentration. These measurements are presented just for the 

samples prepared under these conditions, as they are processed in the form of thin films and not 

porous microstructures, which hinder precise electrical characterization. 𝜀’ decreases with increasing 



Chapter 4 – Tailoring poly(vinylidene fluoride-co-chlorotri-fluoroethylene) microstructure and physico-chemical 

properties by exploring its binary phase diagram with  dimethylformamide 

   
107 

 

frequency such as for pure PVdF [38], and the behaviour is practically the same between all the 

samples. The dielectric constant 𝜀’ present in Figure 4.7 a) is correlated and depends on the 

degree of crystallinity and the crystalline phase of the polymer (Table 4.1 and Table 4.2). The 

dielectric constant 𝜀’ at 1 kHz as a function of polymer concentration represented in Figure 4.7 d) 

shows the effect of the crystalline phase and degree of crystallinity in the dielectric behaviour. 

The values of 𝜀’ for the P(VdF-CTFE) films shown in Figure 4.7 a) and Figure 4.7 d) are 

between the values of the dielectric constant obtained for the PVdF homopolymer in the 𝛼-phase, 

𝜀’ = 7, and 𝛽-phase, 𝜀’ = 12 [38]. The values of 𝜀’ for P(VdF-CTFE) polymer depend on the 

CTFE content and processing conditions, being reported values up to 𝜀’ =15 [39]. 

Figure 4.7 b) shows the behaviour of the tan 𝛿 as a function of frequency. Regarding 

tan 𝛿 for frequencies above 104 Hz, the increase in the tan 𝛿 is attributed to the 𝛼𝑎 relaxation 

process, i,e., micro-brownian movement of the amorphous phase chain segments or movement of 

crystalline-amorphous interphase chain segments [40]. 

From (2.5), the real part of the conductivity of the dielectric material can be calculated 

from the dielectric measurements presented in Figure 4.7 a). 

Figure 4.7 c) shows the 𝜎′(𝜔)  values for the P(VdF-CTFE) films as a function of 

frequency. The behaviour of all P(VdF-CTFE) films is the same, the conductivity increasing 

with increasing frequency (Figure 4.7 c)). Normally in the fluorinated polymers (PVdF polymer 

and its copolymers), the conductivity behaviour as a function of frequency shows two regimes, 

i.e., one regime for lower frequencies up to 104 Hz dominated by the DC conductivity and the 

second for higher frequencies, assigned to the AC conductivity [42]. In Figure 4.7 c), for all 

P(VdF-CTFE) films, the conductivity increases with increasing of frequency in a similar way. 

Finally, Figure 4.8 shows the d33 piezoelectric coefficient as a function of polymer 

concentration after poling conditions optimization. 
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Figure 4.8. Modulus of the piezoelectric d33 coefficient for the films evaporated at 200 ℃ as a 

function of the P(VdF-CTFE) initial concentration. 
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The piezoelectric coefficient 𝑑33 is negative and its modulus is practically independent, 

within experimental error, of the polymer concentration in the P(VdF-CTFE)/DMF system, as 

demonstrated in Figure 4.8. 

In [43] it is demonstrated the dependence of the piezoelectric response with the -phase 

content and it was shown that for  -phase contents above 82% the piezoelectric response 

practically remains constant. The piezoelectric 𝑑33 coefficient is around 4pC/N for the sample 

with the highest 𝛽-phase content (20 wt.%, 82%). The 𝛽-phase of the samples is responsible for 

the piezoelectric properties (-CH2CF2-) [43] and the degree of crystallinity. In the present case, 

though large values of electroactive phase are obtained, the low value of the degree of 

crystallinity in comparison with PVdF (25% to 18% for P(VdF-CTFE) vs. 40% to 55% for 

PVdF) leads to lower values of the 𝑑33 response [44]. 

 

4.4. Discussion 

 

Figure 4.9 shows the variation of the free energy of mixing (Δ𝐺) as a function of polymer 

concentration in the P(VdF-CTFE)/DMF system for different evaporation temperatures and the 

phase diagram for the P(VdF-CTFE)/DMF system. 
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Figure 4.9. a) Variation of the Gibbs free energy and b) phase diagram for the P(VdF-

CTFE)/DMF system. 

The influence of polymer concentration and solvent evaporation temperature in the 

sample microstructure of the P(VdF-CTFE) polymer (Figure 4.1) is due to a phase separation 

process between polymer and solvent illustrated in the phase diagram of the P(VdF-CTFE)/DMF 

system (Figure 4.9 b)). 

Through the Flory-Huggins theory based on a lattice model that ignores “free volume”, the  
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Gibbs free energy fluctuations in the isothermal evaporation process for binary systems 

(polymer/solvent) are described by (2.6) [45] as defined in section 2.4. 

For the P(VdF-CTFE)/DMF system, the Gibbs free energy density (Δ𝐺) (Figure 4.9 a)) 

and the phase diagram (Figure 4.9 b)) have been constructed using 𝜈0 =77.4 cm3.mol-1 (DMF 

volume molar), 𝑛 =23 and the Hansen solubility parameters, 𝛿 = 3.31, determined with the 

Blends software including in Material Studio Modeling software. This solubility parameter 

indicates the strong interaction between the DMF molecule and the P(VdF-CTFE) chain. 

The Flory-Huggins theory adopted here was the extended theory that is found on 

Materials Studio software. The extended Flory-Huggins theory introduces two new topics and 

combines the Flory-Huggins model and molecular simulation to calculate the miscibility of 

polymer solutions. The first one, consists on the interaction parameter, in that the previous model 

don’t take in consideration the variation with temperature, but this is taken in this calculation. 

The second one, is an off-lattice calculation, this means that molecules are not distributed as a 

regular lattice, as write by Flory-Huggins theory. The simulation generates a multiple possible 

molecular pairs and calculates, for each one, the number of coordination number. These 

computer simulations are carried out in isolated molecules and there are normalized by the other 

interactions. This is present on the results.  

These two topics were previous discussed by [46, 47]. This extension of Flory-Huggins 

model it is necessary to approximate the simulation to the experimental data. 

The miscibility (𝛥𝐺 < 0) of the system increases with increasing temperature [48] and is 

affected by specific interactions between polymer and solvent and the polymer molecular weight. 

This behaviour of miscibility is dependent on the polymer concentration for low temperatures 

and becomes independent of the initial polymer concentration for temperatures above 80 ℃.  

Figure 4.9 b) shows the phase diagram of the P(VdF-CTFE)/DMF system in which the 

three main regions – stability, metastability and instability – of the polymer solution are observed. 

These regions are separated by the binodal and the spinodal lines illustrated. In this way, the 

phase separation process of the P(VdF-CTFE)/DMF system and therefore the resulting sample 

microstructure, can be controlled through the initial polymer concentration and the solvent 

evaporation temperature. 

The initial sample preparation conditions (polymer concentration and solvent evaporation 

temperature) are represented in the phase diagram of Figure 4.9 b) by the circles.  

As represented in Figure 4.9 a) at 25 ℃ for the different polymer/solvent ratios, the 

microstructure formation of the P(VdF-CTFE) membranes is dominated by nucleation and 

growth, as samples are located in the metastable region (region between the spinodal and binodal  
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lines). This phase separation process, leading later to morphology formation, is simulated for the 

P(VdF-CTFE)/DMF phase diagram at 25 ℃ in Figure 4.10 a) and Figure 4.10 b). The simulated 

phase separation is represented by the color-codes, representing the variation of the density on 

the system (polymer/solvent) in which red represents a higher density and blue a lower density. 

 

Figure 4.10. Representation of the P(VdF-CTFE) structure in the P(VdF-CTFE)/DMF system at 

25 ℃ for a) 5% of P(VdF-CTFE) and b) 20% of P(VdF-CTFE) and at 200 ℃ for c) 5% of 

P(VdF-CTFE) and d) 20% of P(VdF-CTFE) in the initial solution. The colour-code represents 

the variation of the density on the system (polymer/solvent) in which red represents a higher 

density and blue a lower density. 

Thus, simulations at 25 ℃ show a microphase separation where the phase separation 

occurs. The microphase separation (Figure 4.10 a)) is lower in the more diluted solution and 

increases with increasing polymer concentration in the P(VdF-CTFE)/DMF system (Figure 4.10 

b)). Taking this fact into account, the P(VdF-CTFE) membranes result in final microstructures 

with different degree of porosity (Figure 4.2). For a given polymer/solvent ratio (20/80) at 

different solvent temperatures (25 ℃, 50 ℃, 100 ℃ and 200 ℃) the system passes from the 

metastable region to the one-phase region (homogeneous microstructure) above 100 ℃ and no 

porous microstructure is observed (Figure 4.2). This fact is also observed in the simulated initial 
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morphology (Figure 4.10 c) and Figure 4.10 d)). 

For high evaporation temperature (200 ℃), independently of the polymer concentration, 

the sample preparation conditions are located outside the binodal line and no liquid-liquid phase 

separation is observed (Figure 4.10 c) and Figure 4.10 d)). 

Finally, the factor that affects more the phase separation, observed in Figure 4.10, is the 

solvent evaporation temperature in comparison with polymer concentration, within the ranges 

used in the present investigation. 

The 𝛽 -phase content, thermal, mechanical, dielectric and piezoelectric properties of 

P(VdF-CTFE) samples depend on the initial polymer concentration and solvent evaporation 

temperature, as shown in Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8, 

respectively.  

At room temperature, the degree of porosity of P(VdF-CTFE) membranes depends on the 

polymer concentration as illustrated in Figure 4.2. The 𝛽 -phase content of P(VdF-CTFE) 

membranes depends more on solvent evaporation temperature than on polymer concentration 

(Figure 4.4). The maximum 𝛽-phase fraction (87%) was determined for 20 wt.% initial polymer 

concentration at a solvent evaporation temperature of 100 ℃. 

The differences observed in the degree of crystallinity (values between 15% and 27%) 

(Figure 4.4 and Table 4.3) for all P(VdF-CTFE) membranes, are ascribed to the deferral of 

liquid-liquid demixing process and correlated to the phase separation and solvent evaporation 

rate influenced by thermodynamic parameters (affinity) and kinetics factors (molar volumes). 

The Young’s modulus and yielding stress depend on the evaporation solvent temperature and 

polymer concentration as they are mainly affected by the degree of crystallinity. 

Finally, the dielectric and piezoelectric properties of P(VdF-CTFE) membranes are 

correlated mainly with the 𝛽-phase content (Figure 4.7 and Figure 4.8, respectively).   

 

4.5. Conclusions 

 

P(VdF-CTFE) membranes have been prepared by solvent casting and the influence of 

polymer/solvent ratio and solvent evaporation temperature in the microstructure and physico-

chemical properties of P(VdF-CTFE) membranes prepared was evaluated. We obtained 

membranes with a wide-range of different morphologies, and their porous microstructure is 

attributed to spinodal decomposition of the liquid-liquid phase separation. These microstructures 

are correlated through the phase diagrams for the binary system (P(VdF-CTFE)/DMF) obtained 

by the Flory-Huggins theory, assuming random mixing of chains in the calculation of the entropy  



Chapter 4 – Tailoring poly(vinylidene fluoride-co-chlorotri-fluoroethylene) microstructure and physico-chemical 

properties by exploring its binary phase diagram with  dimethylformamide 

   
112 

 

and segments in the calculation of the enthalpy. For P(VdF-CTFE) membranes, the β-phase 

content, thermal, mechanical, dielectric and piezoelectric properties depends on the initial 

polymer concentration and solvent evaporation temperature. We argue that P(VdF-CTFE) 

membranes with different morphologies, thermal, dielectric and piezoelectric p roperties are 

suitable for their use in different applications from sensor and actuator to different membrane 

technologies. 

The membrane solutions prepared with different P(VdF-CTFE) contents can be prepared 

with a large range of viscosities, making them suitable for inks to be used in printing technology. As 

previously mentioned, the choice of the viscosity will depend on the selected printing technique. 
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5. Poly(vinylidene fluoride-co-chlorotrifluoro-

ethylene) lithium-ion battery separator 

membranes  

 

 

 

This chapter describes the preparation of poly(vinylidene fluoride-co-chlorotrifluoro-

ethylene), P(VdF-CTFE), as separators for lithium batteries, using different polymer/solvent 

N,N-dimethylformamide (DMF) ratios, as well as their characterization, including physico-

chemical and electrochemical characterization, as well as cycling tests, performed on Li/LiFePO4 

half-cells with P(VdF-CTFE) as electrolyte separator membrane. 

  

 

 

This chapter is based on the following publication: “Poly(vinylidene fluoride-co-chloro-

trifluoroethylene) lithium-ion battery separator membranes prepared by phase inversion”, R. E. 

Sousa, Manab Kundu, A. Gören, M. M. Silva, Lifeng Liu, C. M. Costa and S. Lanceros-Méndez, 

RSC Advances, 5 (110), 2015, 90428 – 90436.  
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5.1. Introduction 

 

Rechargeable lithium-ion batteries with higher energy density and safety are necessary 

taking into account the rapid technological development in applications such as mobile phones, 

computers, e-labels, e-packaging, disposable medical testers, hybrid electric vehicles (PHEVs) 

and electric vehicles (EVs) [1, 2]. 

Rechargeable lithium-ion batteries are one of the most efficient technologies for energy 

storage [3 – 5], due to their excellent characteristics: they are light, cheap, show high energy 

density (210 Wh.kg-1), low self-discharge rate (2 – 8% per month), no memory effect, prolonged 

service-life and high number of charge/discharge cycles (> 1000 cycles), high-operation voltage 

(2.5 – 4.2 V) and capability to store 2 – 3 times the energy per unit weight and volume when 

compared to Ni-Cd rechargeable batteries [3, 6 – 8]. 

The basic constituents present in a lithium-ion battery are the anode, cathode and the 

electrolyte separator. The electrolyte separator separates anode and cathode and serves as the 

medium for the transfer of charges, preventing internal short circuit and providing a pathway for 

ionic conduction in the liquid electrolyte [9 – 12]. The electrolyte separator can be constituted by 

a porous polymer matrix in which the membrane is soaked by the electrolyte solution, i.e., a 

liquid electrolyte where lithium salts are dissolved in solvents, water or organic molecules. Other 

possibility for the fabrication the polymer electrolyte separators is the incorporation of the 

lithium salts directly in the polymer matrix [13]. An ideal separator should have an low ionic 

resistance and dimensional stability at elevated temperature [8].  

Different polymer matrices have been used as separators [12, 14 – 16] such as 

poly(ethylene oxide) (PEO) [17], poly(acrylonitrile) (PAN) [18], poly(methyl methacrylate) 

(PMMA) [19], poly(vinyl chloride) (PVC) [20], poly(vinylidene fluoride) (PVdF) [21] and its 

copolymers, poly(vinylidene fluoride-hexafluoropropylene), P(VdF-HFP) (as studied in chapter 

3), poly(vinylidene-fluoride-co-trifluoroethylene), P(VdF-TrFE) [22], and P(VdF-CTFE) [23].  

PVdF and its copolymers have excellent properties for being used as separator membrane 

in comparison with other polymer matrixes [12]. These properties include high polarity, high 

dielectric constant, low degree of crystallinity, morphology control through binary and ternary 

polymer/solvent phase diagram, good wettability and electrochemically stability due to the 

presence of a strong electron-withdrawing group (C-F).  

P(VdF-CTFE) is the less studied co-polymer of PVdF for battery separators [12], despite 

its interesting characteristics: high electromechanical response, high flexibility, high elongation 

and cold impact resistance (as referred in section 1.1).  
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P(VdF-CTFE) has been prepared by electrospinning with [24] and without fillers [23] but 

the battery performance has just been evaluated by Sn–C/PVdF-CTFE/LiNi0.5Mn1.5O4  cells for 

the material without fillers. It is claimed that this polymer guarantees environmental 

sustainability, high energy content, low safety hazard and that shows stable behaviour with a 

capacity decay, for cycles run at rates lower than 1 C, of just 0.06 mA.h.g-1 per cycle [23]. 

Other works with P(VdF-CTFE) polymer for battery separator membranes involve 

nanofiber-coated polypropylene (PP) separator membranes [25, 26]. It is shown that electrolyte 

uptake and separator-electrode adhesion are improved by the nanofiber coatings. The 

improvement in electrolyte uptake is not just related to the gelation capability of the P(VdF-

CTFE) nanofibers, but also attributed to the porosity and capillary effect on nanofibrous 

structure [25]. Thus, in these works it is not presented the electrochemical properties and battery 

performance of P(VdF-CTFE) polymer. 

Taking into account the poor state of the art for this interesting co-polymer, the main goal 

of this work is to prepare P(VdF-CTFE) membranes with different microstructures and correlate 

them with battery performance. The different microstructures (i.e., pore size and degree of 

porosity) are obtained by solvent casting of the binary polymer/solvent (DMF) systems varying 

systematically polymer concentration and solvent evaporation temperature (as referred in chapter 4).  

Morphology, thermal, mechanical and electrical properties were investigated for the 

different P(VdF-CTFE) membranes, together with battery performance in high-rate capability 

and cycle life in Li/C-LiFePO4 half-cells. 

  

5.2. Experimental 

 

5.2.1.  Materials 

 

P(VdF-CTFE) (Solef 31508; Mw = 270–290 kg/mol; 18.66 wt.% CTFE content) was 

supplied by Solvay. The solvents DMF (99.5%), propylene carbonate (PC) and lithium bis(tri-

fluoromethanesulfonyl)imide, LiTFSI were purchased from Merck and Sigma-Aldrich, 

respectively. 

 

5.2.2. Separator membrane preparation 

 

The different experimental steps involved in the P(VdF-CTFE) membrane preparation are 

shown in Figure 5.1, indicating also relevant parameters such as processing time and temperature. 
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Figure 5.1. Experimental procedure for the P(VdF-CTFE) membrane preparation. 

In the solution preparation step, P(VdF-CTFE) polymer concentration in solution of 5 

wt.% and 20 wt.% were used. For polymer concentration above 20 wt.%, the polymer showed a 

large viscosity, being impossible to reach films with good quality. The polymer was dissolved in 

DMF for 2 hours at 25 ℃, under constant magnetic stirring until a homogeneous solution was 

obtained (step 2 of Figure 5.1).  

Then, the solution was placed on a clean glass substrate, spread by blade coating (once 

this method produces results similar to the screen printing technique) with the thickness of 100 

μm and placed within an air oven (Binder, ED23) for isothermal solvent evaporation at 25 ℃, 50 

℃ and 100 ℃. The samples prepared were identified as (x CTFE y) where x represents the 

polymer concentration and y represents the solvent evaporation temperature. 

The initial position of the P(VdF-CTFE) membranes in the phase diagram studied in this 

work is represented by the blue stars in the phase diagram of the P(VdF-CTFE)/DMF system 

shown in Figure 5.2. 
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Figure 5.2. Phase diagram of the binary PVdF-CTFE/DMF system. 
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The samples studied in this work are representative of the possible phase separation 

dynamics of the P(VdF-CTFE)/DMF system as a function of polymer concentration and 

evaporation temperature, as shown in chapter 4. This phase diagram presents three main regions: 

stable, metastable and instable regions where are separated by the binodal and spinodal lines. 

The phase separation process (pore size and porosity) occur in the metastable region, i.e., region 

between the spinodal and binodal lines). At room temperature, the phase separation process is 

dominated by nucleation and growth where the samples are located in the metastable region. For 

P(VdF-CTFE) concentration below 5 wt.%, the mechanical stability of the membranes is very 

low whereas for polymer concentration above 20 wt.% P(VdF-CTFE), the viscosity of the 

system is high, leading to a poor control over the final membrane microstructure. 

For a given polymer concentration (e.g., 20 wt.% of P(VdF-CTFE)), but different solvent 

evaporation temperatures (25 ℃, 50 ℃ and 100 ℃), the system goes through the metastable 

region to the one phase region (homogeneous microstructure), i.e., no liquid-liquid phase 

separation is observed.  

 

5.2.3. Electrolyte solution uptake and porosity 

 

The electrolyte solution uptake was performed by immersing the membranes for 24 h in a 1 

M LiTFSI in PC electrolyte solution, with an ionic conductivity (𝜎0) of 6.5×10-3 S.cm-1 at 25 ℃. 

The uptake value was evaluated according to (3.2), as defined in section 3.2.4. 

The porosity of the samples (𝜙) was measured by the pycnometer method [27], using 

(4.1), as defined in section 4.2.3. 

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

determined in three samples. 

 

5.2.4. Characterization techniques 

 

The morphology of the polymer membranes was analyzed using the method described in 

section 2.2.3.  

Mechanical properties were determined as described in section 3.2.3. 

Polymer phase was investigated by Fourier Transformed Infrared (FTIR) spectroscopy 

and the thermal properties were determined by differential scanning calorimetry (DSC), as 

described in section 2.2.3. 

 



Chapter 5 – Poly(vinylidene fluoride-co-chlorotrifluoro-ethylene) lithium-ion battery separator membranes 

 
     123 

 

5.2.5. Electrochemical properties 

 

The ionic conductivity was evaluated by impedance spectroscopy, as described in section 

3.2.6, and calculated according to (3.3), defined in section 3.2.6.  

The tortuosity () was determined by (3.1), defined in section 3.2.3, with the porosity of 

the membrane,  obtained according to (4.1), defined in section 4.2.3. 

The MacMullin number, 𝑁𝑀 , describes the relative contribution of a separator to cell 

resistance and is therefore related to the effective conduction process. The MacMullin number, 

𝑁𝑀, is defined by: 

𝑁𝑀 =
 𝜎0 

 𝜎𝑒𝑓𝑓 
  (5.1) 

where 𝜎𝑒𝑓𝑓  is the conductivity of the membrane and liquid electrolyte pair and 0  is the 

conductivity of pure liquid electrolyte [28].  

The ionic conductivity temperature dependence follows the Arrhenius equation, as 

defined by:  

𝜎𝑖 = 𝜎0 exp (
 −𝐸𝑎 

 𝑅𝑇 
)  (5.2) 

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.  

 

5.2.6. Lithium cell manufacturing and testing 

 

The cathode material was prepared containing C-LiFePO4 (Phostech Lithium, Lda), 

carbon black (Super P, Timcal Graphite & Carbon, Switzerland) and PVdF (Binder, Solef 5130, 

Solvay) in a weight of 8:1:1 in the slurry with N-methyl-1-pyrrolidone (NMP) solvent. After 

stirring, the slurry was casted on an aluminum foil through doctor-blade technique and dried at 

100 ℃ for 4 h in a conventional oven, Binder (ED23 oven). The active mass loading of the 

cathode material was ~ 2.5 mg.cm-2. 

All separator membranes studied in this work were immersed in the electrolyte solution 

(1M LiTFSI in PC) for 10 minutes within an argon filled glove box (JACOMEX, Germany, the 

moisture and oxygen levels of the glove box being ~ 1.0 ppm.  

2032 coin-type Li/C-LiFePO4 half-cells were prepared using the swollen membranes as 

separators (14 mm diameter), metallic lithium (10 mm diameter) as anode and C-LiFePO4 

electrode as cathode (10 mm diameter).  

Charge-discharge and cycling tests were carried out at room temperature in the voltage  
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range of 2.0 V and 4.0 V at a current density between 0.1C and 2C using a Biologic VMP3 

station. The activation cycle was carried out at 0.1C (17 mA.g-1) in all cases. 

 

5.3. Results and discussion 

 

Morphology and microstructure of the samples were investigated by SEM images, as the 

microstructure strongly affects the performance of the battery [22].  

Representative SEM images of the cross-section of the separator membranes are shown 

in Figure 5.3. 

For all samples except for the 20CTFE100 a porous morphology is observed with 

uniform pore features and porosity distribution along the thickness of the samples.  

 

Figure 5.3. Cross section images of the membranes prepared from the P(VdF-CTFE)/DMF 

solution: solvent evaporation at 25 ℃ for 5 wt % (a) and 20 wt % (b) of P(VdF-CTFE) samples. 

Samples with 20 wt % of P(VdF-CTFE) with solvent evaporation at 50 ℃ (c) and 100 ℃ (d). 

This fact is explained by the position of each sample in the phase diagram of the P(VdF-

CTFE)/DMF system (Figure 5.2), as explained in chapter 4. 
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The samples show a particulate microstructure in that the spherulitic size depends on the 

polymer concentration and solvent evaporation temperature. 

The porous morphology of the 5CTFE25, 20CTFE25 and 20CTFE50 is due to the lower 

polymer chains mobility when the solvent is evaporated a low temperature so that the polymer 

do not occupy the free space left by the solvent where the phase separation occurs. 

In relation to the 20CTFE100 sample, (Figure 5.3 d)), cross section plus surface 

morphology of the membrane), the top of the sample shows a slightly different pore structure with 

pore sizes around 2 μm resulting from the rapid evaporation of the solvent. On the other hand, the 

cross-section image of this sample shows a compact structure without the presence of the pores. 

The degree of crystallinity, as obtained by differential scanning calorimetry, and β-phase 

content, as obtained by infrared spectroscopy, of the samples, calculated after the procedures 

indicated in detail in chapter 4, together with the degree of porosity are summarized in Table 5.1. 

The degree of crystallinity and 𝛽 -phase content slightly depends on polymer 

concentration and solvent evaporation temperature, the variations being therefor not relevant for 

the influence in battery performance [12, 29]. 

Table 5.1. Degree of porosity, 𝛽-phase content and degree of crystallinity for the prepared membranes. 

Samples Porosity / % ± 5% 𝜷-phase / % ± 2% 𝝌/ % ± 2% 

5CTFE25 71 56 21 

20CTFE25 60 33 27 

20CTFE50 40 26 25 

20CTFE100 35 87 15 

Table 5.1 shows that with solvent evaporation at 25 ℃, the degree of porosity is between 

70% and 60% for polymer concentration between 5 to 20 wt.% in the solution. It is also shown 

that the degree of porosity decreases with increasing solvent evaporation temperature due the 

increase of the solvent evaporation rate, polymer chain mobility and no phase separation process. 

For 20CTFE100 sample, the degree of porosity value present in Table 5.1 refers only to porosity 

value in the top layer of the sample. 

One of the most relevant parameters in separator membranes is the uptake value once an  

elevated electrolyte solution content, facilitates ion transport between the two electrodes during 

the charge and discharge process [30]. The uptake value of the electrolyte solution for the separator 

membranes as a function of dipping time is shown in Figure 5.4. For all samples, the saturation 

is achieved after approximately 10 min, with an electrolyte solution content indicating that the 

void volume of the porous membranes was fully filled. 
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Figure 5.4. Electrolyte uptake value as a function of time for the P(VdF-CTFE) separators samples. 

The correlation between uptake value and degree of porosity is revealed in Figure 5.4, 

i.e., the uptake value increases with increasing the degree of porosity for the PVdF-CTFE 

membranes with 20 wt.% polymer concentration. This fact is also observed in the insert of 

Figure 5.4, showing the correlation between maximum uptake and degree of porosity. 

In particular, for solvent evaporation temperature at 25 ℃, the highest uptake value (~ 

290%) is observed for the P(VdF-CTFE) membranes with 20 wt.% polymer concentration. The 

enhanced interaction between this sample and electrolyte solution is attributed to the initial 

polymer concentration which is beneficial for cycling performance [31]. 

To ensure safe operation of the battery, the mechanical properties of the separator are 

essential for dimensional stability and to avoid short-circuit and therefore electrical contact 

between electrodes [32]. The mechanical properties of the P(VdF-CTFE) membranes were 

determined by the stress-strain curves, as represented in Figure 5.5.  
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Figure 5.5. a) Stress-strain curves and b) Young’s modulus (𝐸´) for the P(VdF-CTFE) separators samples. 

Figure 5.5 shows the stress–strain curves (left) and the Young’s modulus (right) of the samples. 

All stress-strain curves (Figure 5.5 a)) show the typical characteristics of thermoplastic PVdF polymers, 

characterized by the elastic and inelastic regions separated by the yielding stress and strain [33]. 
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As the degree of crystallinity of the samples in similar (Table 5.1), the differences 

observed in the mechanical measurements presented in Figure 5.5 a) are fully ascribed to the 

different microstructures and degree of porosity of the samples (Figure 5.3 and Table 5.1). 

Figure 5.5 b) shows the Young’s modulus calculated from the strain-stress curves shown in 

Figure 5.5 a) through the slope in the elastic region at a deformation of 5%. It is observed that for a 

given initial polymer concentration in the solutions, 20 wt.%, the Young’s modulus increases with 

increasing the solvent evaporation temperature due to a decrease of the degree of porosity. 

In relation a given solvent evaporation temperature, 25 ℃, the difference of the Young’s 

modulus within the different two samples is also in agreement with the different porous 

morphology of the samples (Figure 5.3). Finally, the mechanical properties of the samples are 

suitable for lithium-ion battery applications. 

Impedance spectroscopy measurements were used for the determination of the ionic 

conductivity of the P(VdF-CTFE) membranes soaked with the electrolyte solution at different 

temperatures. 

Figure 5.6 shows the Nyquist plot at 25 ℃ for the different P(VdF-CTFE) separator 

membranes. 
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Figure 5.6. Nyquist plots for the P(VdF-CTFE) separators samples. 

Figure 5.6 shows for the 5CTFE25, 20CTFE25 and 20CTFE50 samples the inclined 

straight line inclined that represents the electrode/electrolyte double layer capacitance behaviour 

[34]. For the 20CTFE100 sample, the Nyquist plot consists in a high frequency semicircle followed 

by a lower frequency straight line, which correspond to the bulk resistance contribution and the 

diffusion of lithium ions, respectively [35]. The disappear of the high frequency semi-circle for 

5CTFE25, 20CTFE25 and 20CTFE50 samples indicates an increase of the total conductivity 

due to its microstructure and uptake value [36]. The resistance of the P(VdF-CTFE) membranes  
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soaked with electrolyte solution has been determined by the intersection of the straight line on 

the real axis [22]. 

The ionic conductivity value for the P(VdF-CTFE) separator membranes is presented in 

Table 5.2, showing ionic conductivity values above 10-4 S.cm-1 at room temperature, value that is 

suitable for lithium battery applications, except for the 20CTFE100 sample [37]. 

Table 5.2. Room temperature ionic conductivity value, tortuosity, MacMullin number (Nm) and 

activation energy (Ea) for the P(VdF-CTFE) separator membranes soaked in 1 M LiTFSI-PC. 

Samples 𝝈𝒊/ mS.cm-1 Τ Nm Ea / kJ.mol-1 

5CTFE25 0.06 9.0 108.3 8.0 

20CTFE25 1.5 1.6 4.3 4.7 

20CTFE50 0.21 5.1 30.9 3.1 

20CTFE100 2.8 × 10-3 28.5 2321.4 9.1 

Table 5.2 shows that the highest ionic conductivity value is obtained for the P(VdF-

CTFE) separator membrane with the highest electrolyte uptake, i.e., ionic conductivity value is, 

as expected, mainly determined by the liquid electrolyte uptake, which in turn depends on the 

degree of porosity of the samples (Table 5.1). 

Table 5.2 also shows the tortuosity value and the MacMullin number (Nm) calculated by 

(3.1) (defined in section 3.2.3) and (5.1), respectively. 

The tortuosity value gives information about the conduction process, i.e., the pore 

connectivity describes a conductivity pathway for the faster ion transport [12]. The value of 

tortuosity of the P(VdF-CTFE) separator membranes are between 1.6 and 28.5 depending on the 

degree of porosity and electrolyte uptake value. The lower tortuosity value is observed for the 

20CTFE25 sample, and is close to the ideal value, which supports better pore connectivity, 

leading to faster ion transport properties and, consequently, to high battery cycling performance 

and rate capability [38]. 

It is also is observed that the MacMullin number (Nm) is comprehended between 4.3 to 2321.4 

which in turn is correlated with the tortuosity value, degree of porosity and electrolyte uptake value 

of the samples. The lowest value of the MacMullin number is obtained for the 20CTFE25 sample, 

with a high degree of porosity, electrolyte uptake and ionic conductivity values and low tortuosity. 

Table 5.3 compares the physico-chemical properties of the P(VdF-CTFE) separator 

membranes developed in this work with related ones reported in the literature. 
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Table 5.3. Ionic conductivity value and degree of porosity for the best P(VdF-CTFE) sample 

produced in this work and comparison with other various PVdF separator membranes reported in 

the literature. The electrolyte solution is also indicated. 

Samples 𝝈𝒊/ mS/cm Porosity % Electrolyte solution Ref 

P(VdF-CTFE) 1.5 60 1M LiTFSI in PC This work 

P(VdF-CTFE) 2 ----- 1M LiPF6 in EC:DMC [23] 

P(VdF-HFP) 1.5-2 ----- 1M LiPF6 in EC/DEC [39] 

P(VdF-HFP) 0.8 ----- 1M LiPF6 in EC/PC [40] 

PVdF 0.13 75 1M LiTFSI in EC/DEC [41] 

PVdF 1.4 70 1M LiPF6 in EC/DMC/EMC [42] 

PVdF-TrFE 2.6 72 1M LiPF6 in EC:DMC [22] 

The ionic conductivity value determined for the P(VdF-CTFE) sample is analogous or 

superior to the values observed for other PVdF separator membranes reported in the literature 

(Table 5.3). The differences can be related to the microstructure but also to the degree of 

porosity and electrolyte uptake value once that the ionic conductivity value of the various 

electrolyte solutions is similar [43]. The difference between the ionic conductivity value for the 

P(VdF-CTFE) sample obtained in this work and the other one reported in the literature [23]  is 

related to the processing technique: in the present work, the P(VdF-CTFE) membrane was 

produced by solvent casting technique, whereas the one reported in the literature was produced 

by electrospinning technique. Also the P(VdF-CTFE) sample produced by electrospinning 

technique has high porosity and uptake value and low mechanical properties in comparison of 

P(VdF-CTFE) membrane produced in this work.    

The ionic conductivity as a function of temperature is illustrated in Figure 5.7, and a 

linear correlation is observed in the temperature range between 25 ℃ and 100 ℃. This behaviour 

indicates that the ionic conductivity as a function of temperature obeys the Arrhenius model [44]. 

The activation energy for ion transportation calculated through the fitting with (5.2) to the 

data presented in Figure 5.7 is shown in Table 5.2. The activation energy Ea value is proportional to 

the ionic conductivity and electrolyte uptake values. For the 20CTFE25 sample with higher ionic 

conductivity and electrolyte uptake values, the Ea value is 4.7 kJ.mol-1. This low Ea shows the weak 

dependence of the conductivity with temperature, fact which is an advantage for battery applications. 
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Figure 5.7. Log σ as a function of 1000/T for the P(VdF-CTFE) separator membranes. 

For the different P(VdF-CTFE) separator membranes, the ionic conductivity value 

increases with increasing temperature as observed in Figure 5.7. This behaviour is due to the 

increase of the free volume and segmental mobility of the polymer with increasing temperature 

leading to higher ion mobility of the ionic charge carriers [45].  

Further, the heating scan shown in Figure 5.7 shows the good stability of the ionic 

conductivity value for the P(VdF-CTFE) separator membranes in the temperature range between 

25 ℃ to 100 ℃. 

The battery performance of the P(VdF-CTFE) membranes was evaluated in Li/C- 

LiFePO4 cathodic half-cells at room temperature. The 5CTFE25, 20CTFE25 and 20CTFE 

samples were selected for charge-discharge evaluation taking into account its ionic conductivity 

value (Figure 5.6 and Table 5.3). Charge-discharge curves of the 5CTFE25 samples in the first 

cycle at different scan rates from 0.1C to 2C are shown in Figure 5.8.  
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Figure 5.8. Charge-discharge profiles for 5CTFE25 at different scan rates. 
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The profiles shown in Figure 5.8 are characterized by two pseudoplateaus varying 

between 3.2 and 3.8V that depend of the scan rate and reflects the typical electrochemical 

behaviour of the C-LiFePO4 spinel for the reversible charge (lithium removal)-discharge (lithium 

insertion) cycling process. Through Figure 5.8, we see that the discharge capacity is 142 mA.h.g-

1, 132 mA.h.g-1, 121 mA.h.g-1, 117 mA.h.g-1, and 85 mA.h.g-1 at rates of C/10, C/5, C/2, C and 

2C, respectively. Figure 5.8 also shows that the voltage and discharge capacity value decreases 

progressively as the scan rates increase, which is a result the significant influence of ionic 

transport on ohmic polarization [34]. 

The charge-discharge behaviour as a function of different scan rates for the 5CTFE25 

sample is representative to the one observed for the other two samples. 

Figure 5.9 depicts a comparison of the room temperature charge-discharge curves at C/10 

(Figure 5.9 a)) and 2C (Figure 5.9 b)) for the half-cell containing the different P(VdF-CTFE) 

separator membranes. At C/10 (Figure 5.9 a)), half-cells using 20CTFE25, 5CTFE25 and 

20CTFE50 showed stable charge-discharge profiles with discharge capacity about 168 mA.h.g-1, 

141 mA.h.g-1 and 127 mA.h.g-1, respectively. Also for 2C (Figure 5.9 b)), it is observed a cycling 

behaviour similar to C/10 but with lower discharge capacity value. For 2C, the discharge 

capacity value is 102 mA.h.g-1, 85 mA.h.g-1 and 69 mA.h.g-1 for 20CTFE25, 5CTFE25 and 

20CTFE50 samples, respectively. 
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Figure 5.9. Charge-discharge profiles for the P(VdF-CTFE) separator membranes at a) C/10 and b) 2C. 

The discharge capacity value of the 20CTFE25 sample is higher in comparison to the 

other P(VdF-CTFE) separator membranes (5CTFE25 and 20CTFE50 samples) for low (C/10) 

and high (2C) scan rates. This fact is due to the higher conduction of Li+ ions (ionic conductivity 

value) resulting from the higher electrolyte uptake value of the 20CTFE25 samples 

The cycling performance of the C-LiFePO4 half-cells is shown in Figure 5.10. For half 

cells containing 20CTFE25, 20CTFE50 and 5CTFE25 samples, the discharge capacity values 

after 50 cycles are 92 mA.h.g-1, 64 mA.h.g-1 and 30 mA.h.g-1, respectively. 
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Figure 5.10. Cycling performance of C-LiFePO4 cathodic half cells containing the different 

P(VdF-CTFE) separator membranes at 2C. 

The corresponding capacity retentions after 50 cycles is 54%, 38% and 18%, 

respectively. The capacity retentions were calculated based on the theoretical capacity, 170 

mA.h.g-1, of C-LiFePO4. 

The higher discharge value and capacity retention after 50 cycles of the half-cell with 

20CTFE25 sample is attributed to the higher ionic conductivity and electrolyte uptake value that 

facilitates the repeated lithium-ion insertion/de-insertion in/from the C-LiFePO4 electrodes even 

at high scan rate, as demonstrated in Figure 5.10. 

In conclusion, the 20CTFE25 sample shows high discharge capacity value with high rate 

capability. However, it is observed in Figure 5.10 at 2C (charge and/or discharge process in half 

an hour), that the battery with the 20CTFE25 membrane shows a discharge value of 92 mA.h.g-1, 

which is still 54% of the theoretical value. 

This fact is very good and means that in half an hour the battery has 54% of its capacity 

value for release all stored charge or being completely recharged.  

 

5.4. Conclusions 

 

Regarding to P(VdF-CTFE) separator membranes, they have been prepared by solvent 

casting through its phase diagram with DMF solvent. Different morphologies have been obtained 

varying initial polymer concentration in the solution and solvent evaporation temperature. A 

porous microstructure is achieved for P(VdF-CTFE) membranes with solvent evaporation 

temperature up to 50 ℃. 
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The mechanical properties of the P(VdF-CTFE) separator membranes are suitable for 

lithium-ion batteries and are correlated with the degree of porosity and microstructure of the 

membranes. Also the ionic conductivity value depends on the degree of porosity and electrolyte 

uptake value. The best ionic conductivity value at room temperature is 1.5 mS.cm-1 for the 

membrane prepared with 20 wt.% initial polymer concentration and solvent evaporation temperature 

at 50 ℃, leading to a degree of porosity of 60% and an electrolyte uptake value of 292% . 

The prepared P(VdF-CTFE) separator membranes show good cyclability and rate 

capability. At C/10 and 2C presents the discharge values are 168 and 92 mA.h.g-1, respectively.  

P(VdF-CTFE) separators are thus excellent candidate for their use in high-power and safety 

lithium-ion batteries applications. 
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6. High performance screen printable lithium-ion 

battery cathode ink based on C-LiFePO4 and 

anode ink based on graphite 
 

 

  

 

 

Screen printing is among the most interesting technologies for lithium-ion battery 

fabrication by printing technologies. Taking into account that LiFePO4 is among the most 

promising active materials, the main objective of this chapter is the development of a new ink 

formulation based on carbon coated LiFePO4, suitable for screen printing.    

The rheological properties of the ink and the polymer solution, as well as the cathode film 

electrochemical properties, including impedance spectroscopy, cycling voltammetry and charge-

discharge performance, were determined. Finally, an anode ink based on graphite is also 

presented. 

  

 

 

This chapter is based on the following publication: “High performance screen printable 

lithium-ion battery cathode ink based on C-LiFePO4”, R. E. Sousa, J. Oliveira, A. Gören, D. 

Miranda, M. M. Silva, Loic Hilliou, C. M. Costa, S. Lanceros-Mendez, Electrochimica Acta, 196, 

2016, 92-100. 
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6.1. Cathode 

 

6.1.1. Introduction 

 

The growing demand of energy produced by renewable sources such as solar, wind or 

biomass, together with the constant development and use of portable electronic devices, such as 

mobile-phones and computers [1, 2], leads to an increasing need of efficient energy storage 

systems for increasing autonomy and life time of the products [3]. 

Nowadays, the most important energy storage systems are rechargeable batteries [4, 5] 

and, among them, lithium-ion batteries represent 75% of the global rechargeable battery market 

as they show high energy density, flexible and lightweight design, and longer lifespan than other 

competing battery technologies [6 – 9]. 

Lithium-ion battery main constituents are cathode, anode and a separator membrane [10] 

and thus, a wide range of materials are being developed for those components in order to 

improve specific energy, power, safety and reliability [7]. 

Cathodes are typically composed by a polymer binder, conductive additive and active 

material, and is responsible for the cell capacity and cycle life [11].  

Among the different active materials used for lithium-ion batteries, such as lithium iron 

phosphate (LiFePO4), lithium nickel manganese cobalt oxide (LiNiMnCoO2), lithium nickel 

cobalt aluminum (LiNiCoAlO2), lithium titanate oxide (LiTiO2) and lithium manganese spinel 

oxide (LiMn2O4), among others, LiFePO4 stands out due to its moderately low cost, high rate 

performance, slow reaction with electrolyte and increased safety (no oxygen release) [12, 13]. It 

also shows low density (3.6 g.cm-3) and a high theoretical capacity of 170 mA.h.g-1 (2.0 – 4.0V) 

[14, 15]. 

The increasing trend towards miniaturization, integration and flexibility of lithium-ion 

batteries for the development of smart cards, RFID tags and remote sensors, leads to the 

consideration of printing technologies (as referred in Chapter 1) for the fabrication of batteries.  

Printing technologies allow to obtain batteries which are thinner and lighter in 

comparison to conventional batteries, the printing process also allowing cost reduction and 

efficient large scale production, as referred in Chapter 1. 

Independently of the printing technique, one of the most important parameters affecting 

the final performance of the printed device is the ink rheology, which mainly depends on particle 

size, solid loading concentration and solvent type [16].  
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The most popular printing technique for battery production is screen printing, which is  

among the fastest and more versatile printing technologies [17]. 

Thus, screen printing has been used for printing cathodes based on lithium cobalt oxide 

(LiCoO2) with a discharge curve close to the theoretical value [18, 19]. This technique was also 

used for printing all solid state lithium-ion batteries using garnet-type oxide and Li3BO3 solid 

electrolytes [20], electrode layers and gel polymer electrolyte layers [21]. Li-O2 battery cathodes 

have also been produced by screen printing [22]. 

Ink-jet printing has also been used for the fabrication of micro-batteries based on 

LiFePO4 [23, 24] and LiCoO2 [25] as cathode based material and tin oxide (SnO2) for anode 

[26]. Finally, spray coating has been used for pilot-scale lithium-ion battery production [27]. 

Thus, taking into account both that screen printing is among the most interesting 

technologies for lithium-ion battery fabrication and that LiFePO4 is among the most promising 

active materials, this work reports on the development of an ink formulation based on carbon 

coated LiFePO4, suitable for screen-printing. 

 

6.1.2. Experimental 

 

6.1.2.1.  Materials 

 

C-LiFePO4 (LFP, Particle size: D10=0.2μm, D50=0.5μm and D90=1.9μm), carbon 

black (Super P-C45), poly(vinylidene fluoride) (PVdF, Solef 5130) and N-methyl-2-pyrrolidone 

(NMP) were acquired from Phostech Lithium, Timcal Graphite & Carbon, Solvay and Fluka, 

respectively. 

 

6.1.2.2. Preparation of the ink and fabrication of the printed cathode 

 

A screen printable ink for battery cathode fabrication was prepared by mixing LFP, Super 

P, and the polymer binder in NMP solvent with a weight ratio of 80:10:10 (wt.%), selected based 

on [11]. The ink is composed by 1 g of solid material for 2.25 ml of NMP solvent and, in order 

to obtain good dispersion, it was maintained under stirring on a magnetic stirrer plate (Agimatic-

N) at 1000 rpm, in a beaker (size 25 ml) for 3 hours. The magnetic stir bar has dimensions 25.0 

× 7.5 mm and the weight of ~ 4g. 
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For cathode fabrication, the ink was pressed using a squeegee over the screen (polyester 

mesh with 62 monofilament by cm) placed at a 100 μm distance of the aluminium substrate, as 

illustrated in Figure 6.1.  

 

Figure 6.1. Schematic representation of the screen-printing process. 

Finally, the electrode film was dried in air atmosphere at 80 ºC in a conventional oven, 

ED 23 Binder, during 90 minutes. The active mass loading, thickness and porosity of the cathode 

film are ~ 1.1 mg/cm2, ~ 26 μm and ~ 80%, respectively.  

 

6.1.2.3. Characterization techniques  

 

Ink characterization: The rheological behaviour of the polymer solutions (polymer binder 

+ solvent) before particle addition was characterized at 25 ºC using a stress-controlled rotational 

rheometer Physica MCR-300 (Anton Paar, Austria) equipped with a Couette geometry. After 

loading the solutions into the shearing geometry, steady shear rates were ramped from 1500 s-1 

down to 10 s-1 within 5 minutes. This test was immediately followed by another ramp with 

steady shear rates from 10 s-1 up to 1500 s-1 also within 5 minutes. The viscosity data obtained 

from the two ramps nicely overlapped indicating that flow curves were obtained under steady 

state conditions and that the polymer solutions showed no thixotropy. After particle addition, the 

inks were studied at 30 ºC with the same rheometer but equipped with parallel plates (25 mm 

diameter) to facilitate the loading of samples. The latter were first pre-sheared at a steady shear 

rate of 0.5 s-1 during 60 s to erase the mechanical history associated with the sample loading in 

the shearing geometry. Then, samples were left to equilibrate for 120 s whereas both shear 

storage (G’) and loss (G’’) moduli were monitored using small amplitude oscillatory shear at 1 Hz 

and a strain of 0.1%. Finally, steady shear rates were ramped (logarithmic distribution of shear rates 
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in the ramp) between 0.1 s-1 and 100 s-1 within 400 s and the acquisition times for viscosity 

reading varied from 100 s at the smaller shear rates to 1 s for the larger shear rates. 

Printed electrode characterization: the cohesion and flexibility of the electrode film as 

well as its adhesion to the current collector were evaluated using a homemade “bend tester” [28]. 

The morphology of the electrode film was obtained by scanning electron microscopy (SEM) 

(NanoSEM – FEI Nova 200 and EDAX – Pegasus X4M) with an accelerating voltage of 10 kV. 

The electrical conductivity measurements were performed by the four point probe method with a 

current source DC 9818 from Time Electronics and a nano-voltmeter 2182 from Keithley. For 

the measurements, the electrode material was deposited in an insulator substrate and the 

electrical conductivity (𝜎𝑒, S.cm-1) of the cathode was calculated by:  

𝜎𝑒 =
 𝐼 

 3.3625𝑡𝑉 
  (6.1) 

where 𝑡 is the thickness of the sample in cm, 𝐼 is the current in Amperes and 𝑉 is the voltage in 

Volts [29]. 

 

6.1.2.4. Cell manufacturing and testing 

 

Swagelok type (two or three electrodes) Li/C-LiFePO4 half-cells were assembled in a 

home-made argon-filled glove box where metallic lithium (8 mm diameter) was used as anode 

material; Whatman glass microfiber filters (grade GF/A) (10 mm diameter) was used as 

separator; 1M LiPF6 in ethylene carbonate-diethyl carbonate (EC-DEC, 1:1 vol) mixture from 

Solvionic namely LP 40 was used as electrolyte and the prepared LFP printed electrode film as 

cathode (8 mm diameter). 

Electrochemical impedance spectroscopy (EIS) was measured with an Autolab 

PGSTAT12 instrument in a frequency range from 1 MHz to 10 mHz with an amplitude of 10 

mV. The cyclic voltamogram (CV) was performed also with an Autolab PGSTAT12 in the range 

from 2.5 V to 4.2 V at the scan rate 0.1mV.sec-1. 

Charge-discharge and cycling testes were carried out at room temperature in the voltage 

range from 2.5 to 4.2 V at different current densities (C/6, C/5, C/2, C, 2C and 5C) using a Landt 

CT2001A Instrument. The activation cycle was carried out at C/6 in all cases. 

 

6.1.2.5. Theoretical simulation model 

 

The simulation of the experimental discharge curves was carried out with a theoretical 

model of the Li/C-LiFePO4 half-cells. The simulation is based on the Doyle/Fuller/Newman model  
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and it was carried out by the finite elements method. Table 6.1 shows the main equations 

governing the operation of the half-cell battery components (cathode and separator) [30 – 34].  

Table 6.1. Summary of the main equations governing the different processes involved in Li/C-

LiFePO4 half-cells. The nomenclature is indicated in Table 6.3. 
 

Electrochemical 

Reactions 

 
Governing Equation (i=c(cathode), s(separator)) 

 
Region 

 
Solid phase 

conduction 

 

−
 𝜎𝑒𝑓,𝑖 

 𝛿2 

 𝜕2𝜙𝐸  

 𝜕𝑋2 
= −𝐹𝑎𝐽𝐿𝑖+  

 
Electrode 

 
Electrolyte 

phase 

conduction 

 

−
 𝐾𝑒𝑓,𝑖 

 𝛿2 

 𝜕2𝜙𝐿 

 𝜕𝑋2 
= −𝐹𝑎𝑗𝐿𝑖+ +

 2𝑘𝑅𝑇 

 𝐹 
(1 − 𝑡+

0)
 𝜕2 ln 𝐶𝐿
 𝜕𝑋2 

 

 
Electrode, 

Separator 

 
Electrolyte 

phase diffusion 

 

𝜀
 𝜕𝐶𝐿 

 𝜕𝑡 
=
 𝐷𝑒𝑓,𝑖 

 𝛿2 

 𝜕2𝐶𝐿 

 𝜕𝑋2 
+ 𝑎(1 − 𝑡+

0) 

 
Electrode, 

Separator 
 

Solid phase 

diffusion 

 
 𝜕𝐶𝐸  

 𝜕𝑡 
= 𝐷𝐿𝑖 [

 𝜕2𝐶𝐸  

 𝜕𝑟2 
+
 2 

 𝑟 

 𝜕𝐶𝐸  

 𝜕𝑟 
] 

 
Electrode 

 
Activation 

reaction 

(Butler-Volmer 

Kinetics) 

𝑗𝐿𝑖+ = 2𝑘𝑖(𝐶𝐸,𝑚𝑎𝑥,𝑖 − 𝐶𝐸,𝑖|𝑟=𝑅𝑖)
0.5
(𝐶𝐸,𝑖|𝑟=𝑅𝑖)

0.5
𝐶0.5 sinh [

 0.5𝐹 

 𝑅𝑇 
(𝜑𝐸 − 𝜑𝐿 − 𝑈𝑖)]   

 
Electrode 

 
Diffusion/ionic 

and electronic 

conductivity 

 

𝑘𝑒𝑓,𝑖 = 𝑘𝑙𝜀𝑖
𝑏𝑟𝑢𝑔𝑔

, 𝑏𝑟𝑢𝑔𝑔 = 1.5 

 
Electrode, 

Separator 

 

𝐷𝑒𝑓,𝑖 = 𝐷𝑙𝜀𝑖
𝑏𝑟𝑢𝑔𝑔

, 𝑏𝑟𝑢𝑔𝑔 = 1.5 

 
Electrode, 

Separator 
 

𝜎𝑒𝑓,𝑐 = 𝜎𝑐(1 − 𝜀𝑐 − 𝜀𝑓,𝑐) 
 

Electrode 
 

Specific 

interfacial area 

 

𝑎𝑐 =
 3 

 𝑅𝑖 
(1 − 𝜀𝑐 − 𝜀𝑓,𝑐) 

 
Electrode 

The values of the parameters used for the different components of the Li/C-LiFePO4 half-

cell are listed in Table 6.2. The corresponding nomenclature is indicated in Table 6.3.  

Table 6.2. Parameters used for the simulation of the Li/C-LiFePO4 half-cells. The corresponding 

nomenclature is indicated in Table 6.3. 

Parameter Unit Separator/Electrolyte 
Cathode (C-

LiFePO4) 

𝐶𝐸,𝑖,0 mol/m3  800 

𝐶𝐸,𝑖,𝑚𝑎𝑥 mol/m3  22806 

𝐶𝐿 mol/m3 1000  
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𝑟 m  1.4510-6 

𝐿𝑖 m  2610-6 

e_sep m 43010-6  

𝑘𝑒𝑓,𝑖 S/m (value a))0.301.5 (value a))0.811.5 

𝐷𝑖 m2/s (3.010-10 c))0.301.5 (3.010-10 c))0.811.5 

𝐷𝐿𝑖 m2/s  810-18 b), e) 

𝑘𝑖 mol/s.m2  310-13 b) 

𝑏𝑟𝑢𝑔𝑔 or 𝑝  1.5 1.5 

𝜀𝑖  0.30 0.81 

𝜎𝑖 S/m  510-3 b),d), e) 

𝑖1𝐶 A/m2 1.75  

General parameters 

Cut-off voltage V 2.4 

F C/mol 96487 

T K 298.15 

R J/mol K 8.314 

𝑡+
0   0.363 c) 

𝐴𝑏𝑎𝑡 m2 5.0210-5 

Electrolyte material LiPF6 in EC:DEC 

Inert filler material PVdF 

 

a) Model Fits: Ionic conductivity as a function of salt of concentration of mixture of 

LiPF6 in EC: DEC [35]: 
𝑘(𝑐, 𝑇) = 𝑒(

 15840 

 𝑅 
)(

 1 

 298 
−
 1 

 𝑇 
)(1.147𝑐3 − 22.38𝑐1.5 + 29.15𝑐) 

 
b) Based on [36]. 

c) Based on [37]. 

d) Based on [30]. 

e) Based on [34]. 

Table 6.3. Nomenclature. 

List of symbols 

𝑎 specific interfacial area, m2/m3 

𝐶𝐿 concentration of Li ions in the electrolyte, mol/m3 

𝐶𝐸 concentration of Li ions in the electrode, mol/m3 

𝐷 diffusion coefficient of the salt in the electrolyte, m2/s 

𝐷𝐿𝑖+  diffusion coefficient of Li ions in the electrode, m2/s 

𝑘𝑖 Reaction rate constant, mol/s.m2 

𝐹 Faraday’s constant, 96487 C/mol 

file:///C:/Users/Isabel%20Araújo/Desktop/@%20These/Cap%205%20-%20LFP_Printing_artigo_F.docx%23_ENREF_37
file:///C:/Users/Isabel%20Araújo/Desktop/@%20These/Cap%205%20-%20LFP_Printing_artigo_F.docx%23_ENREF_31
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𝑓± activity of the salt in the electrolyte, mol/m3 

𝑖𝐸 current density in the electrode, A/m2 

𝑖𝐿 current density in the electrolyte phase, A/m2 

𝐼𝑇𝑂𝑇𝐴𝐿  total current density, A/m2 

𝑗𝐿𝑖+
 pore wall flux of Li ions, mol/cm2 s 

𝐿 Width, m 

e_sep Separator thickness, m 

𝑅 gas constant, 8,314 J/mol K 

𝑅𝑓 film resistance,  m2 

r radius of electrode spherical particle, m 

𝑇 Temperature, K  

𝑡 time, s 

𝑡+
0  transport number of the positive ion 

𝑢0 open circuit voltage, V 

Abat Cell cross section area, m2 

P Parameter porosity in separator 

brugg Parameter de brugg in electrodes 

 

Greek symbols 

𝜀𝑖 porosity of region i(i = a,s,c) 

𝜀𝑓,𝑖 volume fraction of fillers in electrode i ( i = a,s,c) 

𝜂 over-potential, V 

𝜑𝐸 potential of the electrodes, V 

𝜑𝐿 potential of electrolyte, V  

𝜅𝑙  ionic conductivity of the electrolyte, S/m 

𝜅𝑒𝑓,𝑖  effective ionic conductivity of the electrolyte i (i = a,c), S/m 

𝜅𝑓 effective ionic conductivity of the polymer film in separator, S/m 

𝜎 electronic conductivity of the solid phase of the electrode i (i = a,s,c), 

S/m 

𝜎𝑒𝑓,𝑖  effective electronic conductivity of the solid phase of the electrode i   

(i = a,s,c), S/m 
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Subscripts referring specific components of the battery and initial condition 

A anode 

C cathode 

S separator 

0 initial condition 

 

6.1.3. Results and discussion 

 

6.1.3.1. Rheology properties of the ink 

 

Figure 6.2 shows the shear rate dependence of the steady shear viscosity of the polymer 

solutions prepared with various polymer concentrations in the NMP solvent. 
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Figure 6.2. Flow curves of the ink solutions prepared with different polymer concentrations. 

Inset: concentration dependence of the zero shear viscosity 𝜂0. 

Figure 6.2 shows that when increasing amounts of polymer are added to the solvent, the 

solutions evolve from a nearly Newtonian behaviour to a shear thinning viscoelastic behaviour. 

The zero shear viscosity 𝜂0 (extracted from the low shear rate regime where a viscosity plateau is 

obtained) as a function of the polymer concentration in a double logarithmic plot (see inset in 

Figure 6.2) indicates that the increase follows a power law behaviour with exponent 2.8 ± 0.1. 

This exponent is intermediate between those predicted from scaling theories of polymer 

solutions in good and neutral solvents [38]. As such, slightly entangled polymers in the semi-

dilute regime are at the origin of the enhanced solution viscosity and the shear thinning behaviour.  
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However, a larger range of polymer concentrations should be tested to compare power law 

exponents with scaling theories and conclude about the solvent quality of NMP with respect to 

the polymer. Nevertheless, data in Figure 6.2 suggest that polymer solutions showing shear 

thinning plus zero shear viscosity of the order of 0.4 Pa.s are needed to produce satisfactory 

pastes. This is because pastes formulated with more diluted binders resulted in bad film forming 

properties. In particular, films with weak mechanical resistance upon bending (crack formation) 

were produced with polymer concentrations lower than 4 wt.%. 

The rheological properties of the ink pastes are known to be very difficult to assess with 

minimal experimental artifact. Issues such as slip of material at the shearing walls, non-

reproducible structural break-up and recovery upon sample loading, shear localization and yield 

stress phenomena during flow are responsible for the poor reproducibility of data and the 

difficulty in interpreting the rheological response [39]. We thus provide here a rheological study 

of the optimal ink formulation following the strategy described above. Figure 6.3 a) presents the 

time evolution of the shear stress recorded during the pre-shear at a constant shear rate of 0.5 s-1 

of two paste samples loaded using two different sample thicknesses.   
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Figure 6.3. a) Pre-shear at constant shear rate of 0.5 s-1 of two ink pastes with thickness of 0.8 

(thick line and solid symbols) and 0.6 mm (thin line and empty symbols). Inset: recovery after 

steady flow cessation. b) Shear rate dependence of the shear stress (symbols) and apparent shear 

viscosity (lines) for two ink samples with different thicknesses: 0.8 mm (solid and thick) and 0.6 

mm (thin and empty). 

After a first transient which is thickness dependent, the shear stress reaches a steady state 

value of nearly 25 Pa for both samples. These results indicate that under such flow conditions, the 

pastes exhibit an apparent fluid-like behaviour with a shear viscosity of the order of 50 Pa.s and 

that flow instabilities such as wall slip, shear banding or shear localization can be neglected since 

reproducibility in the shear viscosity value is nearly achieved. The inset in Figure 6.3  a) shows 

that the structural recovery of the paste takes place within one minute as the elastic behaviour of the 



Chapter 6 – High performance screen printable lithium-ion battery cathode ink based on C-LiFePO4 and anode ink 

based on graphite 

 
148 

 

paste is constant after 40 seconds. From the value of the shear modulus G’ after 1 minute rest 

(result not shown), it can be inferred that the paste elasticity is of the order of 500 Pa. As such, 

this ink shows a certain stability towards sedimentation due to its solid-like behaviour at rest. 

The shear rate dependence of the apparent shear viscosity and shear stress measured 

during an increasing ramp in shear rate is pictured in Figure 6.3 b). Essentially, data obtained 

with the two sample thicknesses show a satisfactory level of reproducibility. This again indicates 

that, although slip occurs during shearing, it has a rather small impact on the shear viscosity 

reading. Indeed, the formulated ink possesses an apparent shear viscosity of 3 Pa.s for shear rates 

of the order of 100 s-1, which is the range of shear rates typically used during the screen printing 

(if one takes a 100 microns thick layer of ink sheared at a velocity of 0.01 ms-1). In addition, the 

shear rate dependence of the stress reported in Figure 6.3 b) is reminiscent from a yield stress 

phenomenon at smaller shear rates, since the stress shows a finite value at zeroing shear rates, 

which is in agreement with the elastic behaviour exhibited by the paste under quiescent 

conditions (see inset in Figure 6.3 a)). However, additional work involving in-situ structural 

characterization is needed to further probe the yielding of the paste and also assess the effect of 

confinement by the shearing walls. This will help elucidating whether unstable and/or non 

homogeneous flows develop under processing conditions where nearly 10 times thinner ink 

samples are spread on a substrate.  

The rheology requirements and properties of electrode slurry for screen printing 

applications are similar to standard battery slurries, that means the slurry should have high 

viscosity, low vapor pressure and an adequate volatile solvent concentration (ml/mg) because 

these factors have an strong impact on the morphology and on the electrochemical performance 

of the electrode composite [40, 41].  

The ink viscosity interval for screen printing technique is very large between 0.1 Pa.s up 

to 1000 Pa.s. [40] and consequently the electrode slurry must be adjusted and optimized in 

function of the solvent type, polymer binder, active material, conductive additive and printing 

technique. The obtained wet thickness of the screen-printed layer depends on the resolution of 

the mesh, printing speed, as well as by the fraction of ink transferred to the substrate. For solvent 

concentration below the optimal one yield stress that difficults flow is observed during stirring 

and printing processes instead for solvent concentration above the optimal one is observed 

settling of active material and conductive additive.  

Based on the previous description, electrode slurries with different solvent concentrations 

were prepared, screen-printed and the final film was evaluated. An optimized screen-printed 

cathode film was obtained using proportion of 1 g of solid material for 2.25 ml of NMP solvent  
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(solvent concentration = 2.25 ml.g-1; polymer solution concentration = 4.12%). Using less 

solvent (< 2.25 ml) the magnetic stir wasn´t able to rotate with a minimum adequate rotation 

velocity to obtain a good dispersion. Increasing the quantity of solvent (> 2.25ml), the polymer 

solution concentration decreases, the obtained screen-printed cathode film isn´t sufficiently thick 

to coat totally the substrate (aluminum foil) and cracks were observed on the surface of the 

screen-printed film. The active mass loading decreases with increasing solvent concentration 

reducing the stored gravimetric and areal energy of the screen-printed film. 

 

6.1.3.2. Morphological features of the cathode  

 

Figure 6.4 a) shows images of the screen-printed cathode film on the aluminum current 

collector layer. Typically, the dimensions of the printed cathode film are 3.5 cm × 3 cm × 26 

μm. The adhesion of the cathode film to the current collector layer was evaluated using an 

homemade “bend tester”, which is constituted by a series of metal rods of decreasing diameters 

from 10 mm to 1.5 mm [28]. For the printed cathodes, and independently of the rod size of the 

bend tester, no separation between cathode film and current collector foil is observed. No cracks 

were detected either on the cathode film. 

 

Figure 6.4. a) Picture of the printed cathode and b)-d) SEM images of the surface of the cathode 

film with different magnifications. 



Chapter 6 – High performance screen printable lithium-ion battery cathode ink based on C-LiFePO4 and anode ink 

based on graphite 

 
150 

 

The SEM image of the printed cathode film with lower magnification (Figure 6.4 b)) 

shows the existence of roughness and voids, related to the heterogeneity of sizes and behaviour 

of the ink components during solvent evaporation [11]. The cathode shows a three-dimensional 

(3-D) interconnected structure formed by the active material and conductive additive particles 

within the polymer binder. Figure 6.4 c) shows a homogeneous distribution of the different 

components, as no large agglomerates are detected and the distributions of voids are 

homogeneous. The presence of the voids is particularly relevant as it contributes to larger 

electrode/electrolyte contact area. 

Finally, larger magnifications (Figure 6.4 d)) show rod-like particles with sizes between 

0.2 μm to 1.9 μm. The non-spherical size of C-LiFePO4 particles increases the effective contact 

area between active material and electrolyte, leading to improved battery performance. 

Figure 6.4 d) also allows to discriminate the more dense active material, which appears in 

white colour, and the polymer binder and conductive additive, which appear in dark grey.  

In previous research work, was observed [42] for discharge rate C5, discharge capacity 

values in order of 150 mA.h.g-1. In order to understand the origin of the low discharge capacity 

for low rate the electrical conductivity was measured. The dc-electrical conductivity value for 

the screen-printed cathode composite is 0.24 ± 0.05 S.cm-1 and is similar to the ones reported in 

literature [43] . This means that exists a proper electrical network in the whole cathode 

composite and that the carbon additive is well distributed in the screen printed cathode 

composite. Also as the obtained electrical value is more than one order of magnitude higher than 

the ionic conductivity of the electrolyte solution (𝜎𝑖 = 11.6 ms/cm) [11, 44] the overall electrical 

impedance of the cell isn’t so much influenced by the electrical conductivity. 

 

6.1.3.3. Electrochemical performance 

 

Figure 6.5 a) shows the electrochemical impedance spectroscopy spectra of the printed 

cathode after 2 CV cycles in open circuit voltage. The Nyquist plot is characterized by a 

semicircle at high frequencies (overall resistance) and an approximately 45° inclined line in the 

low-frequency range, which can be considered as Warburg impedance, associated with the 

lithium ion diffusion in the bulk of the active material [45]. 

The total resistance of the semicircle corresponds to the sum of the electrolyte resistance 

(𝑅𝑒 , intercept at the Z’-axis at high frequency), surface film resistance (𝑅𝑓 , Li-ion migration 

resistance through the solid electrolyte interface (SEI) film formed on the cathode surface) and 

charge-transfer reaction resistance ascribed to the lithium-intercalation process (𝑅𝑐𝑡) at the middle 
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frequency range. The value of the total resistance of the printed cathode film is ~ 450 Ω. 
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Figure 6.5. a) Electrochemical impedance spectroscopy (EIS) spectra and b) cyclic voltammetry 

(CV) curve of the printed cathode. 

The Li+ diffusion coefficient (𝐷𝐿𝑖+) of the printed cathode is calculated according to (6.2) 

and (6.3): 

𝐷𝐿𝑖+ =
 𝑅2𝑇2 

 2𝐴2𝑛4𝐹4𝑐2𝜎𝑊
2   

  (6.2) 

𝑍’ = 𝑅𝑒 + 𝑅𝑓 + 𝑅𝑐𝑡 + 𝜎𝑊𝑊
− 

 1 

 2  (6.3) 

where 𝑅 is the gas constant, 𝑇 is the absolute temperature, 𝐴 is the surface area of the cathode, 𝑛 

is the number of electrons per molecule during oxidization, 𝐹 is the Faraday constant, 𝐶 is the 

concentration of Li+ , 𝜎𝑊  is the Warburg factor, 𝑅𝑒  is the electrolyte resistance, 𝑅𝑓  is the 

resistance of the solid electrolyte interface (SEI) formation, 𝑅𝑐𝑡 is charge transfer resistance and 

𝑊 is the angular frequency [46]. 

The Li+ diffusion coefficient of the printed cathode film, calculated from (6.2) and (6.3) 

and the EIS spectra (Figure 6.5 a)), is 2.5×10-16 cm2.s-1, which is similar to the one obtained for 

conventional films [47]. 

Figure 6.5 b) shows the cyclic voltammetry (CV) curve of the printed cathode film at a 

scanning rate of 0.1 mV.s-1, showing a symmetric single pair of oxidation and reduction peaks, 

which correspond to the Fe2+/Fe3+ redox transformation that corresponds to the charge and 

discharge processes, respectively [48]. 

These peaks are centered at 3.6/3.3 V and the low electrochemical polarization (0.3 V) 

demonstrates easy insertion and extraction of lithium ions in the printed cathode. 

The cycle performance of the printed cathode was measured in Li/Separator/C-LiFePO4 

cathode half-cells at different scan rates. 
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Typical charge/discharge curves at room temperature of the half-cells prepared with the 

printed cathode at C/6 and 5C in the voltage range between 2.5 and 4.2 V are shown in Figure 6.6. 

Figure 6.6 a) shows that the charge/discharge curves are characterized by a flat voltage 

plateau at around 3.2 – 3.6 V that depends on the scan rate. For low scan rate (C/6), it is 

observed a flat discharge curve due to the coexistence of the two-phase redox reaction that 

occurs via a first-order transition between FePO4 and LiFePO4 [43]. It is also detected a decrease 

in the plateau potential with increasing current density (C/6 to 5C). Moreover, it is observed an 

increasing slope in the discharge curves at higher current densities in the plateau region due to 

electrode polarization at higher rates. In relation to the scans at 5C (Figure 6.6 a)) and 

independently of the cycle number, the charge/discharge curves show relatively short constant 

current charge and suffers from a large ohmic drop and activation overpotential. 
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Figure 6.6. a) Experimental charge-discharge curves for various cycles, b) theoretical (red line) 

and experimental charge-discharge curve at C/6 and 5C, c) rate performance of the printed 

cathode during the charge-discharge process and d) cycling performance and coulombic 

efficiency of the printed cathode films at 2C and 5C-rate in the voltage range from 2.5 to 4.2 V. 

The discharge capacities values are 108.1, 79.1 and 27.4 mA.h.g-1 at C/6, 2C and 5C-

rates, respectively, the values being reasonably stable over cycling as it is shown in Figure 6.6 a). 
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For low scan-rates (C/6), it is also detected an extra capacity during charging, attributed 

to aluminum current collector oxidation parasitic reactions due to degradation of the LiPF6 salt 

that occurs during half-cell charging [23, 50, 51].  

Also in Figure 6.6 a) and independently the scan rate, it is observed that the discharge 

voltage plateau increases with increasing the number of cycles due to the low electronic 

conductivity of the C-LiFePO4 active material [45]. 

Figure 6.6 b) also shows good agreement between the theoretical curve (red line) and the 

experimental curve for both scan rates. The small differences between the curves is attributed to 

the effect of charge-transfer resistance and the electronic /ionic conductivity value assumed in 

the theoretical model, on the rate performance of the C-LiFePO4 cathode.  

Figure 6.6 c) shows the room temperature rate performance of the printed cathode during 

the charge and discharge processes. The cycling performance is strongly affected by the SEI 

formation during the first 2 – 3 cycles, in which the discharge capacity steadily increases up to 

the C/2 rate. 

For scan-rates above C/2, the capacity value decreases with increasing current density, 

independently of the charging process. This fact is attributed to the increase of the electrical 

resistance as well as to limitations of the diffusion process. The Li+ ion diffusion is always 

associated with electron transport phenomena within the battery circuit, and the internal 

electrical field generated by the electrons strongly enhances its migration [52].  The rate 

performance exhibits excellent capacity value (108.1 mA.h.g-1 at C/6, 111.8 mA.h.g-1 at C/5, 

107.8 mA.h.g-1 at C/2, 100.1 mA.h.g-1 at C, 79.1 mA.h.g-1 at 2C and 27.4 mA.h.g-1 at 5C) as it is 

shown by the recovering cycle at C/6. 

Thus, the printed cathode material displays a good rate performance, showing remarkably 

improved rate capability at higher rates (C/6 to 5C), related to the low thickness of the printed 

cathode. Further, it also delivers a discharge capacity as high as 27.4 mA.h.g-1 even at 5C.  

The limitation at low rates (C/6 to C/2) -could be attributed to solid-state mass transport 

limitations within the C-LiFePO4 particles, while at higher rates above 5C, the limitation is due 

to Li+ transport within the electrolyte trapped in the electrode, as the amount of Li ions in the 

electrode alone is not enough for discharging all the FePO4 active particles [49]. 

Another factor that could affect the low discharge capacity value for low rate is a large 

contact resistance between the active material and conductive additive and also between the 

electrode and the current collector [11, 43].  

After calendering, it has been shown, through the impedance and capacity retention 

values, that the major contributor for enhancing the electrochemical performance of the electrode  
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is the variation between electrode and Al interface [11, 53]. 

In order to reduce the contact resistance the cathodes were pressed during 1 min at 1.4 

ton/cm2 (90 bar). The obtained cathodes have a porosity of ~ 55%.  

As it is observed in Figure 6.6 c), the calendered cathode shows an improvement for 

discharge capacity for all rates. The increase of the average discharge capacity value is ~ 20 

mA.h.g-1 and ~ 55 mA.h.g-1 for low rate (C6 and C5) and high rate (5C), respectively. 

Figure 6.6 d) shows the discharge capacity as a function of the cycle number at 2C and 

5C. At 2C, the initial discharge capacity of 101.2 mA.h.g-1 drops to 90 mA.h.g-1 after 50 cycles, 

the capacity retention being 89%. In relation of 5C, the initial discharge capacity value is 48.2 

mA.h.g-1 and after 50 cycles, this value is 39.8 mA.h.g-1 that represent 83% of capacity retention. 

The slight decrease of the discharge value after the initial cycle and 35 cycles may be 

caused by the loss of electrical contact between active material and conductive additive particles, 

or event with the current collector. In the later, the electrolyte can penetrate into the detached 

areas giving rise to capacity loss [26]. 

Figure 6.6 d) also shows the coulombic efficiency (CE), where a good reversibility is 

observed (above 99% for all cycles), combined with high capacity and low cumulative 

irreversible capacity loss. 

Cycling life (Figure 6.6 d)) of the printed cathode shows 90 mA.h.g-1 at 2C (charge 

and/or discharge process in half an hour) and 39.8 mA.h.g-1 at 5C (charge and/or discharge 

process in twenty minutes) after 50 cycles which is still 53% and 23% of the theoretical value, 

respectively, indicating the good performance of the battery. 

At low current rates, C/6, the printed cathode delivered a near theoretical capacity with 

high coulombic efficiency and capacity retention of ~76%. At high current rates, 2C and 5C, the 

cathode exhibits a satisfactory delivered capacity with excellent cyclability.  

In conclusion, and taking into account the experimental results presented in this work, the 

cathode film produced by screen-printing with very low active mass loading shows an excellent 

performance, comparable to conventional cathodes based on the same active material [54], being 

therefore suitable for the development of printed lithium-ion batteries. After calendering, it was 

observed an improvement for discharge capacity for all rates. 
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6.2. Anode 

 

The method reported on subsection 6.1.2 was also used to produce the anode inks, using 

graphite as active material. 

The microstructural morphology of the anodes is shown in the SEM image of Figure 6.7, 

in which a homogeneous distribution of the graphite particles is observed, partially covered by 

the conductive additive. 

 

Figure 6.7. Surface SEM image of the anode film. 

Figure 6.7 also shows the graphite particles with flake geometry and average particle size 

ranging from 10 to 15 µm. 

The anode films were tested as anodic half-cells at different scan rates between C/6 and 

2C for three cycles, the cycling performance being represented in Figure 6.8. 
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Figure 6.8. Rate performance of the printed anode during the charge-discharge process from C/6 up to 2C. 
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It is observed that increasing cycle number leads to a decrease of the discharge capacity for all 

scan rates, with values 152, 88, 72, 48 and 32 mAh.g-1 at C/6, C/5, C/2, C and 2C-rates, respectively. 

This preliminary work shows that it is possible to obtain suitable anode inks for printed 

batteries with excellent performance. 

 

6.3. Conclusions 

 

A thin cathode film with a thickness of 26 μm was produced by screen-printing after the 

development of an ink based on C-LiFePO4. The developed ink paste exhibits a fluid-like 

behaviour with an apparent viscosity of 3 Pa.s for a shear rate of 100 s-1. The printed cathode 

presents a homogeneous distribution of all components (active material, conductive additive and 

polymer binder).  

The total resistance and diffusion coefficient (DLi) of the printed cathode are ~ 456 Ω and 

2.5×10-16 cm2.s-1, respectively. Further, the CV curve shows low electrochemical polarization 

(0.3 V), demonstrating easy insertion and extraction of lithium ions. With respect to rate 

performance, the printed cathodes show 108.1 mA.hg-1 at C/6, 111.8 mA.h.g-1 at C/5, 107.8 

mA.h.g-1 at C/2, 100.1 mA.h.g-1 at C, 79.1 mA.h.g-1 at 2C and 27.4 mA.h.g-1 at 5C, 

independently the cycle number, representing high delivered capacity. With respect to the 

cycling performance at 5C, this cathode shows an initial discharge capacity of 48.2 mA.h.g-1 and 

after 50 cycles the discharge value is 39.8 mA.h.g-1 with a capacity retention of 83%, 

demonstrating the good performance of the battery. After calendering, it was observed an 

improvement for discharge capacity for all rates. 

In this way, an ink formulation has been achieved based on C-LiFePO4 active material, 

which is suitable for the preparation of screen printed lithium-ion batteries. 

With respect to the anodes, inks based on graphite shows a homogeneous distribution of 

the these particles and the discharge capacity values are 152, 88,72, 48, and 32 mAh.g-1 at C/6, 

C/5, C/2, C and 2C-rates, respectively, showing their suitability for printed anodes.  
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This chapter presents the main conclusions of the present work as well as some 

guidelines for future work.    
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7.1. Conclusions 

 

This work started by presenting the most important developments in printed batteries and 

printing techniques, leading to the conclusion of the need of developing novel separators and 

electrode inks.  

Thus, P(VdF-HFP) and P(VdF-CTFE) were selected to produce membranes by the doctor 

blade technique (once this method produces results very similar to screen printing technique) and 

characterize them with respect to their physico-chemical and electrochemical properties. 

It was verified that the phase diagram allows tailoring the microstructure of P(VdF-HFP) 

and P(VdF-CTFE) membranes and that the microstructural features are explained by the Flory-

Huggins theory, depending on polymer concentration and solvent evaporation temperature.  

It was concluded that the formation of a porous membrane is attributed to a spinodal 

decomposition of the liquid-liquid phase separation, and that controlling polymer concentration 

and solvent evaporation temperature allows to obtain different sample microstructures with 

different β-phase content and thermal, mechanical, dielectric and piezoelectric properties.  

In the P(VdF-HFP)/DMF system, it is observed a decrease of the electroactive 𝛽- phase 

content by increasing solvent evaporation temperature for a given initial polymer concentration 

and also by increasing polymer fraction in the solution. In the P(VdF-CTFE)/DMF system, the 

electroactive 𝛽 - phase content decreases with increasing polymer concentration for a given 

solvent evaporation temperature and increases with increasing solvent evaporation temperature 

for a given initial polymer concentration. Depending on the solvent evaporation temperature and 

for a 20/80 polymer/solvent relative concentration, P(VdF-HFP) shows 𝛽-phase contents of 16 

(T=100℃ ), 24 (T=50℃ ), 79 (T=25℃ ) and P(VdF-CTFE) shows 𝛽 -phase contents of 87 

(T=100℃), 26 (T=50℃), 33 (T=25℃). The degree of crystallinity ranging between 14% and 

35%, depending on the polymer concentration and solvent evaporation temperature. 

The dielectric constant, ’ , of P(VdF-HFP)  and P(VdF-CTFE) depends on the degree of 

crystallinity and the crystalline phase of the polymer as well as on the FHP and CTFE content, 

respectively. 

The 5/95 P(VdF-HFP) polymer electrolyte sample displays the highest electrical 

conductivity, with values above 10-3 S.cm-1 at room temperature. This sample shows the best 

electrolyte liquid uptake and ion-transport properties and is selected for the ionically conducting 

separator. P(VdF-CTFE) membranes showed the best ionic conductivity value at room temperature, 

1.5 mS.cm-1, with a degree of porosity of 60% and an electrolyte uptake value of 292%. 
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According to these results, separator membranes were prepared in order to stablish a 

correlat1ion between their microstructure and their performance for battery applications.  

P(VdF-HFP) polymer electrolyte membranes showed nominal capacities ranging from 

70% to 90% of the theoretical value with very good capacity retention and charge/discharge 

efficiency close to 100%. The good cycling behaviour exhibited by the half-cells indicate that the 

P(VdF-HFP) polymer electrolyte membranes developed in this work may be used as separators 

in lithium cells both in the anodic and in the cathodic region. 

The prepared P(VdF-CTFE) separator membranes show two pseudoplateaus varying 

between 3.2 and 3.8 V and good cyclability and rate capability. The voltage and discharge 

capacity values decrease progressively as the scan rates increase. At C/10 and 2C the discharge 

values are 168 and 92 mA.h.g-1, respectively. Further, the discharge capacity is 142 mA.h.g-1, 

132 mA.h.g-1, 121 mA.h.g-1, 117 mA.h.g-1, and 85 mA.h.g-1 at rates of C/10, C/5, C/2, C and 2C, 

respectively. For half cells containing 20CTFE25, 20CTFE50 and 5CTFE25 samples, the 

discharge capacity values after 50 cycles are 92 mA.h.g-1, 64 mA.h.g-1 and 30 mA.h.g-1, 

respectively. The good cycling behaviour exhibited by the half-cell indicates that the P(VdF-

CTFE) separators are thus excellent candidate for their use in high-power and safety lithium-ion 

batteries applications. 

The membrane solutions prepared with different P(VdF-HFP) and P(VdF-CTFE) 

contents can be prepared with a large range of viscosities, making them suitable for the 

development of inks to be used in printing technology. The choice of the viscosity will depend 

on the selected printing technique. 

In relation to the cathodes, inks based on LiFePO4 were prepared for screen-printing 

technique, revealing 69% of capacity retention, which represents 48% of the theoretical value, 

indicating the good performance of the battery and making these cathodes suitable candidates for 

printed Li-ion batteries. The charge/discharge curves are characterized by a flat voltage plateau 

at around 3.2 – 3.6 V that depends on the scan rate. The printed cathodes show 108.1 mA.hg-1 at 

C/6, 111.8 mA.h.g-1 at C/5, 107.8 mA.h.g-1 at C/2, 100.1 mA.h.g-1 at C, 79.1 mA.h.g-1 at 2C and 

27.4 mA.h.g-1 at 5C, independently the cycle number, representing high delivered capacity. With 

respect to the cycling performance at 5C, the cathodes show an initial discharge capacity of 48.2 

mA.h.g-1 and after 50 cycles the discharge value is 39.8 mA.h.g-1 with a capacity retention of 

83%, demonstrating the good performance of the battery. In relation to the anodes, inks based on 

graphite shows a homogeneous distribution of the these particles and the discharge capacity 

values are 152, 88,72, 48, and 32 mAh.g-1 at C/6, C/5, C/2, C and 2C-rates, respectively.  
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As a final remark, al materials and battery components developed in this work show 

suitable properties for application in Li-ion printed battery applications. 

 

7.2. Future work 

 

Printed batteries still have large challenges to face.  In fact, both at academic and 

industrial level still there is not a fully printed battery. Thus, the main challenge will be the 

development of inks that allow the use of layer-by-layer technique in the fabrication of printed 

batteries.  

The use of printed batteries is growing up, thus it is essential to develop inks that allow 

the fabrication of each component of the battery. Depending on the equipment to use in the 

printing technique, the inks should show different viscosities, which change their rheological 

characteristics. It is thus mandatory to find inks with suitable properties for each component of 

the battery but also that can be formulated for the different printing techniques. 

Further, materials with larger capacity, allowing the development of thinner batteries are 

needed, as well as more ecological materials, in particular the solvents used for the ink 

formulations. 

For some applications (power applications), the conductivity of the battery is limited by 

the separator, and so it is necessary to find new ways to improve it, for instance by using ionic 

liquids.  

The resolution of these related issues will allow the development of fully printed batteries 

in the near future. 
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