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Abstract. Polyvinylidene fluoride (PVDF) is one of the most promising 

electroactive polymers; it exhibits excellent electroactive behaviours, good 

biocompatibility, excellent chemical resistance, and thermal stability, 

rendering it an attractive material for biomedical, electronic, environmental 

and energy harvesting applications. This work aims to further improve its 

properties by the inclusion of powders of piezoactive materials. 

Polyvinylidene fluoride was formed by electrospinning into fibres with a 

thickness of 1.5-0.3 µm and then examined in a scanning electron 

microscope. The work offers a description of the current procedure in the 

preparation of samples and their modification for examination in a 

scanning electron microscope, characterizes the individual components of 

doped fibres and deals with specific instruments used for various analytical 

methods. The work contains a theoretical introduction to the analytical 

methods to which the samples will be further subjected, such as energy 

dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 

(XPS). The obtained excellent properties of doped PVDF could be used in 

the design of sensors. 

1 Introduction 

Nanotechniques can be applied in many different applications across industries, including 

medicine, space travel, energy, or environment. Unlike most scientific disciplines, it does 

not have a single focus, and its discoveries can be used in many other areas of 

manufacturing, science, and technology (Ţălu,  2015; Ţălu et al., 2018; Mwema et al., 

2020; Sobola et al., 2020). Principally, the modification of materials provides additional 

features and aptitudes while maintaining the fundamental characteristics of the materials 

(Dallaeva et al., 2014; Stach et al., 2015; Ramazanov et al., 2015; Dallaev et al., 2019). 

Creating those complex structures can only be controlled if we understand the nature of the 
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processes that regulate them during the synthesis of the conducting polymers, and the 

extent to which the application of electrical stimulus changes these properties (Wallace et 

al., 2008). These advanced processes and their outcomes are the focus of this work. 

It is possible to create polymers in wide range of electrical conductivity with a diverse 

range of properties. A wide variety of synthesis and processing methods allow the 

production of materials whose electrical properties include different capacitance, or 

dielectric strength. Furthermore, the act of stretching a macromolecular system into a fibre 

orients the polymer chains and increases intermolecular interactions; thus, while the 

diameter of a fibre is much reduced by the drawing process, this is offset by the increased 

modulus of the fibres which can produce some of the strongest materials known (Geoffrey, 

2015). 

The electroactive material used in this thesis is Polyvinylidene fluoride (PVDF), a 

material with excellent piezoelectricity and good biocompatibility. 

PVDF exhibits five crystalline polymorphs including nonpolar α- and ε-phases, and 

polar β-, γ- and δ-phases depending on the crystallisation and processing conditions. Polar 

β-phase, as explained by Lim et al. (2015), has all of its dipoles aligned in the same 

direction normal to the chain axis. Its unit cell consists of two all-trans chains packed with 

their dipoles pointing in the same direction. The molecular dipoles in the β-phase are thus 

entirely aligned in one direction; this crystal form can consequently generate the largest 

spontaneous polarisation and exhibits strong ferroelectric and piezoelectric properties. 

These unique β-phase properties of PVDF make it useful in a wide range of 

applications, including actuators, biosensor, energy harvesting materials, audio devices, 

transducers, and non-volatile memories (Lim et al., 2015). Additionally, by doping of 

PVDF by ceramic particles, it is possible to obtain high dielectric constant. Polymers 

possess good processability, mechanical flexibility and low cost but have a very small value 

of dielectric constant to be useful as capacitors. Therefore, polymer-ceramic composites can 

be a good choice to achieve miniaturisation of energy storage devices by combining the 

merits of polymers and ceramics (Anshuman et al., 2014). 

Piezoelectric materials are unique materials which generate an electric charge in 

response to applied stress or slight mechanical deformation, thus eliminating the need for 

external power sources for electrical stimulation. Typical piezoelectric materials include 

barium titanate, lead titanate and lead zirconate titanate ceramics as well as electroactive 

polymers such as polyvinylidene fluoride (PVDF) (Martins et al., 2014). Piezoelectric 

polymers exhibit several distinct advantages over piezoceramics including nontoxic, 

excellent flexibility, light weight and ease of fabrication (Kaspar et al., 2020). 

There are mainly two kinds of piezoelectric polymer materials: the polymer materials 

which intrinsically have the piezoelectric effect, and electret - materials, that can preserve 

the induced charges for a longer period of time. Polymer materials with piezoelectric effect 

are mainly PVDF and its copolymers, and their properties are discussed in next chapter. 

Electrets can not only be used in the fabrication of piezoelectric generators, but also 

triboelectric generators based on electrostatic induction effect (Huisheng et al., 2017). 

They are prepared by being heated and simultaneously exposed to an electric field. Due 

to this process, many dipoles in the material become oriented in a preferred direction. After 

the heating, the material is “frozen” and can keep the position of its electric dipoles for a 

long period of time (Buchtela, 2003; Ramazanov et al., 2020). 

The β-PVDF-phase exhibits excellent ferroelectric and piezoelectric properties - PVDF 

and its copolymers can generate electrical charges on its surface upon mechanical or 

electrical stimulation. The β-phase can be promoted in PVDF by either mechanical 

drawing, annealing, electrical poling, or nanoparticle additions (Li et al. 2013). 

Aided by recent advances in nanotechnology, a wide range of nanomaterials can be 

synthesized for biomedical and industrial applications. In particular, clay nanoplatelets, 
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carbon nanotubes, graphene/graphene oxide and silica nanoparticles have been reported to 

be very effective to induce β-phase in PVDF (Haddadi et al., 2018). 

PVDF exhibits excellent electroactive behaviours, good biocompatibility, excellent 

chemical resistance, and thermal stability, rendering it an attractive material for biomedical, 

electronic, environmental and energy harvesting applications (Liu et al., 2018). 

The polymorphs of PVDF and its copolymers are typically identified using X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and differential 

scanning calorimetry (DSC). Polar β-phase can be induced in the PVDF fibres as a result of 

the polymer jet stretching and electrical poling during electrospinning. The main drawbacks 

of the electrospinning process for making piezoelectric PVDF-based scaffolds are their 

small pore sizes and the use of highly toxic organic solvents. Accordingly, modified 

electrospinning methods such as melt-electrospinning and near-field electrospinning have 

been explored by the researchers to tackle this issue (Li et al., 2019). 

2 Experimental detail 

2.1 Description of the used dopants 

2.1.1 Titanium dioxide 

Titanium dioxide (TiO2) is a non-toxic, non-reactive and polymorphous material which 

may be present in the rutile, anatase and brookite phases. The anatase phase, most 

commonly used, shows tetragonal crystalline structure, and is formed at low temperatures, 

around 450 °C (You et al., 2017).  

The excellent performance of TiO2 in heterogeneous photocatalysis processes is due it 

is insoluble in water, non-toxic, photostable and chemically stable over a wide range of pH 

(Javed et al., 2019).  

TiO2 occurs in many silicates in nature, accounting for over 1% of the earth's crust. 

Thus, it is manufactured using a variety of materials and processes (applications for TiO2 

include paints, pharmaceuticals, paper, plastics, sunscreen and food) (Har, and Kumar, 

2014). 

2.1.2 Zinc oxide 

Zinc oxide (ZnO) is one of the most interesting polyfunctional materials and in recent years 

has received increased attention from the scientific community (Gorokhova et al., 2011). 

The enhanced interest is connected with the wide application of ZnO in electronic and 

photonic devices and systems, including UV LEDs and photodetectors, lasers in the blue 

and UV regions, and nanostructures of numerous forms and purposes (Look, 2006). 

The demand for ZnO is determined by a unique collection of properties that gives it an 

advantage over other materials in a number of parameters (Özgür et al., 2005). ZnO is a 

direct-band semiconductor with a band gap of 3.37 eV at 300 K and large exciton-binding 

energy (about 60 meV), which makes the exciton stable at room temperature. Various 

devices in which ZnO is used can operate at high values of background radiation, for 

example, in space, since this material is characterized by high radiation stability 

(Gorokhova et al., 2011). 

2.1.3 Barium titanate 
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Barium titanate (BT) is a lead free and environmentally friendly ferroelectric material. It is 

chemically and mechanically stable and it exhibits ferroelectric properties at and above 

room temperature (RT) and it can be easily prepared and used in the form of ceramic 

polycrystalline samples (Stojanovic et al., 2004).  

BT ceramics are widely used in the fabrication of multilayer ceramic capacitors (MLC) 

and nonvolatile memory devices because of their high dielectric constant and low 

dissipation factor at RT. It is also known that the purity of the starting precursors affects the 

processing temperatures and hence the material properties (Patel et al., 2011; Uchino, 

2000). 

2.1.4 Barium calcium zirconate titanate 

Barium calcium zirconate titanate ((Ba,Ca) (Zr,Ti)O3, BCZT) is a lead-free piezoelectric 

material with excellent dielectric, ferroelectric and piezoelectric properties and large 

tunability (Parjansri et al., 2019). It is applicable in a variety of applications, such as 

multilayer ceramic capacitors (MLCC), piezoelectric actuators, and positive temperature 

coefficient resistors (PTCR), due to its excellent dielectric, ferroelectric and piezoelectric 

properties.  

Moreover, its properties can be controlled by varying the Ba/Ca and Zr/Ti 

compositions. However, this material requires a high sintering temperature (>1450 °C) 

which does not agree with the industrial’s requirements. In order to decrease the sintering 

temperature, it is necessary to produce powders with fine particle sizes and homogeneous 

distribution (Frattini et al., 2012).  

2.1.5 Potassiumsodium niobate 

In recent years, researchers have been interested in developing lead-free piezoelectric 

materials as alternatives to lead-based materials, such as (K0.5Na0.5) NbO3 (KNN), 

(Na0.5Bi0.5)TiO3 (NBT), (BaZrxTi(1−x)O3 (BZT) and Ba(1−x)CaxTiO3 (BCT). 

Potassiumsodium niobate [(K,Na)NbO3, KNN] have been thought as one of the most 

promising lead-free piezoelectric candidate because of relatively good comprehensive 

performance (Jiagang, 2018).  

Alkaline niobate ceramics (K,Na)NbO3 exhibit particularly high piezoelectric 

characteristics and a relatively high Curie temperature (Tc) (Kazushige, 2016). The room-

temperature piezoelectric properties in KNN-based ceramics can be largely improved by 

proper chemical modifications, which are actually due to the tetragonal–orthorhombic PPT 

point (TO–T) shifting downward from around 200 °C toward room temperature, namely 

PPT effect (Li et al., 2013). 

2.2 Materials and methods 

SEM can image all kinds of samples: ceramics, metals and alloys, semiconductors, 

polymers, biological samples, and much more. However, the surface of the non-metal 

samples acts as an electron trap. The resulting accumulation of electrons on the surface is 

called “charging” and creates white empty regions on the resulting image and influence the 

image information. When a metal coating is used, the conductive surface acts as a channel 

that allows the charging electrons to be removed from the material (Luyk, 2019).  

Polyvinylidene fluoride, as a non-metal, must be covered with a conductive material to 

allow observation in SEM. Moreover, creating a conductive layer of metal on the sample 

inhibits charging, reduces thermal damage, and improves the secondary electron signal 
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required for topographic examination in the SEM (Höflinger, 2013). In this case, fine 

carbon and gold layers were used for analysed samples. 

The coating technique used depends on the resolution and application. Historically, the 

most frequently used coating material has been gold because of its high conductivity and 

relatively small grain size, which makes it ideal for high-resolution imaging. The atoms of 

gold are sputtered from a ring-shaped target - when a high potential difference is 

established between electrodes, an electrical discharge passes between them. The cathode 

electrode is then bombarded by positive ions of a residual gas such as argon (Fourie, 1982). 

Energy-dispersive X-ray (EDX) analysis was done using Tescan Lyra 3 which is a dual 

beam system combining a high-resolution FE-SEM column with a versatile high-

performance Ga ion source FIB, that is able to generate an image of the surface or to 

modify it with nanometric resolution (usually better than 10 nm) (http://nano.ceitec.cz/ 

focused-ion-beam-scanning-electron-microscope-tescan-lyra3lyra/). 

X-ray photoelectron spectroscopy was carried out by AXIS SupraTM X-ray 

photoelectron spectrometer (Kratos Analytical). It helped to define type of chemical state of 

the samples elements (Amit and Susmita, 2013, Částková, et.al., 2020, Knápek, et.al., 

2018). 

3 Experimental results 

3.1 Scanning electron microscopy and energy-dispersive X-ray analysis 

Scanning electron microscopy of PVDF modified with various dopants are given in Figure 

1. 

 

a) 
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b) 

 

c) 

 

d) 
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e) 

Fig. 1. Scanning electron micrograph of a) PVDF nanofibers doped with TiO2; b) PVDF nanofibers 

doped with ZnO; c) PVDF nanofibers doped with BT; d) PVDF nanofibers doped with BCZT; e) 

PVDF nanofibers doped with KNN. 

Energy-dispersive X-ray analysis of PVDF modified with various dopants is presented 

in Figure 2. The overall pattern is that the constituent elements of respective dopants are 

clearly visible in the modified PVDF fibers. 

 
a) 
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b) 

 

c) 
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d) 

 

e) 

Fig. 2. SEM-EDX micrographs of a) PVDF nanofibers doped with TiO2; b) PVDF nanofibers doped 

with ZnO; c) PVDF nanofibers doped with BT; d) PVDF nanofibers doped with BCZT; e) PVDF 

nanofibers doped with KNN. 

3.2 X-ray photoelectron spectroscopy analysis 

The XPS analysis has been performed to gain insights into the chemical composition of 

PVDF doped with various compounds and support the results obtained by EDX analysis. 

The XPS wide spectrum for pure unmodified PVDF is given in Fig. 3. As we can observe, 

with the exception of very insignificant amount of oxygen (which might result from mild 

oxidation of the surface or from the microscopic amounts of moist from the atmosphere) 

there is no contamination in the PVDF structure which is an ideal case. 
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Fig. 3. XPS spectra of pure PVDF. 

The XPS wide spectra for modified (doped) PVDF is given in Figure 4. Just as is the case 

with EDX, XPS Cleary indicates that doping procedure went successfully as we can cleary 

observe the emergence of the dopants constituent elements. Their concentration appears 

low due to overwhelming intensity of the main element of PVDF fibers, their presence, 

however, is undoubtable.. 

 

a) 
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b) 

 

c) 

 

d) 
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Fig. 4. XPS spectra for PVDF doped with: a) TiO2; b) ZnO; c) BT; d) BCZT. 

The doped fibers are highly hydrophobic (Figure 5). Angles were measured ten times and 

systematization is given in Table 1. 

Table 1. Measured angles and error. 

Materia  Avarage value / °  °Error  

PVDF-KNN 133,8 4,7 

PVDF-TiO2 130,8 6,6 

PVDF-ZnO 130,2 16,3 

PVDF-BT 138,2 2,7 

PVDF-BCZT 145,6 5,6 

 

 

Fig. 5. Photo of water drops on the surface of the fibers. 

4 Conclusions 

Advances in the synthesis, modification and indeed the understanding of the piezoelectric 

polymers via the addition of piezoelectric ceramics to induce the piezoelectric β-phase in 

PVDF are providing new pathways for the development of multifunctional composites. 

This study describes polymers used to form those composites and gives a general overview 

of dopant materials used.  

We can manipulate the properties of PVDF by doping it with various compounds. In 

the experimental section we demonstrated how using EDX analysis with can observe the 

constituent elements of doping compounds in the resulted polymers. XPS analysis has also 

been performed and their spectrum correlates with the EDX results. 
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