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Abstract

This study deals with the effect of star-like zinc oxide (ZnO) filler addition into poly(vinylidene fluoride) (PVDF)
matrix on its structural and physical properties with the consequences to mechanical energy harvesting
performance. In this case, the microwave-assisted synthesis was optimized for the preparation of unique star-
like shape of ZnO particles. Their crystallinity and star-like morphology/elemental composition were analyzed
using XRD and SEM/EDX spectroscopy, respectively. The investigation of a-crystalline phase transformation
into B-crystalline phase of neat PVDF matrix, and upon introducing various ZnO concentrations was performed
using FTIR spectroscopy. Finally, the mechanical energy harvesting capability measurements showed that the
addition of star-like ZnO filler enhanced the dss electro-mechanical coupling coefficient more than two times
when compared to neat PVDF matrix.
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1. INTRODUCTION

Semicrystalline polymer poly(vinylidene fluoride) (PVDF) is a material with unique properties possessing
excellent film-forming, mechanical and thermal stability, tunable structural and also electrical properties [1-4].
These properties facilitate the utilization of this material in various applications such as controllable actuation,
sensing or energy harvesting devices [5-7]. PVDF has unique semicrystalline character and especially
crystalline phase is of importance for the potential applications. Electrically-active f-phase is one of three
crystalline phases mainly occurring in the PVDF. In the case of a-phase, the polymer chains are in alternating
directions resulting in paraelectric behavior, therefore this phase is considered as a non-polar one. However,
dominant occurrence 3 and jphase and suppression of non-polar a-phase lead to polar behavior of the
material [8-10]. Generally, PVDF forms the o-crystalline phase which is useless in a view of mentioned
applications. There are various methods to enhance the pphase content in PVDF material even for already
prepared films or non-processed granules. In the case of PVDF films, the useful methods include film
stretching [11,12] or poling the films by the application of high external electric field (several kV) [13]. The
combination of both methods provides an improved p-phase content in comparison to the individual single
method [14]. Another approach for pphase development is the fabrication of PVDF films via
electrospinning [15], or their PVDF co-blending with other polymers such as poly(methyl methacrylate) [16] or
the introducing of various fillers forming the PVDF composites. These fillers can be organics (graphite,
graphene oxide, reduced graphene) [1,17,18], or inorganic (BaTiOs) [16]. This study is focused on the
preparation of microwave-assisted zinc oxide (ZnO) particles with unique star-like structure, and their influence
on Sphase developmentin PVDF/ZnO composite films. Fabricated films were characterized from the structural
point of view, and Sphase content was correlated with the amount of ZnO star-like filler. The suitability of
prepared composites for intended applications was investigated using dielectric and dynamical mechanical
analysis. Finally, harvesting performance of mechanical energy was analyzed in order to confirm the enhancing
effects of ZnO star-like filler.
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2, EXPERIMENTAL

2.1. Materials

Zinc acetate dihydrate Zn(CHsCOO)2-2H20 (ZAD), aqueous ammonia (25-29%wt; NHs aq.) were purchased
from PENTA (Czech Republic). Acetone (299.5 %), N,N-dimethylformamide (99.8 %) (DMF), poly(ethylene
glycol) (PEG; molecular weight of 400 g-mol'), poly(vinylidene fluoride) (PVDF; molecular weight of
275 000 g-mol') were purchased from Sigma-Aldrich (USA). All chemicals were of analytical grade and used
as received. Demineralized (DEMI) water (conductivity of 25 uS-m-") was used during all experiments.

2.2, Synthesis of ZnO star-like particles

Microwave (MW) open-vessel system MWG1K-10 (Radan, Czech Republic) operating at 2.45 GHz was used
for MW hydrothermal synthesis with an external cooler. In the typical procedure, the starting materials were
dissolved in DEMI water as follows: solution A was prepared by dissolution of 10.8 g ZAD in 80 mL of water,
solution B was prepared by dilution of 14.2 mL of NH3 aqg. in 40 mL of DEMI water, and solution C contained
5.142 g of PEG dissolved in 20 mL of DEMI water. Reaction mixture was prepared by mixing solutions A and
C, followed by the addition of solution B, while the total amount of added DEMI water was kept at 140 mL for
syntheses. The solutions were poured into 250 mL reaction bottle and immediately placed into MW oven cavity
connected to an external condenser, and exposed to MW irradiation for 10 minutes. Reaction mixture was left
to cool down naturally. Finally, prepared particles were collected by microfiltration and several times washed
by DEMI water. The obtained powders were dried under vacuum overnight.

2.3. Preparation of PVDF/ZnO composite films

The neat PVDF and PVDF/ZnO composite films with various content of ZnO star-like particles were fabricated
via spin-coating technique. First, corresponding amount of ZnO particles was dispersed in 2 mL of DMF. The
mixture was mechanically stirred using a glass stick and then ultrasonicated for 5 minutes. Subsequently,
1.4 g of PVDF pellets was added into the ZnO star-like particle solution together with the corresponding
amount of DMF in order to achieve the same concentration for all the solutions. The mixtures were stirred at
60 °C until the complete dissolution of PVDF was reached. Then, the solutions containing 0.5, 1, 3, 5 and
10 wt.% of ZnO star-like particles in comparison to PVDF were spin-coated on squared-glass substrates of
dimensions 5 cm and covered by aluminum foil. A spin-coating process was optimized at the velocity of
2500 rpm and the acceleration of 500 rpm-s-'. In all cases, 1 mL of each solution was dripped on the substrate
and the spin-coating process was performed under N2 atmosphere.

2.4. Characterization

Crystalline phase of ZnO star-like powder was characterized using X-ray diffractometer X'Pert PRO X-ray
(PANalytical, The Netherlands) with a Cu-Ka X-ray source (. = 1.5418 A) in the diffraction angle range 26 from
5° to 85°. Infrared spectroscopy of neat PVDF and PVDF/ZnO films was performed using FTIR 670 Nicolet
(Thermo Scientific, USA) in ATR mode. The data was collected in the wavenumber range from 4000 to 500
cm' to investigate fphase development. The morphology of ZnO particles was observed using scanning
electron microscopy (SEM) performed on FEI Quanta 200 Environmental Scanning Electron Microscope
(ESEM) with a resolution of 5 nm and a magnification up to X200K. The device was equipped with energy-
dispersive X-ray spectroscopy (EDX) to provide the elemental analysis of ZnO star-like filler.

2.5. Energy harvesting setup

To identify the electromechanical coupling constants of PVDF samples, a series of dynamic experiments was
conducted. In the applied setup, PVDF sample was sandwiched between a conductive seismic mass on top
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and a conductive foil layer below. The seismic mass and the foil layer formed the electrodes with wires
connecting them to the shunt resistance box. Beneath the foil layer is an insulating layer that isolates the
sample from the metal shaker platform, which oscillates harmonically in the vertical direction. An accelerometer
was used to measure the motion of the shaker table. A lumped parameter model of a piezoelectric device in
the 3-3 mode shunted by a load resistance can be obtained according to our previous work [19].

3. RESULTS AND DISCUSSION

The described MW-assisted synthesis approach resulted in the development of 3D star-like ZnO
superstructures (Figure 1). As seen in Figure 1a, this unique shape was developed for the vast majority of
ZnO particles and also the particle size distribution seems to be very narrow. This feature is also confirmed in
Figure 1b, where the star-like particles are displayed under a higher magnification. As can be clearly observed,
their size was approximately 2.5 um in the diameter. Therefore, it can be stated that the MW-assisted synthesis
provided a well-developed uniform star-like shape with narrow particle size distribution, which is highly required
for the potential applications. In order to confirm the purity of the particles and the presence of ZnO structures,
the EDX and XRD analyzes were performed (Figure 2). As obvious from the EDX investigations (Figure 2a),
the star-like particles consisted of the expectable elements, i.e. zinc and oxygen. The low-energy spectrum
region was dominated by the La emission peak for zinc and Ko peak for oxygen. Moreover, the emission
peaks of Ka and Kz for zinc appeared at high-energy region as typical for this element. The EDX spectrum
exhibited the absence of peaks related to other elements, which indicates high purity of fabricated ZnO filler.

Figure 1 SEM images of ZnO star-like particles under various magnifications
(a) 5000 and (b) 20 000

The XRD investigations were performed to reveal the crystallography structure and further confirm high purity
of ZnO star-like particles (Figure 2b). Here, the diffraction peaks were centered at 2@ positions of 31.7°, 34.4°,
36.2°, 47.5°, 56.6°, 62.8°, 67.8°, 68.9°, 72.47° and 81.35°. Such combination perfectly matches with ZnO
hexagonal wurtzite crystal structure according to JCDD PDF-2 entry 01-079-0207. This result was considered
as a sufficient validation of high purity and ZnO crystalline structure of synthesized star-like particles.
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Figure 2 Energy dispersive spectrum (a) and X-ray diffraction spectrum (b) of ZnO star-like particles. Inset
image shows the area from which the EDX spectrum was collected

The structural transformation of crystalline phases within PVDF and PVDF/ZnO composite films was
investigated using FTIR spectra from 450 cm-! up to 1500 cm™' (Figure 3). In this case, the specific peaks for
a-phase are visible at 485, 611, 762, 796, and 975 cm-'. The most dominating peaks for a-phase are 611 and
762 cm-', which represent bending and wagging vibration of CF2 group and rocking of the main PVDF chain,
respectively. The absorption peaks at 836, 874, 1169, 1232 cm™! correspond to p-phase of PVDF. The sharp
peak at 874 cm! represented the CH2 rocking and CF2 stretching, while the bands at 1171 and 1232 cm"
reflected the wagging and rocking of CH2 group. The most important peaks regarding related to S-phase
development and a-phase suppression are positioned at 836 cm and 762 cm™', respectively. The relative
ratios of peak intensity between these two absorption bands are summarized in Table 1 for neat PVDF film as
well as for the composite films with various content of ZnO star-like particles. As can be seen, the peak ratio
is 1.9 for neat PVDF, while with the increasing amount of ZnO star-like particles this ratio increasing and
reaches the highest value of 22.5 for composite with 10 wt.% filler content. This finding confirms the extensive
development of f-crystalline phase as a consequence of ZnO incorporation.
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Figure 3 FTIR spectra of neat PVDF and PVDF/ZnO composite films with various ZnO content

Table 1 Summarized values of relative ratio between the intensities corresponding to /- and a-phase

Sample ID Neat PVDF PVDF ZnO PVDF ZnO PVDF ZnO PVDF ZnO PVDF ZnO
0.5 1 3 5 10
Ratio 1.9 8.3 8.7 14.4 18.9 22.5
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The mechanical energy harvesting capability of materials based on PVDF mainly depends on the amount of
Fphase developed in the individual samples [13]. As already mentioned, stretching or poling can be employed
as possible strategies to induce fphase crystallites and provide samples of suitable electro-active properties.
In our case, neither of the mentioned methods was used for this purpose. Conversely, a facile spin-coating
approach was utilized for composite film preparation. According to the amount of Sphase, the energy
harvesting capability - represented by dss electro-mechanical coupling coefficient - noticeably increased with
increasing amount of ZnO star-like particles (Table 2). The ds3 coupling coefficient increased more than two
times from 2.35 pC/N to appreciable 5.18 pC/N, for neat PVDF and PVDF ZnO 10, respectively, without any
further fabrication steps.

Table 2 Summarized values of dsz identification

Sample ID 10kQ 30kQ 50kQ Average
neat PVDF 2.41 pCIN 2.63 pC/N 2.01 pC/IN 2.35 pC/IN
PVDF ZnO 1 2.69 pC/N 3.00 pC/N 3.03 pC/N 2.91 pC/IN
PVDF ZnO 3 5.17 pCIN 3.88 pC/N 4.49 pCIN 4.51 pCIN
PVDF ZnO 5 5.22 pC/IN 4.71 pCIN 4.46 pCIN 4.80 pC/N
PVDF ZnO 10 4.86 pC/N 5.30 pC/N 5.36 pC/N 5.18 pC/N

4, CONCLUSION

In this study, the facile approach of polymer composite films preparation based on PVDF and ZnO star-like
particles for mechanical energy harvesting was developed. Novel MW-assisted synthesis to fabricate the
uniform ZnO star-like particles was introduced. These ZnO particles exhibited hexagonal wurtzite crystalline
and high purity as confirmed via XRD and EDX, respectively. Thin PVDF/ZnO films with various ZnO content
were prepared using spin-coating method, and the effect of ZnO content on structural transformation of
crystalline phases was investigated. By quantifying FTIR spectra, it was found that the presence of ZnO star-
like particles induced remarkable p-phase development. This structural transformation was reflected in dss
electro-mechanical coefficient, which increased from 2.35 pC/N up to 5.18 pC/N after embedding 10 wt.% of
ZnO particles. The presented concept of spin-coated PVDF/ZnO films appears to be highly promising to
fabricate electro-active functional elements for low-voltage energy harvesting devices.
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