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Self-polarised poly(vinylidene fluoride), (PVDF) films were 

prepared via facile phase-inversion technique wherein the 

polymorphism of the films was controlled from exclusive α- 

(>90%) to β-phase (>98%) by simply varying the quenching 

temperature from 100 oC to -20 oC, respectively. At low 

temperatures, the β-phase crystallites were found to be self-

aligned, with the PVDF thin films possessing high piezoelectric 

coefficient of up to -49.6 pm/V. The extraordinarily high β-phase 

and piezoelectric coefficient of these PVDF films makes them 

suitable for electroactive and energy harvesting applications.  

 
Poly(vinylidene fluoride), (PVDF), is one of the most attractive 

polymers owing to its remarkable pyro-, piezo- and ferro-

electroactive properties.1-4 These properties stem from its unique 

polymorphism which gives rise to its extraordinary mechanical 

properties, high thermal, chemical stability and biocompatibility.5 

Among the four significant crystalline phases α, β, δ and γ; 2, 6 the 

electroactive β-phase is most utilized for sensing, actuation 7,8 and 

microgenerator applications.4,9,10 Various methods for crystallisation 

of β-phase have been investigated including melt casting,15 solution 

deposition,11, 12 spin coating13 and phase inversion.14,15 While, the 

PVDF films formed by melting/crystallisation are dominated by α-

phase;16 those obtained by spin-coating and dried at temperatures 

between 30-60 ºC are primarily β-phase.13 During phase inversion, 

the PVDF films are formed by rapidly quenching the cast films into 

a non-solvent bath to induce liquid-solid and liquid-liquid phase 

separation events.5,14,15 The microstructure and crystalline phase is 

controlled by adjusting parameters like composition,5,13 solvent 

type,17,18 quenching temperature etc.19,20 The PVDF films thus 

formed show random orientation of β-phase crystals and are mostly 

porous and hence unsuitable for electroactive applications. To obtain 

electroactive films, polarisation at high electric field,6,21 by corona 

poling,13 or by mechanical stretching3,6,16 are required. Recently, 

self-polarisation of oriented β-phase crystals has been observed in 

ultrathin co-polymer PVDF films formed by spin-coating22 and 

Langmuir-Blodgett (LB)23,24 method, and has been attributed to the 

built-in electric field,22 in-film stress and the strong interaction of 

PVDF molecules with polar water.23,24 Similarly, PVDF mesoscale 

rod arrays and γ-phase PVDF nanofibers formed by drawing were 

reported to possess good piezoelectric properties.25, 26 For both these 

cases, mechanical stretching and stress during template guiding are 

believed to be responsible for the enhanced piezoelectric effect. 

Here, we report on the facile preparation of self-polarised β-phase, 

high piezoelectric coefficient PVDF films via phase inversion at low 

temperatures for electroactive applications. PVDF films were 

produced using a 30 wt.% PVDF, N,N-Dimethylformamide (DMF) 

solution. A fixed volume of the as-prepared solution was then 

deposited on highly polished glass slides via spin-coating process. 

The spin-coated films were immersed immediately in deionized 

water bath held at various quenching temperatures, TQ, for 30 min to 

remove DMF. Further experimental details can be found in the 

Supporting Information (SI).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 SEM images of the free-standing PVDF films after quenching at 

temperatures of   a) -20 ºC, b) -5 ºC,  c)  40 ºC, and e) 100 ºC. 
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As seen in figure 1(a-d), the film thickness varied between 20-45 

µm, strongly dependent on the TQ, with quenching at higher 

temperatures accelerating the liquid-liquid demixing process, leading 

to films with lower thicknesses.5,18 The films formed at TQ≥0°C have 

two distinct top dense and low porous regions. The porosity of the 

films decreases with the decrease in quenching temperature as 

observed by others.5,18,20 This is attributed to the slow crystallization 

and elimination of the DMF owing to the decreased miscibility and 

mobility of DMF at lower temperatures. Films quenched at -20ºC 

appear to be very dense with almost no pores of visible sizes. The 

low quenching temperature and high PVDF concentration are 

believed to be responsible for this reduced porosity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 DSC themograms showing (a) the upper glass transition, (b) melting 

peaks and (c) their assignment for various crystalline phases; (d) FTIR 

spectra; (e) β-phase content, β/α ratio as a function of quenching temperature. 

 

The differential scanning calorimetry thermograms for PVDF films 

are shown in figure 2(a-c). The PVDF films show a melting 

temperature, TM, in the range of 165-170ºC, with shoulder-like 

structures appearing at both low and high temperature sides for all 

samples. The TM of the films quenched at -20ºC is 166.5ºC, which is 

approximately 5ºC lower, as compared to that of 170.9 ºC for films 

quenched at 100ºC. This lowering of TM is attributed to the enhanced 

β-phase content and the reduced porosity of the films.27,28 It is 

largely accepted in the literature that β-phase melting occurs in the 

range 165-172ºC; α-phase crystals in the range 172-175ºC  with the 

γ-phase melting between 175-180ºC (marked in fig 2c).10,27 The 

thermogram for sample quenched at 100ºC is largely enclosed within 

the range of 170-175ºC, corresponding to the dominant α-phase. 

Similarly, for samples quenched at TQ<40oC, a clear shift of the 

melting peak towards the lower temperature, corresponding to the 

dominant β-phase can be observed. The total crystallinity of 

samples, ∆XC, can be calculated by assuming the fusion heat of 

100% crystalline PVDF to be 104.7 J/g. 29 

 ∆�� �
∆��	

∆���		
	
 100%							  (1) 

where ∆Hm and ∆Hm100 are the melting enthalpy of the sample and 

the melting enthalpy for a 100% crystalline sample, respectively. 

With the reduction in TQ, the crystallinity values increase almost 

linearly from 38.6% (starting pellets) to ~43.3% (TQ 100ºC) to 

nearly 56.0% (TQ -20ºC), which is significantly higher than the 

typical values of 40-45%, obtained by other methods.3,16 This 

increase in the crystallinity can be attributed to the slow liquid-liquid 

demixing process, reducing the mass exchange between solvent and 

non-solvent providing more time for crystallisation and enhancement 

of β-phase.5 Further small endothermic peaks were observed in the 

range of 45-60oC (Figure 2a) for samples quenched at TQ<20oC, 

which disappeared for samples quenched at higher temperatures 

(TQ>40oC). These peaks are attributed to the upper glass transition30 

reorganisation within conformationally disordered α-crystals,31 or 

melting of paracrystalline domains within the PVDF films.32  

The Fourier transform infrared spectroscopy (FTIR) of the PVDF 

films is shown in Figure 2(d). The appearance of bands at 760, 796, 

975, 1210, 1383 and 1423 cm-1 are ascribed to the formation of the 

α-phase11; while peaks observed at 840 and 1234 cm-1 are ascribed to 

the β-phase crystallites.11,27 The quantification of the relative α- and 

β-phases (Fig. 2(e)) was carried out using the following 

relationship3, 6, 27 33  

  �� �
��

�����
� 	

��

�.�������
  (2) 

where Aα and Aβ are absorption bands at 760 cm-1 and 840 cm-1, 

respectively. For sample quenched at TQ<0oC, the α-peak was 

completely suppressed giving rise to pure (>98%) β-phase film 

further corroborated by DSC and XRD measurements (see SI).   

Figure 3(a-d) shows the piezoelectric response for samples quenched 

at -20 and 100 ºC respectively measured by piezoresponse force 

microscopy (PFM) for a scan size of 50 µm x 50 µm, under an AC 

bias of 3V. The topography of the PVDF films shows spherical 

structures, which are representative of a crystallisation-dominated 

precipitation, wherein all the crystalline particles are nucleated in a 

similar concentration field and fused together to form a bi-

continuous structure.18 Although the surfaces are relatively rough 

(roughness ~150 nm), they are suitable for the fabrication of electric 

devices, as even at a low excitation signal of 3V large piezoelectric 

response was clearly observed. These results demonstrate that the 

films quenched at low temperatures not only have a high β -phase 

content, but also are self-aligned and polarised. The PFM calibration 

process, carried out in accordance with previous reports, and further 

calculation of d33 coefficients is provided in the supporting 

information.33-35 The d33 value increases with the decrease in 

quenching temperature, reaching ~49.6 pm/V, much higher than the 

typical values of -20 to -35 pm/V of commercial products and those 

obtained by mechanical stretching and subsequent poling (Fig. 

4a).3,6,21,36 These values are comparable to the PVDF nanofibres 

which show a d33 coefficient of -54 pm/V, which originates from the 

extraordinarily high γ-phase with ~75% crystallinity.26 It our case, 

the piezoelectric response was measured using local excitation 
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method in which the electromechanical vibrations are induced by the 

application of an AC voltage between the bottom electrode and the 

conductive AFM tip to probe the polarisation distribution in the film. 

The method offers high lateral resolution and correlation between 

ferroelectric domains and film morphology. However, in this case, 

the electric field generated by the AFM tip is highly inhomogeneous, 

making the quantitative analysis of field-induced signal extremely 

difficult.35 Thus, PFM measurements without the extended top 

electrode collects signal only from a surface layer of an unknown 

thickness, which is a function of dielectric permittivity and contact 

conditions and the PFM amplitude response essentially originates 

only several nanometres below the surface which makes the 

measurement surface sensitive.33-35 In our case, the abnormally high 

piezoelectric coefficient from the films quenched at -20ºC is 

attributed to the exclusive (~100%) β-phase content, extremely high 

crystallinity of 56% and β/α ratio of 45, all of which are much 

higher than typical values of 75-85%, <45% and <8, respectively, of 

commercial products and those reported by various other groups.3,5,16 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

Fig. 3 Topography and PFM amplitude images for samples quenched at (a, b) 

-20 ºC and (c, d) 100 oC, respectively.  

 

The self-polarisation of the β-phase in PVDF films has also been 

verified by the piezoelectric effect based voltage generation. Figure 

4(c, d) shows the voltage response for samples quenched at -20 ºC 

and 100 ºC, measured using impact testing. For the preparation of 

microgenerators, the film samples were enclosed in 100 µm thin Cu 

films and further sealed using non-permeable polyurethane films. 

The samples were tested under a a 100 N peak impact load using an 

Instron Dynatup 9200 test rig with the open circuit voltage being 

measured directly on an oscilloscope. The PVDF films quenched at -

20 oC show a voltage output of ~3V, nearly three times higher than 

that of the device using the film quenched at 100 ºC. These results 

further confirm that the PVDF films consist of self-polarised β-phase 

crystal with the PVDF films quenched at -20 oC displaying a much 

higher piezoelectric coefficient than other films. Moreover, the self-

polarised β-phase films were found to be very stable over a long 

period of storage time and subsequent annealing (Fig. S2, SI). No 

appreciable change in the topography and morphology of the 

samples was observed with the d33 value remaining unchanged at -50 

pm/V for samples stored at ambient conditions. After annealing the 

d33 value was reduced to -43 pm/V; due to the temperature induced 

enhanced molecular mobility which can cause possible 

reorganisation within the crystal structure (Fig. S2, SI).37   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Variation of d33 as a function of TQ, (b) proposed mechanism of 

sequential crystallisation and interaction with polar water molecules, (c, d) 

voltage output observed from microgenerators prepared using PVDF films 

quenched at -20 and 100 ºC. 

 

The mechanism for the self-alignment of the β-crystals, however, is 

not entirely understood as yet. As an insulating glass substrate was 

used, and the thickness of the films is significantly large (>20 µm), 

the built-in electric field can be ruled out 22. Fast quenching at low 

temperature induces a strong thermal field gradient, which can cause 

the crystals to align along the thermal field direction. The interaction 

with polar water can be one of the possible reasons for the alignment 

of the β-crystals23,24. The O-H groups of the water molecule can 

form hydrogen bonds with the C-F groups of PVDF leading to their 

orientation23,24. It has previously been observed that during the 

immersion of casting solution in non-solvent bath the mass exchange 

between the solvent and non-solvent is so fast that the liquid-liquid 

demixing takes places almost immediately, resulting in enhanced 

polymer concentration near the interfacial region. The conformation 

entropy changes occurring due to this increase in polymer 

concentration leads to better orientation and packing of CH2-CF2 

dipoles leading to formation of the β-phase.5 At low quenching 

temperatures, the crystallization is slow, which begins at the surface 

and proceeds towards inside of the film. As water is dipole molecule, 

the electric field acts at the initial surface, inducing aligned β-

crystals, which in turn causes the alignment of the β-phase crystals 

in the sequential crystallization (Fig. 4(b)). First principle 

calculations by Bystrov et al have shown that interaction between 
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molecular chains of PVDF leads to the orientation of each molecular 

dipole moment along one direction parallel to the chain plane.38 It is 

noteworthy that although β-phase crystals do not have preferential 

orientation in PVDF films formed by phase inversion16 or by drying 

in air12, the PVDF films obtained may still exhibit a certain degree of 

piezoelectric effect as shown by our results in Figure 3h. However, 

this aspect has been largely ignored in the literature with the porous 

PVDF films formed by phase inversion usually considered 

unsuitable for poling and electroactive applications. Nevertheless, 

our results clearly show that the temperature controlled phase 

inversion technique can be used to produce self-polarised, exclusive 

β-phase PVDF films with very high piezoelectric coefficient.  

In conclusion, for PVDF films produced by phase inversion 

technique, the β-phase content increases rapidly with the reduction 

in quenching temperature, with nearly pure (~100%) β-phase 

obtained at -20 oC. The β-phase crystals are self-aligned and 

polarised, showing an abnormally high piezoelectric coefficient of 

up to -49.6 pm/V. The dense and homogeneous structure of PVDF 

films with relatively smooth and flat surface makes them particularly 

suitable for the electroactive applications. The process demonstrated 

here is simple and quick, with no further requirement for polarisation 

and demonstrates great potential for piezoelectric applications. 
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