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Abstract

:

Novel hybrid organic/inorganic flexible devices with composite films, consisting of Ba0.5Sr0.5TiO3 (BST), were prepared by inserting BST nanocoating under spray deposited Poly-vinylidene fluoride-based co-polymer PVDF-TrFE. The study validated that the crystalline structure of BST remains unaffected by the presence of polymer. The 3D atomic force microscopic image of the composite sample confirmed the improved surface roughness and contact conditions after spraying the polymer. As a result, the hybrid sample exhibited a higher polarization current with reduced impedance and parasitic inductance. The enhancement of the stability of the piezoelectric parameters at multiple bending was observed for the hybrid sample in comparison with the BST single film transducer. The drop of the root mean square (RMS) voltage was 70% after approximately 340,000 numbers of bending against less than 3% for the hybrid BST+PVDF-TrFE device. Due to the effect of the separate layers and summed net charges, the piezoelectric voltage of the hybrid device was competitive to the piezoelectric oxide films, despite the lower piezoelectric coefficient of the polymer. The proposed solution paves the path toward lead-free, wearable energy harvesting devices for low-power consuming electronic devices.
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1. Introduction


Piezoelectric thin-film devices have attracted enormous interest due to their great application prospects towards sensors, energy harvesters, energy storage systems, etc. [1,2,3]. Piezoelectric oxides with perovskite structure have been widely investigated due to their high piezoelectric coefficients dij and electromechanical coupling k to know the dependence of the piezoelectric properties and their microstructures and ordering degrees [4,5]. Without a doubt, the most popular representative of piezoelectric oxides is the lead-zirconium titanate (PZT), which exhibits the strongest piezoelectric response, but its application is limited due to the lead contained in the chemical composition. PZT nanostructures have been involved in flexible structures, generating a piezoelectric voltage of up to 8 V, when subjected to force up to 10 N and producing a power density of ~6 μW/cm2 at an external load of 1 MΩ [6]. Alternatively, the PZT has been replaced by lead-free piezoelectric oxides, such as (Na,K)NbO3, and they have been combined with polymers such as poly(3-hydroxy butyrate) (PHB) and polyaniline (PANI) to hybridize the device, reinforce their mechanical stability, and increase their conductivity [7]. Mechanical durability is crucial for current wearable devices, which are fabricated onto flexible substrates and attached to the human body for tracking their motion and producing electrical signals proportional to the intensity of the applied loading. ZnO, AlN, and LiNbO3 have been also reported as suitable to replace PZT [8,9,10]. Wlazło et al. [11] reported an approach for the patterning of ZnO in the nanoscale, using chemical bath synthesis, and investigated the effect of the substrate. As a result, ZnO nanorods with high uniformity and uniaxial alignment were produced. The nanoformations are characterized by enhanced piezoelectric properties, due to the increased equivalent effective area and single-directional alignment of the dipoles, for which the degree of alignment is substrate-dependent. Similar results have been achieved in [12], where highly efficient ZnO nanowires were produced by the hydrothermal method. Exotic biomaterials, such as bacterial-based cellulose, fish skin, and spider silk, have been also found responsive to vibrations, direct force, or impact, and demonstrated potential applicability for energy harvesting devices [13].



On the other hand, polymer-based piezoelectric materials, such as poly-(vinylidene fluoride) PVDF or its copolymer poly-(vinylidene fluoride) trifluoroethylene (PVDF-TrFE), have several unique advantages over the inorganic materials, such as good mechanical flexibility, chemical stability, biocompatibility [14], and ease of film deposition and processing, such as spin-coating, electrospinning, and spray deposition [15,16,17,18]. This non-biodegradable piezoelectric polymer scaffold is a promising core material for manipulating piezoelectric films’ behavior. PVDF-TrFE fibers have been usually produced by an electrospinning process. Their higher mechanical strength results in a stronger interconnected fiber network that can maintain its structural integrity during compression and expansion. However, their piezoelectric coefficients and electromechanical coupling are several times weaker than the same factors are with the piezoelectric oxides. Recently, researchers have attempted to improve the piezoelectric properties of this polymer without compromising its mechanical strength or flexibility by incorporating various nucleating agents (nanofillers) into the polymer matrix. Studies have shown that polymer crystallization behavior depends on specific surface interactions between the nucleating agents and polymer chains. The nucleation effect of the nanofillers depends on the particle surface charge and surface area, concentration, dispersion, lattice matching, and processing conditions. The presence of nanofillers has been shown to reduce the energy barrier of nucleation increasing the rate of crystallization and the degree of crystallinity of the polymer for enhancing its piezoelectric response [19].



The hybridization of organic and inorganic piezoelectric materials is a suitable approach for combining their properties. Another aspect of the hybridization is the possibility to combine the effect of polarized charges from the piezoelectric material and the surface charge due to triboelectric effect at mechanical loading [20,21]. This coupling results in a higher efficiency due to the superposition of the charge density and polarized current. One of the impressive works regarding inorganic/organic composite was reported in [22], where BaTiO3 nanopowder and polymer PDMS were in composite relation and, additionally, the co-incorporation of Ti0.8O2 nanosheets was realized together with Ag nanoparticles into the flexible PDMS composite. The fillers boost the electrical response of the hybrid device and maximize its outputs voltage to ∼150 V. ZnO nanoparticles have been incorporated into PVDF electrospun nanofibers under high voltage, which essentially aligned the electric dipoles present in the PVDF solution. The degree of alignment is proportional to the magnitude of the applied electric field [23]. The output voltage and current of 0.8 V and 30 nA, respectively, were reported in response to 45° fold and release motion of the human finger motion. Multilayer thick structures of the same materials have generated voltages of 1.75, 1.29, and 0.98 V when an input force of 4 N (2 Hz) was applied at an angle of 0°, 45°, and 90°, respectively. The corresponding measured maximum output power values were 0.064, 0.026, and 0.02 μW, respectively. Furthermore, the prototype generated a stable voltage output for 14,000 bending cycles and successfully converted the strain energy produced by multidirectional input forces from various human movements [24].



Barium titanate (BT) and its solid solutions is a well-known dielectric ceramic with moderate piezoelectric coefficients (d33 of 90 and 190 pC/N along the [001] and [111] directions) of the perovskite crystal. BT is promising nucleating filler for PVDF-based composites due to its easy preparation through technologies that allow precise control of its chemical composition [25]. The incorporation of highly crystalline BaTi(1−x)ZrxO3 (BTZO) nanocubes with sizes around 200 nm in PVDF were shown to provide high electrical parameters of up to ~11.9 V and ~1.35 μA in response to a 21 Hz cycling bending with a constant load of 11 N. In comparison, BT/PVDF film showed output parameters of 7.99 V and 1.01 μA under the same load conditions [26]. The energy harvesting performance of a PVDF-TrFE matrix-based nanocomposite filled with perovskite potassium sodium niobate (KNN) nanoparticles ranging in size from 30 to 105 nm has also been investigated. The surface modification and volume fraction of KNN are considered to be the critical parameters responsible for the high performance of NG. An output voltage of 0.98 V and an output current of 78 nA were obtained using nanofibers containing 10 vol% KNN [27]. Nunes-Pereira et al. performed comparative studies of the piezoelectric properties of electrospun PVDF-TrFE containing BT nanoparticles of different sizes, specifically 10 nm (cubic), 100 nm (cubic), and 500 nm (tetragonal) particles. Electrospun composite fibers have been compared with pure PVDF fibers. The obtained results showed that the size and content of the filler and its crystal structure determined the piezoelectric properties of the nanocomposites. The authors reported that the increased mechanical stiffness of the composites with larger sizes and nanofiller content reduced the energy harvesting efficiency of the samples, probably due to induced defects [28]. The defects induced by the nanofiller in the polymer matrix can act as vibration absorbers and, therefore, can suppress the conversion of mechanical energy to electrical energy. Furthermore, the random orientation of the domains in the inorganic electroactive filler can lead to an overall decrease in the piezoelectric polarization of the composite, as compared to that of the pure polymer. Thus, although a great amount of research has been carried out using these materials, there are still some limitations related to the agglomeration and phase separation of BT, KN, and similar fillers in the polymer matrix, which cause poor surface interactions and high defect density. Furthermore, the dielectric constant of BT and ZnO particles is unstable at elevated temperatures, which may affect the performance of the composites. As well as the material synthesis, the design of the energy harvesting elements is also significant for the performance of the piezoelectric devices [29].



The fabrication of wearable thin-film energy harvesting or sensing devices based on polymer composites still presents a problem, such as a complex fabrication process, poor reproducibility, small and unstable power output, low economic efficiency, and difficulty in controlling the interface between the inorganic nanostructures and the polymer matrix. The development of simple and low-cost approaches to improve the electrical power output of polymer-based energy converters without forming complex composite structures would be promising for the fabrication of various self-powered and sensing device applications.



In this paper, Ba0.5Sr0.5TiO3 perovskite piezoelectric oxide with stable dielectric permittivity, piezoelectric coefficient, and electromechanical coupling over a broad temperature range was hybridized with the ferroelectric polymer PVDF-TrFE, grown by spray deposition technique for a flexible, thin-film energy conversion device. The study aimed to develop a simple bi-material system involving a hybrid layer of piezoelectric oxide and piezoelectric polymer, and to investigate the samples in terms of energy harvesting ability and mechanical stability. The hybrid device showed very good energy harvesting ability and excellent stability of the piezoelectric response at multiple bending. As a result, the developed flexible composite with an enhanced piezoelectric response and improved mechanical stability has enormous potential for next-generation devices, especially for low-power energy harvesters, sensors, and storage systems applications.




2. Materials and Methods


The substrates were cut from poly(ethylene 2,6-naphthalate) (PEN, Goodfellow, Huntingdon, UK) sheet with a thickness of 465 μm, each piece with size 3 cm × 3 cm, and cleaned in a supersonic bath with a moderately concentrated alkaline solution. The choice of this material was based on its high-temperature resistance, mechanical strength, high adhesive strength of most coatings to its surface, and relatively low cost. The bottom electrode film of aluminum with a thickness of 45 nm was deposited by vacuum thermal evaporation at base pressure 8 × 10−6 Torr with a deposition rate of 150 Å/s from aluminum wire with a purity of 99.998% (Kurt J. Lesker, East Sussex, UK). For patterning the bottom and top square electrode and locating the active zones of 1.5 cm × 1.5 cm, standard photolithography was used by applying photoresist ma-P 1215 (positive tone, Microresist, Berlin, Germany) and processing the photosensitive coatings according to the manufacturer’s recommendations in terms of soft backing, exposure, development, and hard backing [30]. The aluminum films were etched in chemical solution HNO3:HCl:H2O mixed in a ratio 1:1:1.



The first layer of piezoelectric polymer was spray deposited at 70 °C by a semi-automated spray coater with a fine nozzle (2 µm orifice) under the pressure of 3.5 bar. The solution was prepared to be pulverized from PVDF-TrFE (Sigma Aldrich–Merck, Darmstadt, Germany) dissolved in methyl ethyl ketone (purity 99.9%, Valerus, Sofia, Bulgaria) solvent with a concentration of 4 mg/mL and after stirring for 1 h at 40 °C, the solution was sprayed for 24 s with 3 s durations of the spray pulses and 5 s durations of the pauses in between. The pauses were set to provide sufficient time for the evaporation of the solvent and ensure uniform distribution of the delivered aerosols without solution leaking. The film thickness was 440 nm.



The deposition of the piezoelectric oxide film from barium strontium titanate Bax−1SrxTiO3 (BST) was carried out by vacuum reactive radiofrequency sputtering of a 3-inch target (purity 99.9%, (Kurt J. Lesker, East Sussex, UK) at a plasma current of 130 mA and a sputtering voltage of 600 V. The oxygen partial pressure was 1 × 10−3 Torr (introduced at a base pressure of 1 × 10−6 Torr) and the sputtering argon gas pressure was set to 1 × 10−2 Torr. The film thickness was 375 nm. The deposition conditions selection was connected with the obtainment of specific chemical composition of the solid solution of BST, for which the piezoelectric response was the strongest. Details about the confirmation of the chemical composition of the BST by FTIR and XPS, as well as a study of the surface morphology by SEM, can be found in a previous study [31]. Then, the spray deposition process was repeated to produce a second film from PVDF-TrFE, covering the BST. In the end, top aluminum film was grown and patterned following the same technology flow as for the bottom electrode.



The crystalline structure was investigated using Philips PW-1724 (Amsterdam, The Netherlands) X-ray diffraction (XRD) patterns with CuKα radiation. Then, 3D topographies of the film surfaces were scanned by atomic force microscope (AFM) MFP-3D, Asylum Research, Oxford Instruments (Abingdon, UK) in non-contact mode. To investigate the quality of contact at the films’ interfaces, electrical impedance spectroscopy was applied, by impedance analyzer Hioki IM3590 (Nagano, Japan). The basic accuracy of the device for the impedance component measurements was Z: ±0.05% and θ: ±0.03°. To investigate the ability for conversion of force into electrical charges, the devices were measured by d33-meter PolyK Technologies PK-D3-F10N (Philipsburg, PA, USA) in the force range from zero up to 10 N. The measurement error for the piezoelectric module estimation was ≤±2%. For the dynamic testing of the samples and evaluation of the durability at multiple bending, a homemade electromechanical setup was used with variable intensity and frequency of vibration, causing a variety of possible deflection positions of the cantilever, and different bending degrees of the samples. The alternative voltage and current were measured by Agilent B2985A electrometer (Santa Clara, CA, USA) with 6.5 digits resolution. The oscillograms were observed on the digital storage oscilloscope Tektronix TDS 1012B (Beaverton, OR, USA). All measurements were conducted with no electric load (open circuit mode) at room temperature. For comparison, results from the electrical characterization of a simple single-layer BST-based energy harvesting devices were given. For the electrical measurements, an array of 5 samples were prepared, patterned according to the presented topology in Figure 1a, and measured. The active layers were situated between the set of two combs of the electrode network. For the AFM, three points randomly selected from the area under study were scanned and one of them showed.




3. Results and Discussion


According to the XRD measurement, shown in Figure 1, a crystalline film was obtained at these deposition conditions having perovskite structure as was indicated by the presence of a strong peak at 2θ = 33° [31]. The PVDF-TrFE sample shows the mixture of α and β phases. The most intense (110) and weak (221) peaks in the diffractogram corresponded to β phase and the other two were associated with α phase [32]. The XRD patterns of the BST+PVDF-TrFE-based composite sample indicated the presence of all the diffraction peaks of the BST phase, whereas the intensity of peaks corresponding to PVDF-TrFE were suppressed, probably due to the semi-crystalline nature of the polymer. BST is a pure crystalline solid solution, thus the crystalline contribution from BST was stronger and influenced with stronger signal in the resulting composite over the corresponding P(VDF-HFP) peaks, which remained weaker. The features of PVDF-TrFE in the composite XRD curve were marked with P and the features of BST–with B. It can be noted that there was no shift in (110) peak for the composite, as compared to the pure BST, which is sufficient proof that the BST structure was retained in the composite and it remained unaltered by the presence of the piezoelectric polymer. Therefore, there was no significant structural modulation of BST after its combining with the PVDF-TrFE layers, except the appeared additional (111) peak, which, however, cannot be ascribed to the presence of the polymer. The origin of this peak should be additionally explored, but at this stage, it can be suggested that it appeared after the heating of the already-grown film during the deposition of the second polymeric layer. Thus, the samples fulfilled the condition for a hybrid organic/inorganic structure with an interface between the films.



According to the Scherrer Equation (1), the nano crystallite size (L) can be calculated by taking into account the wavelength λ (nm) of the XRD radiation, the full width at half maximum of peaks (β) and radian angle 2θ in the pattern [33]. There is a shape factor K which is usually accepted as 0.94.


  L =   K λ   β cos θ    



(1)







The average size of the hybrid BST+PVDF-TrFE was found to be 24 nm, which was smaller as compared to the BST only, where 33.5 nm was calculated for the crystallite size. The addition of filler to PE lead to a slight decrease in the crystallite size.



The next step was to characterize the fabricated hybrid elements by evaluating the quality of the contacts, the measurement of the piezoelectric coefficient, and investigating the long-term stability in dynamic mode and resonance conditions. The measurements were conducted for pure BST and composite BST+PVDF-TrFE devices on PVDF-TrFE-coated PEN substrate.



The contacts quality was estimated by impedance measurement in two different modes–impedance and phase shift between the current and the voltage over the sample (Z-θ) against frequency (Bode plot), as well as serial capacitance and contact resistance (Cs-Rs), extracted from the RC equivalent electrical circuit, against frequency (Table 1, Figure 2 and Figure 3).



Comparing the two samples, it can be seen that the capacitance of the non-hybrid BST device (Figure 2b) was four orders of magnitude lower than the value measured for the PVDF-TrFE/BST/PVDF-TrFE sample (Figure 3b). The latter was a sum of the contributing capacitances of the two materials [34]. The contact resistance was two orders of magnitude lower for the hybrid device (Figure 3b), as compared to the single BST device (Figure 2b), which was due to the lower surface roughness of the multilayer stack and the contacting surfaces to the electrodes. This hypothesis was further confirmed by the AFM study of the BST on PEN, BST on PVDF-TrFE-coated PEN, and the PVDF-TrFE film on BST/PVDF-TrFE/PEN, shown, respectively, in Figure 4a–c.



The AFM data showed that the RMS roughness of BST film only was 15.5 nm, for BST grown on the semi-crystalline polymer, the effective roughness was lower and approximately 12.2 nm, and for the multilayer stack of PVDF-TrFE/BST/PVDF-TrFE/PEN, the scanned top surface showed the lowest RMS roughness of 9.6 nm. Thus, the contact area for the hybrid device was the greatest, which can explain the lower contact resistance.



The low capacitance of ~3.2 pF (Figure 2a) can be ascribed to partial dielectric relaxation of polarization charges and, thus, significant enhancement of the piezoelectricity should not be expected in contrast to the multilayer hybrid sample. Furthermore, the Bode plot showed two orders of magnitude higher impedance of ~237.4 kΩ for the single layer device (Figure 2a), which is an indication of higher voltage drop over the piezoelectric element at open circuit and, therefore, can serve as a voltage source only, without having the ability to produce sufficient current for power harvesting function [35]. The value of the phase shift angle of −88° shows dominant inductive character of the BST-based element, which can be ascribed to the parasitic inductance of the contacts due to the sharp formations in the film topology and the unstable point contact between the functional film and the electrode layer. On the contrary, the impedance of the composite device was found to be ~2.3 kΩ, which meant a better ability to provide current flow when a load was attached. In addition, the Theta value of −5° showed that the overall behavior of the element was away from inductance, which further confirms that the polymer introduction resulted in smooth surfaces in contact with the electrodes, leading to improved interface conditions of the piezoelectric hybrid transducer. These results are proof that the introduction of a composite between the piezoelectric oxide and polymer is an efficient approach to improve the contact conditions of the system, which is a prerequisite for enhanced piezoelectricity and optimized power output.



The measurement of the piezoelectric coefficient d33 together with the internal force experienced from the sample are presented and compared in Figure 5a,b for applied external force varying between 1 and 10 N with a frequency of the shaker tool of 110 Hz.



As can be seen in Figure 5a, by increasing the external force over the BST-based device, the internal forces almost exponentially increased from 250 to 263 mg/cm2. As a consequence, the piezoelectric coefficient also slightly increased from 29 to 40 pC/N, following a similar trend of rising, similar to the internal force. The results, however, showed untypical behavior of the internal force experienced from the hybrid device, although the curve of the d33 remained similar, as compared to the single layer device, as is visible from Figure 5b. A reason for this could be that the polymer layer (PVDF-TrFE) absorbs the mechanical waves, which in turn do not fully reach the next piezoelectric layer consisting of BST. Another possibility is anisotropy in the PVDF-TrFE-sprayed layer, whose response was weaker when force was applied in the vertical direction and the charge was measured in the same direction compared to a case where the vibration propagated horizontally, i.e., the coefficient d31 could possibly be greater than d33. This will be clarified at a later stage during the dynamic test, where, if this hypothesis is not true, the sample will not exhibit a strong piezoelectric response at resonance. The sensitivity of the two kinds of transducers was similar, considering the dynamic range of the piezoelectric coefficient at constant force applied. A plot of open circuit voltage versus pressure at a resonant frequency for the BST only and hybrid BST+ PVDF-TrFE multilayer device was shown in Figure 5c. As is seen, the hybrid device exhibited a gradual increase in the output voltage and at loading near 70 g/cm2, the voltage remained stable, showing small variation and negligible decrease in the voltage. This limit of the response can be ascribed to the small thickness of the film, resulting in relatively fast orientation of the dipoles, after which the piezoelectric effect decayed due to large strain induced in the lattice and depolarization fields [36]. In contrast, the BST single material sample showed its maximal output voltage (although higher than the voltage of the hybrid device) at a lower loading of ~60 g/cm2 and a consequent gradual decrease in the voltage with a rate 525 µV/g. This effect can be ascribed to defects in the lattice and structure degradation due to the brittleness of barium strontium titanate. This is a proof for the contribution of the PVDF-TrFE materials to the durability and reliability of the energy harvester.



The next step of the device characterization was the dynamic testing for durability at mechanical loading and degradation evaluation. The lab-made setup was pre-calibrated with reference strain gauges to find the correlation between the electrical signal supplied by the generator and the strength of the induced vibration. According to the geometric dimensions and shape of the tip (trapezoidal), it is known in advance at what signal amplitude, what deviation of the tip (respectively of the sample) is caused, and what mass load corresponds to it. For this purpose, the samples must have a rectangular shape and be joined symmetrically to a central point of their short side. With the oscilloscope and the electrometer, the shape and the effective values of the piezoelectric alternative voltage and current were monitored. The attenuation of the signal was tracked at the beginning of the measurement, after one hour and after two hours. The resonance frequencies of the samples were 48 Hz and 42 Hz for the single BST device and hybrid device, respectively. Therefore, the single material device was subjected to 172,800 bending cycles for an hour and 345,600 for two hours. Similarly, for the hybrid device to be valid, one hour of bending was equivalent to 151,200 bending cycles for an hour and 302,400 bending cycles for two hours. Figure 6a–f shows the shape of the output voltages of the two kinds of samples immediately at switching on, after 1 h of bending and after 2 h of bending. Additionally, the short circuit current through the samples was measured and the values were summarized in Table 2, together with the effective voltage and power produced without load. The small values of the quantities can be explained by the small active area of the prepared samples, the small thickness of the functional films, and the relatively low applied force. As can be seen in Figure 6a–c, the shape of the sinusoidal signal was more regular and the sinusoids are smoother without harmonic distortion due to the piezoelectric oxide, which was characterized by a well-established, strong piezoelectric response, because of the strictly defined periodicity of the crystal lattice of the piezoelectric ceramic materials, compared to the piezoelectric polymers. The peaks of the output voltage for the hybrid device (Figure 6d–f) looked modulated, due to the combined, overlapped contribution of the separate films to the overall sum of piezoelectric charges. Regardless, it is clear that the stability of the signal against the time was more stable in this case. In summary, the signal from the BST samples varied with an average 1 V after 2 h of constant bending, while the hybrid device kept the signal stable in magnitude for the same duration and parameters of cyclic loading. Signals overlapping could be observed for the hybrid material, but they were not classified as distortions, as was the case with BST only.



As can be seen from Table 2 and Figure 7, comparing the RMS values of the output voltages at different bending durations, the initial output voltage was similar for the two kind of samples; however, the current through the hybrid device was three times higher due to the lower impedance and greater contact area of the smoother film at the electrode interfaces. As a result, the produced power without load was more than three times higher, as compared to the single materials BST-based transducer. A second consequence of the hybrid structure and insertion of piezoelectric polymeric films was the achieved better stability of the electrical parameters against long-term bending.



The RMS voltage for the BST sample decreased by 6% after one hour of bending and dropped sharply to 70.1% after 2 h due to degradation of the film and probably degradation of the interfaces [37]. On the contrary, the hybrid device exhibited stable electrical behavior against the time, which is evidence of the reinforced strength of the sample due to the insertion of the piezoelectric polymer with low Young modulus, partially absorbing the intensity of the mechanical loading in such an extent to avoid BST film degradation, and at the same time, to keep the output voltage and current competitive to the BST-only device. The relative instability of the RMS voltage for the hybrid device was 2.3% after one hour of bending and remained almost unchanged after 2 h, namely 2.9%, which is not significant degradation.



A table for comparison of different hybrid biomaterial devices produced by the microfabrication technology is shown in Table 3. In most of the papers, the durability was not discussed, or the number of bending cycle was not shown. However, the electrical parameters against the films’ thicknesses are interesting to compare.




4. Conclusions


Today, the world is surrounded by smart wireless devices that require a sustainable and ecological source of energy. Piezoelectric flexible generators are quickly emerging as highly efficient, cost-effective, and easy-to-produce power sources. The novel piezoelectric material systems and device architectures can support the development of flexible, self-powered, multifunctional electronics for human motion velocity detection, as well as various implantable devices that do not require external power supply for biomedical energy harvesting, health monitoring, independent temperature monitoring, and pressure control, which can be built based on a piezoelectric hybrid device, consisting of oxide and polymer. It was found that a system based on BST, giving a relatively high yield in composite mixture with PVDF-TrFE, which is a possible approach to reinforce the resistance of the piezoelectric transducers against degradation, has not been studied.



Considering that the energy conversion efficiency of pure polymer materials is quite low, which prevents their use as mechanical-to-electrical transducers, its insertion as a piezoelectric active secondary phase to create organic/inorganic composites is a promising strategy for the design of new piezoelectric materials. In this context, PVDF and its co-polymers would be suitable host materials for the guest oxides, having high piezoelectric constant. The spray deposition technique was used for the deposition of the polymeric film, which resulted in smooth and uniform films improving the interfacial conditions for charge transfer. In the course of the research, an innovative approach was developed, which allows the fabrication of energy harvesting hybrid element based on an unexplored composite between Ba0.5Sr0.5TO3 and PVDF-TrFE.



It was demonstrated that although the composite structure exhibited approximately 12 mV lower piezoelectric voltage, as compared to the BST one, the polarization current was three times higher, which resulted in a triple enhancement of the produced output power. The piezoelectric module was found to be seven percent higher for the BST+PVDF-TrFE sample and the relative instability of the RMS voltage for the hybrid device was almost unchanged with the duration of the applied dynamic load, namely 2.9% after 345,600 bending cycles. The durability of the hybrid device was more than three times better than the device non-containing piezoelectric polymer. The system can capture energy from everyday human activity, exhibiting sufficient yield, according to the state-of-the-art for thin-film wearable transducers, and demonstrated higher piezoelectric response as compared to the pure BST-only, or PVDF-only single material device. At the same time, the stability of the response was maintained close to 97%, which indicated the excellent durability of the hybrid device. Thus, the results of the experiments provide a good basis for the development of electric wearable and self-powered systems such as a step forward in the design of lead-free, low-cost sustainable systems. Therefore, future work will be related to study the effect of electrical load on the device’s performance, a cross-sectional observation of the contact between the layers by a scanning electron microscopy and beta sheets calculations, along with piezoelectric response of PVDF-only case.
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Figure 1. Design of the measured sample (a) and XRD patterns of BST, PVDF-TrFE, and BST+PVDF-TrFE composite (b). 
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Figure 2. Bode plot (a) and frequency sweep of the contact parameters (b) of BST sample. 
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Figure 3. Bode plot (a) and frequency sweep of the contact parameters (b) of PVDF-TrFE/BST/PVDF-TrFE sample. 
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Figure 4. AFM 3D study of the surface topography of the different coatings grown on PEN substrate: BST film (a); BST film of PVDF-TrFE-coated PEN (b) and PVDF-TrFE film on BST/PVDF-TrFE/PEN (c). 
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Figure 5. Piezoelectric coefficient and internal force for BST single material sample (a) hybrid BST+PVDF-TrFE multilayer device (b), and open circuit voltage versus pressure at a resonant frequency for the two devices (c). 
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Figure 6. Oscillograms of the output voltage of the flexible piezoelectric transducers with BST only and hybrid BST+PVDF-TrFE films at different duration of bending: BST at switching (a); BST after 1 h of bending (b); BST after 2 h of bending (c); hybrid BST+PVDF-TrFE at switching (d); hybrid BST+PVDF-TrFE after 1 h of bending (e); hybrid BST+PVDF-TrFE after 2 h of bending (f). 
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Figure 7. Degradation of the output RMS voltage for the BST and hybrid BST+PVDF-TrFE piezoelectric thin-film flexible transducers. 
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Table 1. Comparison of the main parameters measured by impedance spectroscopy for the pure BST and hybrid PVDF-TrFE/BST/PVDF-TrFE samples.
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	Sample Type
	Z, kΩ
	θ, °
	Cs, F
	Rs, Ω





	BST
	237.48
	−88.58
	3.26 × 10−12
	6.04 × 103



	BST+PVDF-TrFE
	2.37
	−5.62
	31.3 × 10−9
	848.92
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Table 2. Summarized values of the open circuit RMS voltage, short circuit current, and power produced at different durations of bending applied onto the BST and hybrid BST+PVDF-TrFE sample.
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Parameter

	
At Switching

	
After 1 h

	
After 2 h




	
Urms, mV

	
Isc, µA

	
Po, µW

	
Urms, mV

	
Isc, µA

	
Po, µW

	
Urms, mV

	
Isc, µA

	
Po, µW






	
BST only sample

	
334.8

	
0.7

	
0.23

	
313.9

	
0.4

	
0.12

	
97.2

	
0.1

	
0.09




	
BST+PVDF-TrFE hybrid sample

	
323

	
2.3

	
0.74

	
315.4

	
2.11

	
0.66

	
313.5

	
1.97

	
0.61
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Table 3. A comparative table for the main electrical parameters, considering the thickness of the incorporated piezoelectric film or composite.
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	Reference
	Composition
	Uo, mV
	Isc, µA
	Geometrical Parameters
	Durability





	[26]
	BaTi(1−x)ZrxO3(BTZO)/PVDF
	1190 @ 21 Hz
	1.35
	200 nm
	N/A



	[38]
	BaTO3PVDF-HFP
	14
	4
	200 nm
	N/A



	[27]
	KNN/PVDF
	18
	2.6
	105 nm
	N/A



	[39]
	NiO@ SiO2 (15 wt%)/PVDF
	53
	0.3
	<100 nm
	N/A



	This work
	Ba0.5Sr0.5TO3/PVDF-TrFE
	433 @ 48 Hz
	2.3
	815 nm
	345,600 bends
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