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Abstract
Piezoelectric materials are highly desirable for wearable electronics and energy harvesting. Piezoelectric PVDF/ZnO com-
posite nanofibers are particularly desirable for their nontoxicity, breathability, and flexibility. Here, we investigated three 
methods of fabricating PVDF and ZnO composite nanofibers aimed at optimum piezoelectric responses. It was found, (1) 
adding ZnO nanorod as fillers within the PVDF nanofiber did not improve piezoelectric response due to the fact that the 
process made the material more dielectric; (2) ZnO nanorods on the PVDF surface increased the power output due to the 
combined effects of piezoelectricity of ZnO nanorods as well as the triboelectric response of the increased surface roughness; 
(3) electrospraying pre-synthesized ZnO nanorods on PVDF nanofibers resulted in the highest piezoelectric response due to 
the combined effect of the greater piezoelectricity of aligned ZnO nanorods and PVDF nanofibers, and larger triboelectric 
response from increased surface roughness.
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Introduction

Piezoelectric materials have received much attention in 
recent years for potential applications in energy harvest-
ing and wearable electronics [1–4]. Soft and pliable piezo-
electric polymers have been studied and applied to areas 
where flexibility is required [5–7]. Electrospun piezoelectric 
nanofibrous materials are of special value for their high sur-
face to volume ratio, breathability, flexibility, and ease of 
one-step fabrication without additional poling step.

Poly(vinylidene fluoride) (PVDF) is a widely used and 
favored piezoelectric polymer due to its high piezoelectric, 
ferroelectric, and pyroelectric properties as a result of its 
polar crystalline structure. It is also a very attractive material 
for wearables as it has high resistivity to common liquids and 
chemicals, including water, soap, and sweat [8, 9]. While 

piezoelectric polymers have desirable mechanical properties 
for many applications, it has significantly lower piezoelectric 
and dielectric properties than ceramics [10–13]. Due to this, 
many previous studies have attempted to combine piezoelec-
tric polymers and ceramics to form composites [14].

Piezoelectric composites with piezoelectric polymers and 
ceramics have the potential of having excellent piezoelec-
tric properties from the ceramics and desirable mechani-
cal properties from the polymers such as flexibility and 
strength. This results in relatively high dielectric permit-
tivity and breakdown strength, which are not attainable in 
a single-phase piezoelectric material [15]. When it comes 
to wearable materials, the safety of the material should be 
considered utmost. Consequently, piezoelectric ceramics 
containing heavy metal should be avoided, such as PZT. PZT 
is one of the most widely used piezoelectric ceramics due to 
its outstanding piezoelectric properties [16, 17]. However, 
its toxicity and environmental issue have led many research-
ers to seek lead-free piezoelectric materials to replace PZT 
[18–21].

Zinc oxide (ZnO) is one of the few lead-free piezoelec-
tric ceramics with high interest and has proven safe to be 
used such as in cosmetics [22, 23]. ZnO can be grown in 
many different nanoscale forms without much effort, which 
makes it an attractive wearable material [24–29]. Although 
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the potential of combining ZnO with piezoelectric polymers 
for flexible, breathable, and high performance piezoelectric 
composite materials is recognized, the question of how to 
best combine the piezoelectric ceramics and polymer matrix 
should be addressed in order to achieve optimum perfor-
mance [30–33]. In this study, we compared the piezoelectric 
properties of PVDF and ZnO composite nanofibers made 
from three different methods, viz. adding ZnO nanorods as 
fillers in the PVDF electrospinning solution, growing ZnO 
nanorod on the PVDF nanofibers, and electro-spraying ZnO 
onto the PVDF nanofibers.

Experimental Section

Electrospinning of PVDF Nanofiber Mats

In this study, PVDF pellets (Mw 180,000, Millipore Sigma, 
Burlington, MA, USA), N,N-dimethylformamide (DMF, 
Macron Fine Chemicals, Radnor, PA, USA), and acetone 
(Fisher Chemical, Waltham, MA, USA) were used as 
received. Then, 20 wt% of PVDF solution was prepared by 
adding PVDF pellets to the DMF–acetone solvent mixture 
(7/3 v/v) and stirring the solution with a magnetic stirring 
bar at 70 ºC for 5 h. The polymer solution was loaded into 
a plastic syringe, and a 23-gauge needle was used as a spin-
neret. The flow rate was controlled at 1 mL/h with a syringe 
pump (PHD ULTRA, Harvard Apparatus, Cambridge, MA, 
USA), and a 14 kV voltage was applied by a DC power 
supply (Matsusada Precision, Kusatsu-shi, Japan) between 
the needle and a grounded metal collector with a distance 
of 10 cm. The needle was moved laterally with a stroke dis-
tance of 18 cm and four strokes per min. The collector was 
10 cm in diameter, and the rotation speed was 200 rpm [24].

Hydrothermal Synthesis of ZnO Nanorods

Single-crystalline ZnO nanorods were prepared by the 
hydrothermal synthesis method in an autoclave. 20 mL of 
0.1 M of a zinc acetate dihydrate (Zn(Ac)2·2H2O) solution 
in ethanol and 40 mL of 0.5 M sodium hydroxide (NaOH) 
in ethanol was transferred to a Teflon-lined stainless steel 
autoclave and heated at 150 ºC for 15 h [34]. The solution 
with white precipitate was vacuum filtered with 0.4 µm 
membranes.

Electrospinning of PVDF Nanofiber Mats with ZnO 
Nanorod Fillers

PVDF with a ZnO filler solution consisted of 20 wt% of 
PVDF, and the ZnO filler amount was 5 wt% of PVDF. 
First, ZnO nanorods were added to the DMF–acetone sol-
vent mixture (7/3 v/v) and then sonicated for 90 min. After 

sonication, PVDF pellets were added and stirred with a mag-
netic stirring bar at 70 ºC for 5 h.

Electrospraying of ZnO Nanorods onto PVDF 
Nanofiber Mat

10 mL of 1.5 wt% ZnO nanorods in water was sonicated for 
90 min and then electrosprayed onto PVDF nanofiber mats 
on the collector. The flow rate was 10 mL/h, and the rest of 
the parameters were the same as the electrospinning process 
for PVDF.

Hydrothermal Growth of ZnO Nanorods

In previous research, we have demonstrated the success-
ful growth of ZnO on a PVDF nanofiber surface [24]. The 
hydrothermal growth method of ZnO nanorods on PVDF 
nanofiber was modified from a similar growth method on 
cotton or nylon microfibers [25, 35–37]. First, solution 
concentration was diluted more than those in previously 
reported methods, thus resulting in smaller nanorods that 
would be in the range of nanofiber diameter. Second, the 
seeding step was repeated three times to produce nucleation 
sites on a more chemically inert PVDF fiber surface than 
nylon or cotton [37]. Third, the reaction temperature was 
lowered to 60 ºC to prevent the heat relaxation of semi-crys-
talline PVDF nanofibers [38]. Finally, equimolar amounts of 
hexamethylenetetramine and zinc nitrate hexahydrate in the 
growth solution were replaced by a higher concentration of 
hexamethylenetetramine to yield the preferred ratio of the 
length to the diameter of ZnO crystals [36, 39].

ZnO Seed Solution

The ZnO seed solution was prepared in 50 mM concentra-
tion and diluted to 10 mM before use. Zinc acetate dihydrate 
(Zn(Ac)2·2H2O, 1.6462 g) was dissolved in 150 mL of iso-
propyl alcohol at 85 ºC with a vigorous stir at 1000 rpm for 
17 min. Triethylamine (N(CH2CH3)3, 0.7637 g) was added 
dropwise to the solution and stirred again at 85 ºC, 400 rpm 
for 13 min. The resulting 50 mM seed solution was incu-
bated at room temperature without stirring for 6 h [24].

ZnO Growth Solution

The growth solution was prepared in 100 mM concentration 
and diluted to 10 mM before use. Hexamethylenetetramine 
(C6H12N4, 9.3457 g) was dissolved in 400 mL of room-tem-
perature deionized (DI) water, and the solution was stirred 
for 10 min. Zinc nitrate hexahydrate (Zn(NO3)2, 11.8991 g) 
was added to the solution and stirred for 24 h [24].
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Growth of ZnO Nanorods on PVDF Fiber Surfaces

During the seeding step of ZnO deposition, it is desired to 
form hexagonal nanorods arranged vertically to the substrate 
surface for the maximum strain rate transfer [35]. There-
fore, the seeding process was repeated three times to provide 
sufficient nucleation sites [24, 37]. The oven temperature 
for seed curing and growth process was lowered to 60 ºC 
and duration to 6 h to inhibit the heat relaxation of PVDF 
and preserve the polarization of the electrospun fibers, thus 
avoiding an additional poling process [38].

Characterization

Field-emission scanning electron microscope (FESEM) 
images were taken using a Gemini 500 microscope (ZEISS, 
Oberkochen, Germany) with an accelerating voltage of 
1 keV. To extract the detailed geometry with better focus and 
reduce the charging effect under a FESEM, the samples were 
sputter coated with palladium/gold. The average PVDF fiber 
diameter and ZnO nanorod length and diameter were deter-
mined using FESEM images over 30 fibers with the ImageJ 
software (NIH, Bethesda, Rockville, MD, USA) [40].

The crystallography of PVDF nanofibers and ZnO 
nanorods was examined by X-ray diffraction (XRD) with 
the theta-theta diffractometer (D8 GADDS, Bruker), Cu-Kα 
radiation (= 1.54 Å) at a 0.02º scanning step and an operat-
ing voltage of 40 kV and a current of 40 mA were used.

Fourier-transform infrared (FTIR) spectroscopy from 
4000 to 650 cm−1 (Frontier FTIR, PerkinElmer, Waltham, 
MA, USA) was performed at room temperature to evaluate 
the polymer crystalline phase; FTIR spectra were collected 
with 16 scans and a resolution of 4 cm−1.

Thermal gravimetric analyses (TGA) were used to deter-
mine the thermal stability, and the amount of ZnO added to 
PVDF nanofibers (Q500 Thermogravimetric Analyzer, TA 
Instruments, New Castle, DE, USA) by the heat removal of 
PVDF. Samples were heated up from room temperature to 
990 ºC with the rate of 10 ºC/min on a ceramic pan under a 
nitrogen ambient.

Piezoelectric Testing

The piezoelectric testing module was assembled by sand-
wiching the piezoelectric nanofiber mat between two elec-
trodes made by conductive fabric (cotton and silver blend 
double jersey knit purchased from LessEMF, Latham, NY, 
USA). Wires were connected to the electrodes using conduc-
tive ink and epoxy.

The piezoelectric performance of the electrospun samples 
was evaluated by periodic tensile testing in a customized 

setup with a motorized actuator controlled by a controller 
and a module (ni-cRIO 9036 and ni-9503, National Instru-
ments, Austin, TX, USA), a pressure sensor (LC201-300/N, 
Newport Electronics, Santa Ana, CA, USA), an electrometer 
(6517B, Keithley Instruments, Cleveland, OH, USA), a mul-
timeter (34470A, Keysight, Santa Rosa, CA, USA), a source 
meter (2400, Keithley, Cleveland, OH, USA), and a pro-
grammable DC power supply (9130, BK Precision, Yorba 
Linda, CA, USA). The open-circuit voltage was measured 
with a Keithley 6517B electrometer, and the closed-circuit 
current was measured with a Keithley 2400 source meter. 
The testing head movement was set to 1 Hz, and the impact 
pressure was set to 0.10 MPa, which is within the human 
foot pressure range of 0–0.20 MPa [41–43], although the 
applications are not limited to shoes. LabView software 
(National Instruments, Austin, TX, USA) was used to con-
trol all the components and record voltage and current out-
puts synchronously.

Results and Discussion

Material Analysis

The amount of ZnO added in the three composites was con-
trolled to be close to 6 wt%. In our previous work on devel-
oping the method to grow ZnO nanorods on PVDF nanofiber 
surface [24], one of the main focuses was to prevent heat 
relaxation of PVDF, which would decrease in β-phase per-
centage. The ZnO growth amount from this method was 6 
wt%, which became our control amount. A longer time or 
higher temperature of ZnO growth condition would yield 
a higher content of ZnO nanorods. However, it would also 
result in heat relaxation of the crystalline region of PVDF, 
including the β-phase. Also, a higher ZnO content in com-
posites could result in higher power output. However, ZnO 
overload can cause a brittle composite material from but not 
limited to the formation of ZnO clusters.

Thermalgravimetric analysis (TGA) and its derivative 
(DTG) are widely used to characterize the thermal stability 
of polymeric materials and its inorganic content percent. 
In Fig. 1a and b, TGA and DTG of as-spun PVDF nanofib-
ers and three composites—PVDF fibers with ZnO fillers 
(ZnO + PVDF), ZnO nanorods grown on the fiber surface 
(ZnO@PVDF), and electrosprayed on the nanofiber mat 
surface (ZnO/PVDF)—were examined. The ZnO weight 
percentage of the ZnO + PVDF was 6.36 wt%, the ZnO@
PVDF was 6.23 wt%, and the ZnO/PVDF was 6.20 wt%.

TGA graph shows that PVDF goes through two-step deg-
radation. The first step occurs at 440–480 °C, and the second 
one occurs at 480–950 °C. The decomposition mechanism 
of the first degradation step is a chain-stripping process. In 
this process, the pristine polymers’ destruction occurs where 
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the carbon–hydrogen and carbon–fluorine bonds undergo 
scission, and conjugated systems form [44, 45]. During the 
second step, the unstable polyenic sequence from the first 
step undergoes reactions and leads to scission followed by 
aromatic molecules’ formation [44, 46].

A slight increase at the start of the first degradation step 
temperature with ZnO nanorod addition has been observed. 
Thermal degradation temperature for 10% weight loss was 
442 ºC for as-spun PVDF, 445 ºC for ZnO/PVDF, 452 ºC for 
ZnO@PVDF, and 455 ºC for ZnO + PVDF. The filler addi-
tion method resulting in the highest PVDF degradation onset 
temperature may be related to having the most interaction 
between PVDF and ZnO materials. The thermal stability of 
the nanofiber membranes increases when there is an interac-
tion between nanorods and polymers [47].

As the second step progresses, as-spun PVDF degraded 
slowest, followed by filler (ZnO + PVDF), growth (ZnO@
PVDF), and e-spun (ZnO/PVDF) composites. This was 
clear with the temperature at thermal degradation for 
90% weight loss. It was 810 ºC for as-spun PVDF, 705 ºC 
for ZnO/PVDF, 734 ºC for ZnO@PVDF, and 752 ºC for 
ZnO + PVDF. ZnO nanorods hindered aromatic molecules’ 
formation during this step, thus as-spun PVDF resulted in 
the slowest degradation. Between ZnO and PVDF compos-
ites, degradation may be slower as the interaction between 
the two materials is stronger.

The first derivative of the weight percentage difference 
versus the degradation temperature has been analyzed as 
well (Fig. 7b). Inflection temperature is the temperature at 
which the mass loss rate is maximum, and it was higher 
with composites with ZnO than pure PVDF. This confirmed 

the enhanced thermal stability from the interaction between 
ZnO and PVDF.

The morphology of PVDF nanofibers and the three com-
posites were examined using a FESEM and shown in Fig. 2. 
Morphology of the three composites are different, but the 
interaction of PVDF and ZnO are alike. Major interactions 
between PVDF and ZnO are mechanical entanglements, Van 
der Waals force and hydrogen bonds [48, 49]. Mechanical 
force (viz. entanglements and Van der Waals force) increases 
as the material size gets smaller and the aspect ratio gets 
more extensive. Interfacial force is most potent with the 
fillers as it shares the most interfacial area by being encap-
sulated with PVDF. We found that the binding of PVDF 
nanofibers and ZnO Nanorods through mechanical force and 
hydrogen bonds are sufficient to withstand the subsequent 
water rinse.

FESEM images show that ZnO@PVDF (Fig. 2c) and 
ZnO/PVDF (Fig.  2d) clearly have more nanoscale sur-
face roughness than that of as-spun PVDF (Fig. 2a) and 
ZnO + PVDF (Fig. 2b). The nanoscale roughness structure 
is known to contribute to the triboelectric effect, producing 
friction and increasing the surface charges [6, 50, 51].

Figure 3 shows the average of the measured diameter 
of the PVDF nanofiber and the ZnO nanorod diameter and 
length with error bars with one standard deviation.

It can be seen from Fig. 3a, adding ZnO as fillers in 
electrospun PVDF nanofiber reduces the diameter of the 
nanofibers distinctly. Such a morphological difference is 
contributed from the increase in conductivity values of the 
polymer solution with nanofillers and resulted in finer fibers 
[52–55].

Fig. 1   (a) TGA and (b) DTG curves of the PVDF membrane, ZnO + PVDF, ZnO@PVDF, and ZnO/PVDF
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ZnO nanorods grown on the surface of PVDF (ZnO@
PVDF) and ZnO nanorods used for fillers or electrospray-
ing (ZnO + PVDF or ZnO/PVDF) were controlled to have 
similar diameters. This resulted in a slight difference in the 
length of the two types of ZnO nanorods due to the dif-
ferent synthesis methods. The ZnO nanorods pre-synthe-
sized separately had an average length of 228 nm. Whereas 
ZnO grown on the PVDF surface had an average length 
of 142 nm. The pre-synthesis of ZnO nanorods was car-
ried out at 150 ºC, whereas the growth of ZnO nanorods 
was carried out at 60 ºC. At a relatively lower temperature, 
the growth increases more along the thickness-wise < 2 11 
0 > rather than length-wise < 0001 > direction [56] and, 
therefore, the ZnO nanorods synthesized in higher tempera-
ture resulted in a slightly longer length. Synthesizing ZnO 
nanorods separately have more possibility of controlling 
the morphology from the ease of changing the parameters 

such as solution concentration, temperature, and duration. 
Growing ZnO nanorod on PVDF fibers has a temperature 
and duration limit in order to not depolarize PVDF [24]. 
Wurtzite-structured ZnO has the polarization direction along 
the c-axis and has the preferential growth along the c-axis 
direction to minimize the free energy of the entire reaction 
system [57]. Previous researchers have identified the length 
of ZnO nanorods’ impact on the piezoelectric voltage output 
of nanogenerators [58, 59]. Therefore, a longer ZnO nanorod 
is preferred as it would have a higher piezoelectric response 
in compression and elastic deformation [60, 61].

The FTIR spectra were studied to analyze the PVDF 
crystalline phases as-pun, with ZnO fillers, after the ZnO 
hydrothermal growth process, and ZnO electrospraying. 
Figure 4 compares the FTIR spectra of the electrospun 
PVDF nanofibers and the three composites. Each spec-
trum was normalized by a signal of an internal standard 

Fig. 2   FESEM images of the (a) electrospun PVDF nanofibers; (b) ZnO nanorod fillers in PVDF nanofibers (ZnO + PVDF); (c) ZnO growth on 
a PVDF nanofiber surface (ZnO@PVDF); (d) ZnO nanorods electrosprayed onto PVDF nanofiber mats (ZnO/PVDF)
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at 1,454 cm−1, corresponding to the CH2 in-plane bending 
[62]. All samples exhibit two strong polar β crystalline peaks 
at 840 cm−1 (β, CH2 rocking) and 1,276 cm−1 (β, CF out-
of-plane deformation), and weak, non-polar, α crystalline 
peaks at 614 cm−1 (α, CF2 bending and skeletal bending), 
762 cm−1 (α, CF2 bending), 796 cm−1 (α, CF2 rocking), and 
975 cm−1 (α, CH out-of-plane deformation) [63, 64]. The 
effects of fillers, hydrothermal growth, and electrospraying 
of ZnO nanorods on PVDF β crystals were considered by 
the intensity of the α and β crystalline peaks. None of the 
samples changed dramatically in terms of the intensity of the 

α and β crystalline peaks. Furthermore, the β-phase percent-
age can be quantified using the following equation:

 
where Fβ represents the PVDF β-phase percentage, A

�
 and 

Aβ denote their absorption bands at 762 and 840 cm−1, and 
K
�
 and Kβ are the absorption coefficients at the respective 

wavenumbers, which are 6.1 × 104 and 7.7 × 104 cm2·mol−1, 
respectively [64–66]. The calculated β-phase percentage 
for the electrospun PVDF nanofibers was 83.7%, 78.2% for 

(1)Fβ =
Xβ

Xα + Xβ

=
Aβ

(

Kβ∕Kα

)

Aα + Aβ

Fig. 3   (a) Nanofiber diameter average of electrospun PVDF and PVDF with ZnO fillers. (b) ZnO nanorods’ diameter and length average com-
parison with hydrothermal growth method at 60 °C and pre-synthesized at 150 °C

Fig. 4   FTIR spectra showing the effect of the three ZnO nanorod addition methods to PVDF crystalline phases
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ZnO + PVDF, 80.1% for ZnO@PVDF, and 67.8% for ZnO/
PVDF. Electrospraying ZnO nanorods resulted in a relatively 
lower β-phase percentage, whereas applying ZnO nanorods 
as fillers and growing on the surface of PVDF did not change 
the β-phase percentage significantly.

The relatively lower β-phase percentage for ZnO/PVDF 
may be due to the fact that, in the process of electrospraying 
ZnO nanorods, the electric field was applied to the PVDF 

membrane in the membrane thickness direction at room tem-
perature. The net dipole of piezoelectric PVDF nanofibers, 
which are in the fiber axis direction, could be reduced by 
applying a field in a different direction to the dipole direction 
at room temperature [67]. The net dipole of piezoelectric 
PVDF nanofibers is in the fiber axis direction because elec-
trospinning parameters leading to a higher stretching of the 
jet is known to be the major contribution of the electroactive 

Fig. 5   Peaks of FTIR spectra corresponding to α and β crystalline phases of PVDF: (a) α, 614 cm−1; (b) α, 762 cm−1; (c) α, 796 cm−1; (d) β, 
840 cm−1; (e) α, 975 cm−1; and (f) β, 1276 cm−1
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β-phase than electric poling [68, 69]. Drawing and electrical 
poling are the two methods that could transition PVDF’s 
α-phase to β-phase during electrospinning [12, 70–73]. 
Mechanical drawing contributes to the transition of the 
original spherulitic structure into a crystal array, in which 
the molecules are forced into their most extended conforma-
tion (polar β-phase), with all of the dipole moments aligned 
in the same direction [74–76]. Therefore, an external electric 
field perpendicular to the fiber axis during electrospraying 
partially reduced the PVDF net dipole.

The ZnO fillers in the PVDF may have affected β-phase 
content by influencing the crystallization of PVDF. It has 
been reported that fillers in PVDF polymer matrixes have 
a nucleating effect at low levels, 1–5 wt%. However, above 
these levels, the degree of crystallinity decreases as fillers 
hinder the crystallization [77, 78]. Hydrothermal growth 
least affected the β-phase percentage, and a small difference 
is suspected to be from the heat relaxation of the crystalline 
region of PVDF [24, 38]. From the comparison of the FTIR 
spectra, it can be concluded that the electrospraying step 
depolarized the PVDF nanofibers the most, and the hydro-
thermal growth of ZnO did the least (Fig. 5).

Figure 6 displays the X-ray diffraction patterns of the 
electrospun PVDF nanofibers and the three types of ZnO 

and PVDF composite nanofibers. The electrospun PVDF 
nanofibers exhibited strong peak 2θ values at 20.4°, which 
corresponds to the β-phase crystalline. Three ZnO and 
PVDF composite nanofibers have reflection peaks at 2θ 
values of 31.9° (100), 34.5° (002), 36.4° (101), 47.7° (102), 
56.8° (110), 63.1° (103), and 66.7° (112), which can be 
indexed as the hexagonal wurtzite structure [79, 80]. No dif-
fraction peaks from any other impurity phases were found, 
confirming that only single-phase hexagonal ZnO was pre-
sent. Peaks corresponding to the (100), (002), (101), (102), 
(110), (103), and (112) planes of ZnO confirmed the suc-
cessful incorporation of ZnO wurtzite crystals to the PVDF 
matrix [81, 82]. There was no significant difference in the 
PVDF α and β crystalline peak with the ZnO + PVDF and 
the ZnO@PVDF composite, whereas the ZnO/PVDF com-
posite’s β crystalline peak decreased slightly, which corre-
sponds with the FTIR spectra results.

Piezoelectric Measurements

The piezoelectric testing module of PVDF and its com-
posites were assembled by sandwiching the piezoelectric 
nanofiber mat between two electrodes made by conduc-
tive fabric. Figure 7 shows a schematic illustration of the 
breathable fibrous nanogenerator. Wires were connected to 
the electrodes using conductive ink and epoxy. No external 
casing was used to maintain the assembly’s breathability, 
which resulted in a permeable assembly between the elec-
trodes and the membrane [24].

Short-circuit is when the circuit’s resistance is zero, and 
a closed-circuit is when there is considerable resistance. An 
open-circuit is the opposite of a short-circuit where there is 
an infinitely high resistance such as a disconnection. The 
nanogenerators’ closed-circuit currents with different resis-
tive loads were compared, and the closed-circuit voltages 
and the power density were derived accordingly. Table 1 lists 
the average values of the maximum peak currents with resis-
tive loads of 0.47, 15, 30, and 60 MΩ. Figure 8a shows the 
nanogenerator load curve with all the data points from the 
different loads. Nonlinear least-square fitting was performed 
using the following equation:

  

(2)V = V
oc

(

1 − exp
((

I − I
sc

)

∕I0
))

Fig. 6   XRD spectra of the PVDF membrane and three types of ZnO 
and PVDF composites

Fig. 7   The schematic illustra-
tion of the breathable fibrous 
nanogenerator
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where V represents the measured voltage, I denotes 
the measured current, and Voc, Isc, and I0 are the extracted 
parameters of the open-circuit voltage, short-circuit current, 
and I-V sharpness fitting, respectively. Figure 8b displays 
the typical transient current responses when the sample was 
subjected to cyclic compressive impacts with a resistive load 
of 15 MΩ.

As seen in Table 1, Fig. 8, the ZnO/PVDF produced the 
highest power output, with the ZnO@PVDF being the sec-
ond highest; the ZnO + PVDF was lower than the as-spun 
PVDF.

ZnO + PVDF composite’s lower power output is in align-
ment with some previous works on ZnO fillers enhancing 
dielectric constant of polymer composite materials, includ-
ing PVDF [49, 83]. Additionally, ZnO hindered the crystal-
lization of PVDF during electrospinning, as discussed with 
FTIR data (Table 2).

The added triboelectric effect most likely caused the 
increased voltage output of ZnO@PVDF and ZnO/PVDF 
due to the increased surface roughness. Past research has 
shown that increased roughness and high specific surface 
area can induce a high surface charge density for triboe-
lectricity [84]. As shown by the FESEM images in Fig. 2, 
having ZnO nanorods on the surface substantially increases 
surface roughness of ZnO@PVDF and ZnO/PVDF. Com-
paring ZnO@PVDF and ZnO/PVDF composites, although 
they have similar surface roughness and thus similar triboe-
lectric effects, e-spraying in ZnO/PVDF composites resulted 
in the dipole alignment of the fiber and ZnO nanorods, gen-
erating a greater piezoelectric response. On the contrary, 

Table 1   Comparison of closed-circuit current and voltages of elec-
trospun PVDF and three different types of ZnO and PVDF nanofiber 
composites

0.47 MΩ 15 MΩ 30 MΩ 60 MΩ

PVDF
 Current (nA) 54.01 50.26 48.25 44.36
 Power density (nW/cm2) 0.09 2.53 4.66 7.87
 Voltage (V) 0.025 0.754 1.447 2.661
 Standard deviation σ (V) 0.007 0.190 0.470 0.708
 Coefficient of variation 0.29 0.25 0.32 0.27

ZnO@PVDF
 Current (nA) 136.88 147.66 136.69 114.67
 Power density (nW/cm2) 0.59 31.80 37.37 52.60
 Voltage (V) 0.064 2.215 4.101 6.880
 Standard deviation σ (V) 0.016 0.553 1.111 1.886
 Coefficient of variation 0.25 0.25 0.27 0.27

ZnO/PVDF
 Current (nA) 278.26 272.19 289.62 247.81
 Power density (nW/cm2) 2.43 74.09 167.76 245.63
 Voltage (V) 0.131 4.083 8.689 14.868
 Standard deviation σ (V) 0.018 0.560 1.430 2.205
 Coefficient of variation 0.14 0.14 0.16 0.15

ZnO + PVDF
 Current (nA) 49.91 47.10 46.35 37.70
 Power density (nW/cm2) 0.08 2.22 4.30 5.69
 Voltage (V) 0.023 0.706 1.391 2.262
 Standard deviation σ (V) 0.002 0.172 0.348 0.495
 Coefficient of variation 0.10 0.24 0.25 0.22

Fig. 8   Nanogenerator characteristics of 15 cm2 fiber mats: (a) load curves with resistive loads of 0.47, 15, 30, and 60 MΩ; and (b) voltage from 
measured transient closed-circuit current measurements with a 15 MΩ resistive load (V = IR)
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the dipoles of fibers and ZnO in the ZnO@PVDF composite 
were mostly perpendicular.

Conclusions

The piezoelectric properties of three types of electrospun 
PVDF nanofibers and ZnO nanorod composites were investi-
gated and compared. The amount of ZnO in the three differ-
ent composites was controlled to be the same. It was found, 
(1) adding ZnO nanorod as fillers within the PVDF nanofiber 
does not improve piezoelectric response. However, the fillers 
made the materials more dielectric, hindered the crystal-
lization of PVDF, and resulted in lower power output; (2) 
ZnO nanorods on the PVDF surface (ZnO/PVDF or ZnO@
PVDF) increased the power output due to the combined 
effects of piezoelectricity of ZnO nanorods as well as the 
triboelectric response of the increased surface roughness; (3) 
ZnO/PVDF had the highest piezoelectric response despite 
the relatively lower β-phase percentage caused by the differ-
ent direction of the PVDF polarization and the electric field 
in electrospraying. This is due to the triboelectric effect from 
the surface roughness and higher piezoelectric effect from 
the ZnO axis alignment with the PVDF fiber axis. In this 
study we have controlled the composites’ ZnO content to 6 
wt% due to the limitation of the ZnO hydrothermal growth 
method’s temperature and duration. Further optimization of 
the ZnO quantity of the e-spray method may be explored in 
future research.
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