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SEM images of the NBT-BT powder  

 

  



 

 

Figure S1: SEM micrographs of the NBT-BT powders used as filler for the composite films. 

 

SEM and EDX analysis of flexible films  

 The morphology of the films was characterized by the presence of large and darker strips 

consisting almost exclusively of PVDF. Outside these partially oriented, due to hot-pressing, areas, 

the particles are anyhow finely dispersed. 

 

 
                                  100 μm 

 
                                  100 μm                               

 

 
                                  100 μm                               

 

Figure S2: SEM micrographs of the transversal surfaces of: a) NBT-BT/PVDF 30/70; b) NBT-

BT/PVDF 35/65; c) NBT-BT/PVDF 40/60. 

 

a) b) c) 



 

Figure S3: EDX results of NBT-BT/PVDF 30/70 film. Weight % of the elements measured in the 

areas indicated with a square (above); EDX element mapping of the same area of the sample 

(below). 

 

 

 

Differential Scanning Calorimetry measurements on PVDF powder and NBT-BT-PVDF 

films 

 

The DSC analysis was carried out on all the prepared samples in order to study the possible effect 

of processing and filler introduction on the thermal behavior and crystalline degree of the films. 

As visible in Fig. S4, the melting peak of the neat PVDF is centered at about 160°C for both the 

polymer powders and the processed film, but the PVDF subjected to hot-pressing is characterized 

by a shoulder at higher temperature (about 170°C). This is reasonably due to the higher amount of 

γ phase present in the sample with respect to the starting powders in which the α polymorph is 

predominant. Analogously, the melting peak of NBT-BT-PVDF40 tends to broaden to higher 



temperatures, clearly showing a shoulder which can be ascribed to its highest γ phase quantity 

according to spectroscopic characterization. 

 

 

 

Figure S4. DSC curves of PVDF powders and all the films prepared by hot-pressing. 

 

 

Anelastic spectroscopy measurements 

 

 The complex dynamic Young’s modulus E = E’ + iE” versus temperature was measured 

with the free flexural resonance method [51] in a homemade setup described in Ref. [43]. The 

samples have the shape of thin bars, or strips in the present case, and are suspended on two thin 

thermocouple wires in correspondence with the nodes of the first flexural mode, which almost 

coincide with those of the fifth mode, in order to minimize the extrinsic dissipation. Small drops 

of Ag paint are also applied to the edges of the sample in order to obtain a good electric contact 

with the wires and stability. Even though wire clamping and vibration nodes do not coincide for 

the 3rd flexural mode, also in that case good sample resonance with negligible extrinsic 



dissipation may be obtained. If the sample is not conducting, as in the present case, a strip of Ag 

paint is applied to an edge in order to short the thermocouple wires and in the middle, in 

correspondence with an electrode kept close to the sample surface. Application of an alternate 

voltage at frequency f electrostatically excites the sample vibration at 2f. Electrode and sample 

constitute a capacitor, whose capacity is modulated by the vibration and that is inserted in a high 

frequency (12 MHz) oscillator. This frequency is modulated by the sample vibration and then 

demodulated in order to give a signal proportional to the vibration amplitude. The measurement 

is made in high vacuum or ~0.1 mbar He below room temperature. 

This method is particularly suited for sensitive measurements, where the extrinsic dissipation 

should be minimized, but not particularly for polymers. In fact, polymers have high intrinsic 

losses and strong temperature dependence of the elastic moduli, giving rise to large changes of 

the resonant frequency. 

The pure PVDF sample was too short for being mounted on the two wires and was instead 

clamped at one end and the flexural resonances were electrostatically excited at the free end. 

Room-temperature PUND (positive up and negative down) measurements   

 Literature data have shown that PUND measurements are of high importance for 

materials with high leakage current density. Even though, our samples have shown low leakage 

current densities.  Room-temperature PUND (positive up and negative down) measurements (as 

discussed in the following), method used to extract out the intrinsic ferroelectric part (remnant 

contribution) from other non-ferroelectric (nonremanent) contributions such as leakage current or 

stray capacitances [69-71]. To confirm the polarization arises due to intrinsic dipoles, pulsed 

polarization positive up-negative down (PUND) measurements of composites have been carried 

out with delay time of 0.2 ms and pulse weight 0.1 ms at 170 kV/cm.  



 Schematic presentation of PUND measurement and table with obtained results for each 

film are presented in Fig. S5. In the PUND method, the resistive and capacitive elements are 

removed by applying a chain of five pulses so that only the hysteretic component appears in the 

loop. The first pulse is given only to polarise the sample in a particular polarization state, and no 

measurement is taken during this pulse. Pulse 2 then switches the polarisation in the opposite 

direction. After the measurement, the sample is permitted to settle so that all the non-polarisation 

switching dissipates by making V = 0 V. Then the 3rd pulse is identical to the 2nd pulse. The 

same measurement is made, so that the sample is not switched. The 4th and 5th pulses are 

subsequently applied, which is similar to 2nd and 3rd pulses and switching the sample in the 

opposite direction. Thus, this method ensures that only the hysteresis component appears in the 

loop.  

 

Figure S5. Schematic presentation of PUND measurement and table with obtained results for 

each film 

 Here Pr
∗ corresponds to total remnant polarization (volatile and nonvolatile) and Pr

∧ is the 

volatile component of remnant polarization (parasitic effect + leakage effect). The difference    



dPr = Pr
∗ − Pr

∧  provides the value of nonvolatile remnant polarization arising due to 

ferroelectricity. From the table given as an inset, can be concluded that samples with higher 

concentration of filler indeed have higher value of remnant polarization.    

 

Leakage current mechanisms 

 

 The values of leakage current density were below the critical limit. Leakage mechanisms 

were given in Figure S6. Obtained curves were well fitted with power law: j~ Em, where ‘m’ is 

the slope of the linear parts of the curve in the log-log plots which determines the nature of the 

conduction. For NBT-BT/PVDF 30/70 for all fields, the value of m is between 1 and 1.5 which 

suggested the existence of ohmic conduction mechanism. In the case of the sample NBT-

BT/PVDF 35/65 there is a difference between values obtained in low and high field region which 

is an indication of both, ohmic and space charge limited conduction, respectively [76-78].  

 For the sample NBT-BT/PVDF 40/60 in the whole region of fields the value of m is 

between 1.5 and 2 which can confirm bulk-limited conduction mechanism especially space 

charge limited conduction.  



 

Figure S6. Leakage current mechanisms of all investigated flexible films 

 

 

Output power and current for the NBT-BT/PVDF 30/70 flexible film  

 

 

Figure S7. Oscilloscopic records of the power and current output obtained by applying the 

impact force of 250 N on the sample NBT-BT/PVDF 30/70 

 


