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Abstract 

 

A mixture of reduced graphene oxide (rGO) with esmeraldine (rGO-Esmeraldine) 

was used in order to modify the piezoelectric properties of vinylidene polyfluoride 

(PVDF). PVDF films were prepared by dissolving PVDF powder in a solution of 

N, N-Dimethylformamide (DMF), preheated at 60 ° C, to enhance the β phase of  
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the PVDF, the phase responsible for the piezoelectric effect. The influence of the 

r-GO-Esmeraldine mixture on the piezoelectric properties of the PVDF was 

characterized by X-ray diffraction. Changes in piezoelectric potential were 

observed by varying the mass percentage of the rGO-emeraldine mixture in the 

PVDF films. The results show an increase in potential by adding 0.1 wt% and 0.3 

wt% of the rGO-emeraldine mixture. At concentrations greater than 0.3wt% the 

formation of the β phase in the PVDF is reduced due to the inhomogeneous 

distribution of the rGO in the PVDF film and the crystallization thereof as a 

consequence of the addition of esmeraldine that was evidenced by Scanning 

Electron Microscopy (SEM). 

 

Keywords: Graphene; esmeraldine; vinylidene polyfluoride; characterization; 

piezoelectric potential 

 

 

1. Introduction  
 

Vinylidene polyfluoride (PVDF) is an important polymer that has piezoelectric 

and ferroelectric properties and is widely used in many applications such as 

electroacoustic transducer, pressure sensor and ferroelectric random access 

memory, etc. There are mainly five crystalline phases of PVDF: α, β, γ, δ, and ε, 

with the α and β phases which are the most common crystalline structures among 

them [2, 3]. The α phase of the PVDF is the one with the trans and gauche 

alternating stereochemical conformation, therefore, it is not polar and is generally 

obtained when PVDF is cooled from the melted mass. The β phase is 

characterized by a completely trans-flat zigzag conformation, with all the fluorine 

atoms located on the same side of the polymer chain, so it is polar and makes a 

great contribution to the piezoelectric and ferroelectric properties of PVDF[4, 5].  

 

To date, a variety of approaches have been developed to induce β-phase formation 

in PVDF. Among them, the incorporation of nanoparticles in PVDF is considered 

one of the simplest forms, such as organically modified nanoclay, ferrite 

nanoparticles, carbon nanotubes and graphene oxide, among others [6-10]. 

Graphene has attracted great attention due to its structure and superior electrical, 

mechanical, optical and thermal properties [11-16]. In fact, graphene has a high 

electrical mobility greater than   2 ∗ 105cm2V−1s−1 [17-18]. Due to its fascinating 

properties, graphene appears as a promising material in numerous technological 

applications [19, 20]. To fully exploit these properties, graphene can be 

incorporated into polymer matrices. And for PVDF, graphene can serve as a 

nucleating agent for the generation of the polar phase β, thanks to the specific 

interactions between the large π bond in graphene and the high density fluorine 

atoms in the PVDF. In addition, since graphene is conductive, the PVDF / 

graphene compound has a higher dielectric constant than that of pure PVDF, 

which can reduce the inverter voltage while maintaining high electromechanical 

conversion coefficients when used as a pressure sensor. 
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However, graphene is often difficult to disperse uniformly in the polymer matrix 

because its sheets can easily be re-agglomerated or re-stacked in graphite due to 

the strong van der Waals interactions between them. However, only promoting the 

dispersion of graphene in the PVDF matrix can benefit the formation of β phase in 

PVDF and improve the properties of PVDF / graphene. In order to make graphene 

well compatible with polymers, appropriate functional groups have to be obtained 

that allow it to interact with specific chemical residues in polymer matrices [21, 

22]. The formation of the β phase in the PVDF is also favored by the solvent that 

is used in the preparation thereof, the greater polarity the solvent has, the greater 

the formation of the β phase that will be obtained, an example of a polar solvent is 

dimethylformamide[23]. Some researchers have indicated that PVDF can be 

modified by doping it with graphene to improve its thermoplastic properties [24, 

1], ductility [25] and conductivity  [26]. 

 

The active piezoelectric and pyroelectric phase with an orthorhombic unit cell in 

Trans-Trans (TT) conformation can only be obtained after special processing, 

since in this conformation fluorine and hydrogen atoms are on opposite sides of 

the polymer backbone chain, forming a net dipole moment other than zero [1]. 

The high properties and benefits of graphene oxide (GO) have generated an active 

area of research in which many investigations have shown possible applications in 

various technological fields. Due to the highly hydrophilic nature of GO, an 

aqueous colloidal suspension of graphene oxide nanolamines (GOn) can be easily 

obtained by full exfoliation of bulk graphite oxide by simple sonication in water 

[27]. For many practical reasons, the large scale preparation of graphene oxide 

dispersions in organic solvents is highly desirable as this will further expand the 

potential applications by facilitating the manufacture and practical use of 

graphene or graphene oxide-based polymer nanocomposites [28].  

 

Polyaniline is found within the conductive polymers, being this property highly 

attractive for different applications. Of all the states of polyaniline, only the 

emeraldine salt state exhibits a high electrical conductivity and is therefore 

considered the doped state of the PANI. The remaining states (leucoemeraldine, 

emeraldine base, pernigraniline base and salt) are electrical insulators. The 

electrical conductivity of the PANI-ES is due to the high mobility of the load 

carriers, in this case, hollows in the polyaniline chain. 

 

In this work, the PVDF was reinforced with an rGO-emeraldine mixture to 

enhance the piezoelectric property of this polymer. The materials developed were 

characterized by means of DRX and SEM. 

 

2.  Experimental phase 
 

2.1 Materials 

 
PVDF Sigma-Aldrich Co, H2SO4 Merck 95-97%, HCl Merck 37%, HNO3 Merck 
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65%, Aniline monomer Sigma-Aldrich Co, Graphite Bars Sealco, N, N-

Dimetilformamida Merck, Phenylhydrazine Chloride- Merck. 

 

 

2.2 Preparation of the PVDF compound plus rGO-esmeraldine. 

 

The rGO-esmeraldine mixture was disperse in  Dimethylformamide solvent  

(DMF) [5] (1 mg ml-1) and was sonicated  for 4 hours at room temperature, the 

PVDF powder was dissolved in DMF (80 mg ml-1) and stirred for 2 hours at a 

temperature of 60 ºC, the rGO-esmeraldine mixture was added to the PVDF 

solution and was stirred for 30 min at 60 ºC,  subsequently this was sonicated for 

10 min at room temperature and stirred again for  1 hour [25]. Then, it was placed 

in a vacuum chamber for 45 min in order to eliminate the bubbles that were 

formed in the stirring process. Once the bubbles were eliminated, the mixture was 

placed in glass molds and then put in an oven for 24 hours at a temperature of 

70ºC. The sheets of the developed compound have concentrations of 0%wt, 

0.1wt%, 0.3wt%, 0.5wt% y 0.7wt% [29, 30]. 

 

 

2.2 Characterization 

 

The sheets obtained during the process were characterized by means of the 

following techniques: X-Ray Diffraction (XRD), using a Rigaku MiniFlex 

diffractometer Cu Kα (λ=1.542 A) in the 2θ range from 5° to 90°; Scanning 

Electron Microscopy (SEM) using a high vacuum JCM-6000PLUS equipment 

with 15 kv drive voltage, 7.475 nA probe current, and a 0.3546 adjustment 

coefficient. 

 

 

3. Results and discussion  
 

3.1. Dispersion of the rGO-esmeraldine mixture in the PVDF 

 

The dispersion state of the rGO-emeraldine mixture was evaluated by SEM as 

shown in fig. 1-4, where a good dispersion of the rGO-emeraldine mixture is 

observed in small proportions of mass for the case of 0.1wt% because in mass 

portions greater than this, a crystallization of the material is evidenced for the case 

of 0.3wt% 0.5wt% and 0.7wt%. 
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a)                                                                   b)  

                   
 

c)                                                                   d)  

                 
 

Figure 1. SEM image for the PVDF rGO-PANi mixture at a)0,1wt%. b) 0,3 wt%. 

c) 0,5 wt%. d) 0,7 wt%.  Source: The authors. 

 

As shown in fig. 2-4, a crystallization of the material can be observed due to a 

higher percentage in the addition of esmeraldine since it could be corroborated 

that, as reported by the literature,   the esmeraldine tends to crystalize the used 

matrices to be reinforced with it unlike figure 1, which shows that the esmeraldine 

in small quantities is well dispersed in the PVDF. 

 

3.1. Formation of the β phase in the films obtained   

The X-ray diffraction technique is a very useful method to determine the 

crystalline phase in the developed sheets. Fig. 5-10 show the diffraction patterns 

of the PVDF powder, the PVDF mixture and the rGO-esmeraldine in its different 

concentrations 0wt%, 0,1wt% 0,3wt% 0,5wt% y 0,7wt%. Taking into account the 

intensity of the main diffraction peaks in the phases α, where 2θ=18.271°, and β, 

where 2θ=20.23° of the PVDF powder, the α/β relationship can be obtained in 

order to determine the percentage of the β phase in the film obtained [5]. 

The eq. (1) shows the formula for determining the % of the β phase. 

% β phase= (α/β PVDF powder- α/β PVDF-rGO-esmeraldine %) * 100 
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The diffraction patterns show a greater formation of the β phase in the sheets with 

a mass percentage of the rGO-esmeraldine mixture in the PVDF of 0wt%, 0,1wt% 

and 0,3wt%. 

 
Figure 2. RX diffraction patterns for the PVDF powder. Source: The authors. 

 
Figure 3. RX diffraction patterns for the pre-heated PVDF at 60°C. Source: The 

authors. 

               

       a)                                                                               b)                                                                                                       
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       c)                                                                      d)    

    
  Figure 4. RX diffraction patterns for the pre-heated PVDF at 60°C and 

reinforced with rGO-esmeraldine a) 0,1wt%. b)  0,3wt%. c) 0,5wt%. d) 0,7wt%. 

Source: The authors. 

 

Table 1. 

COMPOUND % β Phase 

pre-heated PVDF at 60°C 49 

PVDF Graphene-Pani 0.1% 55 

PVDF Graphene -Pani 0.3% 51 

PVDF Graphene -Pani 0.5% 38 

PVDF Graphene -Pani 0.7% 35 

Source: the authors. 

Using eq. (1), the percentage of the formation of the β phase in the sheets 

developed could be determined (phase responsible for the piezoelectric effect in 

the PVDF); a greater percentage of the β phase was also observed in the PVDF 

films mixed with rGO-esmeraldine at 0.1wt% and 0.3wt% as shown in table 1. 

 

3.3. Potential difference obtained from the films with higher percentage in 

the formation of the β phase. 

 

 
Figure 5. Sheets obtained during the development of the Project. Source: The 

authors. 
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Two copper plates were used, which served as electrodes to measure the 

piezoelectric response of the obtained material, using a multimeter. 

 

 

 
Figure 6. Piezoelectric response of the PVDF compound plus rGO-esmeraldine at 

0,3wt%. Source: The authors. 

 

 
Figure 7. Piezoeletric response of the PVDF compound plus rGO-esmeraldine at 

0,1wt%. 

Source: The authors. 

 

 

Values of 256 milivolts, for the PVDF sheet reinforced with rGO-esmeraldine at 

0,3wt%, and 326 milivolts, for the PVDF sheet reiforced with rGO-esmeraldine at 

0,1wt%, were obtained. These values were superior to the PVDF sheet with a 

reinforcement percentage of 0,0 wt%, which showed a potential defference of 126 

milivolts. 

 

4. Conclusions 
 

PVDF films were developed with different concentrations of rGO-esmeraldine, 

which were prepared in a DMF solution preheated at 60ºC to ensure the formation  
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of the β phase, which evidenced that the temperature preparation is fundamental 

for the formation of this phase. 

 

By means of the X-ray diffraction technique, a greater formation of the β phase 

could be evidenced in the PVDF mixture with rGO-esmeraldine in concentrations 

of 0.1wt% and 0.3wt%. 

 

The images obtained by means of the SEM showed the crystallization of the 

material obtained from the PVDF mixture with rGO-esmeraldine concentrations 

higher than 0,1wt%, since the esmeraldine, according to the reported in the 

literature, tends to crystallize the matrices used for its reinforcement. An increase 

of the piezoelectric potential of the films using a percentage of the reinforcing of 

0,1wt% and 0,3wt% was evidenced. 
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