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Abstract 

Polyvinylidene fluoride (PVDF) nanofiber mats prepared using electrospinning technique have been used for making 

mechanical-to-electrical energy conversion devices. However, the effect of residual charges on this energy conversion 

process has never been seriously considered yet. In this study, by removing residual charges from electrospun PVDF 

nanofiber mats using a solvent treatment method, the contribution of the charges to device energy harvesting performance 

was carefully examined. It has been found that isopropanol treatment could effectively remove most of residual charges from 

the nanofiber mats, without obviously affecting crystal structure of the fibers. The electric outputs decreased from 1.0 V and 

1.2 μA to 0.45 V and 0.5 μA after the residual charges removal. It can be concluded that residue charges play an important 

role in mechanical-to-electrical energy conversion of electrospun nanofibers. The understanding obtained from this study 

may supply a strategy for enhancing electric outputs of piezoelectric devices in future. Copyright © 2017 VBRI Press. 
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Introduction 

As a typical piezoelectric polymer, polyvinylidene 

fluoride (PVDF) has been widely used in making 

mechanical-to-electrical energy conversion devices 

including energy harvesters, actuators, transducers and 

sensors [1-3]. PVDF is a semi-crystalline polymer with 

the monomer unit of -CH2CF2- [4]. It has five different 

crystal phases, i.e. α, β, γ, δ and ε, related to different 

chain conformations [5], with the α and β phases being 

mostly examined in the literature. The non-polar TGTG’ 

(trans-gauche-trans-gauche) structure of α phase shows 

the most thermodynamical stability, while β phase with 

all trans (TTTT) planar zigzag structure has the highest 

dipolar moment per unit which contributes to excellent 

pyroelectric, ferroelectric and piezoelectric properties of 

PVDF [6]. High β crystal phase content in PVDF is 

highly desirable for mechanical to electric energy 

conversion.  

Traditionally, piezoelectric PVDF film is prepared by a 

complicated process including physically stretching a 

PVDF film, to convert the α phase into the β phase, and 

subsequently poling in a high electric field at an elevated 

temperature to make the dipole moment align in a specific 

direction [7]. Considerable efforts have been devoted to 

enhancing β crystal phase content through adjusting 

fabrication condition, adding functional fillers and 

blending PVDF with other polymers [5, 8-10]. 

Recently, using electrospinning to prepare piezoelectric 

PVDF nanofibers has been reported by our and other 

research groups [1, 4, 7, 11]. Electrospinning is an 

efficient method to prepare polymer nanofibers. It 

involves drawing a polymer fluid into solid nanofibers 

under a high electric field [12]. In most cases, the fibers 

are collected in the form of randomly orientated non 

woven fibrous mats.  When a PVDF solution is 

electrospun, the resulting nanofibers already contain a 

high β phase content and electrospun PVDF nanofiber 

mats showing excellent piezoelectricity and mechanical-

to-electrical energy conversion property, through without 

extra poling treatment. A thin electrospun PVDF 

nanofiber mat can generate several volts of voltage 

outputs under a compressive pressure. For instance, Jian 

et al. reported that electrospun PVDF nanofiber 

membranes could generate electric output of several volts 

under mechanical compression, which was much higher 

than that of commercial piezoelectric PVDF film [1]. Hao 

et al. also indicated that the electric outputs of electrospun 

PVDF nanofiber mats were highly affected by 

electrospinning parameters [7]. 

The electricity generated from the nanofiber mat can be 

easily stored in a capacitor to power various 

microelectronic devices [1, 13, 14]. Such an energy 

conversion behavior comes from the simultaneous effects 

of mechanical stretching and electrical poling during 

electrospinning process [15]. Such an energy conversion 

feature was attributable to the high-ratio stretching 

applied to the solution jet and the orientation of dipole in 

the polymer chains.  
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It has been established that electrostatic charges are 

trapped within nanofibers during electrospinning [16, 17], 

though the collector is grounded. Because of the 

insulating feature of polymer nanofibers, the charges 

carried by electrospun nanofibers can stay stably for a 

long time in an ambient condition. During the 

compression process of PVDF nanofiber mats, mat 

deformation could lead to imbalance of the electric 

charges and generate signals that should be differentiated 

from piezoelectric signals generated by the nanofibers. 

However, the role of the residual charges in PVDF 

nanofibers on their mechanical to electricity conversion 

property has not been reported in the research literature. 

Understanding the effect of residual charges on the energy 

conversion would assist in clarifying the power 

generation mechanism of electrospun nanofiber mats.  

In this study, we examined the effect of residual 

charges on the mechanical-to-electrical energy conversion 

of PVDF nanofiber mats. By removing the charges 

through treatment in an organic solvent, we showed that 

the residue charge play an important role in mechanical to 

electricity conversion. The device made of as-spun PVDF 

nanofiber mat could generate approximately 1.0 V voltage 

and 1.2 μA current outputs with the residue charge level 

of -0.018 nC/cm2, whereas after removing the charges, the 

device showed reduced electric outputs, 0.45 V and 0.5 

μA. In this study, we for the first time prove the role of 

electrostatic charge in electrospun nanofibers for 

mechanical to electrical conversion. It would assist to 

enhance our understanding on this novel material and 

development of nanofiber energy harvesting devices.   

      

Experimental 

Materials 

PVDF pellets (Mw=275,000), N, N-dimethylformamide 

(DMF), acetone and isopropanol (anhydrous, 99.5%) 

were purchased from Sigma-Aldrich and used as received. 

 

Electrospinning 

The 20% (w/v) PVDF solution was prepared by 

dissolving PVDF pellets into DMF/acetone (v/v 4/6) 

mixture solvent at 70 °C. For electrospinning, the PVDF 

solution was placed in a 5 mL plastic syringe which was 

fitted with a steel needle (21G size). A high voltage of 15 

kV was applied to the steel needle by a positive DC 

power supply (Gamma High Voltage) while the flow rate 

was controlled at 1.0 mL/h by a syringe pump (KD 

Scientific). The spinning distance was set at 15 cm and a 

grounded aluminum rotating drum (length: 10 cm; 

diameter: 5 cm; rotating speed: 100 rpm) was used as a 

collector to collect nanofibers. The thickness of fiber mats 

was controlled at 100 µm by adjusting the fiber deposition 

time. 

 

Static charge removal 

Electrostatic charges were removed from electrospun 

PVDF nanofibers according to the method specified in a 

standard (EN 779: 2002). In details, the nanofiber mat 

was immersed in isopropanol for a certain period of time 

and then dried on a grounded metal substrate. These 

treatments were carried out in a fume hood at room 

temperature. 

 

Characterizations 

The morphology of PVDF nanofiber mats was observed 

by a scanning electron microscopy (SEM, Zeiss Supra 

55VP). The specimen was gold-coated by sputter coating 

prior to SEM observation (LEICA EM ACE600). Fiber 

diameter was measured using an image processing 

software Image J based on the SEM images. X-ray 

diffraction (XRD) pattern was recorded on a Panalytical 

X-ray diffraction using Cu Kα radiation (1.54Å). Flourier 

transform infrared (FTIR) spectroscopy was collected 

using a Bruker Optics spectroscopy. The specimen was 

put on top of the ATR set and scanned from 1350 to 650 

cm-1. Differential scanning calorimetry (DSC) was 

performed on TA Q200 machine heating from 25 °C to 

200 °C at the rate of 10 °C/min in nitrogen atmosphere. 

The thickness of the PVDF nanofiber mats was measured 

by a digital micrometer. The residue charge level of 

nanofiber mats was measured using a Keithley 6514 

meter. In details, a copper container was placed in a 

grounded metal box which provided electromagnetic 

shielding during measurement. A polyester plate was used 

to separate the copper container and metal box. When a 

piece of PVDF nanofiber mat was put in the copper 

container, the residue charge value was measured by the 

equipment. The mechanical-to-electrical energy 

conversion properties were characterized using a 

purposed built testing platform reported previously [1]. 

The compression force was 10 N while the frequency was 

controlled at 1 Hz. 

 

Results and discussion 
 

Fig. 1(a) shows the SEM image of the electrospun PVDF 

nanofibers. All fibers are randomly-oriented. They look 

uniform in morphology without beads. The average 

diameter was about 300 nm. The crystal structure of the 

PVDF nanofibers was investigated through XRD analysis 

and FTIR spectroscopy, as shown in Fig. 1b and 1c. An 

intensive peak at around 2θ = 20.6o can be observed in 

XRD pattern which corresponds to the (110) and (200) 

planes, confirming the predominating β crystal phase of 

the electrospun PVDF nanofibers [7, 18, 19]. The tiny 

peak at 18.4o was assigned to the (020) diffraction plane 

of α phase. The FTIR spectroscopy showed lots of 

vibration peaks, associated with α, β, γ crystal phases and 

amorphous phase of PVDF. The peaks at 761, 870 and 

970 cm-1 were assigned to the α crystal phase, while the 

peaks at 840 and 1278 cm-1 to the β crystal phase [20-22]. 

FTIR result is commonly used for quantifying the α and 

β crystal phase contents of PVDF materials [7, 23]. 

Assuming FTIR absorption peaks follow the Lambert-

Beer law with the absorption coefficients of Kα (6.1×104 

cm2 mol-1) and Kβ (7.7×104 cm2 mol-1) at the wavenumber 

of 761 and 840 cm-1, respectively, the β crystal phase 

content in the PVDF nanofibers can be estimated 

according to the equation (1) [7, 23]:  

 

𝐹(𝛽) =
𝑋𝛽

𝑋𝛼+𝑋𝛽
=

𝐴𝛽

(𝐾𝛽/𝐾𝛼)𝐴𝛼+𝐴𝛽
=

𝐴𝛽

1.26𝐴𝛼+𝐴𝛽
                   (1)                                          
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where, 𝐹(𝛽) is the β crystal phase content; Xα and Xβ 

represent the crystalline mass fractions of the α and β 

crystal phases, while Aα and Aβ are the absorbance at 761 

cm-1 and 840 cm-1, respectively. Based on this equation, 

the β crystal phase content in PVDF nanofibers was 

calculated at about 85.3%, which confirms that β crystal 

phase is the predominant phase in the nanofibers.  

 

 
 
Fig. 1. (a) SEM image, (b) XRD pattern, (c) FTIR spectra and (d) DSC 

result of electrospun PVDF nanofibers. 

 

Fig. 1d shows the DSC curve of PVDF nanofibers. 

Two endothermic peaks were observed, involving the 

glass transition endothermic peak at about 57 °C and 

melting endothermic peak at around 168 °C. The degree 

of crystallinity (ΔXc) was calculated by the following 

equation (2) [24]:  

 

𝛥𝑋𝑐 =
𝛥𝑋𝑚

𝛥𝑋100
=

𝛥𝑋𝑚

𝑥𝛥𝑋α+𝑦𝛥𝑋β
                                               (2) 

                                                                 

Here, 𝛥𝑋𝑚 is the melting enthalpy of the PVDF 

nanofibers while 𝛥𝑋100 is the melting enthalpy of a 100% 

crystalline PVDF. 𝛥𝑋α and 𝛥𝑋β represent the melting 

enthalpies of a 100% crystalline PVDF of α and β crystal 

phases.  x and y are the amount of α and β crystal phase 

contents in PVDF nanofibers, respectively. In this study, 

the value of 𝛥𝑋α and 𝛥𝑋β were 93.07 J/g and 103.4 J/g, 

respectively. The coefficients of x and y were obtained 

previously from FTIR result about 14.7% and 85.3%. 

After calculation, the crystallinity was approximately 

47%. 
 

 
 

Fig. 2. (a) Voltage and (b) current outputs of the device prepared by as-

spun PVDF nanofiber mat. (Thickness: 100 μm; working area: 4 cm2.) 

The mechanical-to-electrical energy conversion property 

of the as-spun PVDF nanofiber mats was measured. 

When a periodic compression was applied to the 

nanofiber device, the electric signals were recorded, as 

shown in Fig. 2. Each compression impact resulted in two 

output signals with opposite polarities related to 

compressive deformation and deformation recovery [1]. 

The repeated impact led to an alternating current (AC) 

output, which is typical for piezoelectric devices. Under 

the experimental condition, the device generated a stable 

voltage output of 1.0 V and current output of 1.2 µA.   

 

  
 
Fig. 3. Effect of (a) isopropanol immersion time (post drying, 24 hours) 
and (b) post drying time (isopropanol treatment, 3 minutes) on the 

residual charge of the PVDF nanofiber mats. 

 

To examine the effect of residual charges on 

mechanical-to-electrical energy conversion, we used a 

solvent to remove electrostatic charges from the PVDF 

nanofibers. To do this, nanofiber samples were immersed 

in isopropanol for certain period of time at room 

temperature, and then dried on a grounded metal plate at 

room temperature. Fig. 3a shows the influence of 

immersion time on the overall residual charges after 

drying for 24 hours. The electric charges (Q) carried by 

the as-spun PVDF nanofiber mats were around            

0.018 nC/cm2 with a variation among different mats, 

probably attributed to the influence of environment 

humidity and air ventilation during electrospinning [25, 

26]. After isopropanol treatment, the electric charge level 

of the fibers declined dramatically. More than 96% of the 

residue charges in the fibers were removed after 

immersing the sample in isopropanol for 1 minute. The 

removal of electric charges was explained by the polar 

structure of isopropanol [27-29]. A significant charge 

separation could occur in hydroxyl group, leaving a 

positive and a negative end. 

The residue charges in the fibers can be easily attracted 

to the positive end of the isopropanol molecule, and they 

are removed due to the evaporation of the isopropanol 

[30].  

Fig. 3b shows the influence of drying time on charge 

removal after immersing the nanofiber mat in isopropanol 

for 3 minutes. About 84.2% of the residual charges were 

removed after drying the isopropanol treated mat for three 

hours. With the increase in drying time, more residual 

charges were removed. Drying 24 hour enabled to remove 

96.5% charges from the nanofiber samples. Therefore, the 

immersion in isopropanol for 3 minutes followed by 24 

hours drying was chosen to remove residual charges from 

nanofibers in the following experiments. As β crystal 

phase in PVDF is critical to its mechanical-to electricity 

conversion property, the effect of the isopropanol 

treatment on β crystal phase content was examined.      
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Fig. 4a shows the FTIR spectra of the original PVDF 

nanofiber mat and the mats after isopropanol treatment for 

different periods of time. A negligible effect of 

isopropanol treatment on the crystal structure was 

observed. 

 

 
 
Fig. 4. (a) FTIR spectra and (b) calculated β crystal phase content of 

PVDF nanofiber mats before and after repeated solvent treatment. 

 

Fig. 5a&b show the mechanical-to-electrical energy 

conversion performance of PVDF nanofiber mat before 

and after charge removal. To avoid the generation of extra 

static charges during compression process, the charge 

removal treatment was repeated for 4 times. Under 

repeated compression (force 10 N, frequency 1 Hz). The 

as-spun PVDF nanofiber mat brought residual charge of -

0.018 nC/cm2, and the device made of such nanofiber 

sample generated the electric outputs of 1.0 V and 1.2 μA. 

 

 
 

Fig. 5. (a) The residual charge level of PVDF nanofiber mat before and 

after repeated solvent treatment; (b) voltage and current outputs of 

PVDF nanofiber mat before and after repeated solvent treatment. (Mat 
thickness: 100 μm; working area: 4 cm2.) 

 

After each isopropanol treatment, the residual charges 

within the nanofiber mat were almost negligible. The 

device made of this nanofiber sample showed reduction in 

both voltage and current outputs, to 0.45 V and 0.5 μA, 

respectively. Further treatment with isopropanol showed 

no obvious reduction in the electric charge quantity and 

electric outputs. These results also suggest that 

isopropanol treatment is an effective method to remove 

electric charges from electrospun nanofibers.  

It is known that electrostatic charges play a significant 

role in triboelectric energy harvesting [31, 32]. During the 

mechanical-to-electrical energy conversion process, the 

residue charges in the nanofiber mat could be polarized 

due to mechanical deformation of the mat, which 

contributes to the electric outputs. The result that the 

nanofiber mat after removal of the residual charges only 

generates 45% of the electric outputs suggested the 

important contribution of the charges. 

The electric outputs before and after removing the 

residual charges were compared with previously reports. 

As shown in Table 1, compression frequency played a 

significant role in mechanical-to-electrical energy 

harvesting. Electric voltage and current outputs obtained 

from the compression of 5 Hz were much higher than the 

values generated from 1 Hz compression frequency, 

although smaller working area. While the compression 

frequency and working area were the same, the electric 

outputs in this work were comparable with the values 

obtained from the mat with the thickness of 140 μm. The 

thickness difference should be in the error range of the 

digital micrometer as the PVDF nanofiber mat had fluffy 

porous structure and was easily impacted under external 

compression. In addition, the amount of residual charges 

inside of 140 μm mat itself was not indicated previously. 

After charge removal, the electric outputs in this work 

decreased obviously. 

 

 
 

Fig. 6. (a) & (c) Voltage and (b) & (d) current outputs of commercial 
PVDF film before and after the isopropanol treatment. (Film thickness: 

40 μm; working area: 4 cm2). 

 

For comparison, we also tested the piezoelectricity of 

commercial piezoelectric PVDF film. The mechanical-to-

electrical energy conversion property of commercial 

Table 1. The comparison of various electrospun PVDF nanofiber devices.    

 

Devices Working 

area (cm2) 

Mat thickness 

(μm) 

Frequency 

(Hz) 

Voltage 

output (V) 

Current 

output (μA) 

Ref.  

1 2    140 5 2.2 3.9 [1]  

2 2    100 5 2.6 4.5 [13]  

3 4    140 1 1.1 1.2 [7]  
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PVDF film after isopropanol treatment had a little change, 

from 0.28 to 0.23 V for the voltage output and 0.3 to     

0.27 μA for the current outputs (Fig. 6). All the values are 

much lower than these of electrospun PVDF nanofiber 

mats. 

 

Conclusion  

We have examined the role of residual charges on the 

mechanical-to-electrical energy conversion behavior of 

electrospun PVDF nanofiber mats. After isopropanol 

treatment, more than 96% charges can be removed from 

PVDF nanofibers. This led to decrease of electric outputs, 

from 1.0 V to 0.45 V (current from 1.2 μA to 0.5 μA). 

Residual charges should play an important role in 

mechanical to electric energy conversion. Despite of this, 

the electric outputs from electrospun nanofiber mat after 

removal of the residual changes were still higher than 

those of commercial PVDF piezoelectric films. These 

new understanding may benefit the future development of 

nanofiber based energy harvesting devices and 

mechanical sensors. 
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