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Abstract:



Recently, piezoelectric materials have achieved remarkable attention for charging wireless sensor nodes. Among piezoelectric materials, non-ferroelectric materials are more cost effective because they can be prepared without a polarization process. In this study, a non-ferroelectric nanogenerator was manufactured from 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 (PZnT-NT). It was demonstrated that the increment of conductivity via adding the Na2TiO3 plays an essential role in increasing the permittivity of the non-ferroelectric nanogenerator and hence improved the generated power density. The dielectric measurements of this material demonstrated high conductivity that quenched the polarization phase. The performance of the device was studied experimentally over a cantilever test rig; the vibrating cantilever (0.4 ms−2) was excited by a motor operated at 30 Hz. The generated power successfully illuminated a light emitting diode (LED). The PZnT-NT nanogenerator produced a volume power density of 0.10 μw/mm3 and a surface power density of 10 μw/cm2. The performance of the proposed device with a size of (20 × 15 × 1 mm3) was higher in terms of power output than that of the commercial microfiber composite (MFC) (80 × 57 × 0.335 mm3) and piezoelectric bimorph device (70 × 50 × 0.7 mm3). Compared to other existing ferroelectric and non-ferroelectric nanogenerators, the proposed device demonstrated great performance in harvesting the energy at low acceleration and in a low frequency environment.
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1. Introduction


The conversion of wasted mechanical vibration to useful electrical energy is one of the underlying strategic issues in the field of sustainable energy. Due to their high sensitivity to surrounding vibrations, piezoelectric materials have been employed through different techniques and manufacturing processes to this end.



Commercial piezoelectric materials can be classified into single crystal, soft piezoelectric, hard piezoelectric [1], piezo-polymer composite groups, and nanogenerator. The common conventional methods of piezoelectric material preparation are the solid–state method [2,3] and wet chemical methods such as the hydrothermal method and the solution gel (Sol–Gel) method [4]. Wet chemical methods are carried out at lower temperatures and hence became more attractive, especially for the nanogenerator harvesters.



The nanogenerator could be classified by ferroelectric and non-ferroelectric materials. Recent studies have demonstrated that high power density could be harvested from vibration energies using both ferroelectric and non-ferroelectric nanogenerators [5,6,7,8,9,10]. It is well known that the ferroelectric material and the perovskite structure are utilized immensely in the energy harvesting field due to the high piezoelectric strain constant, high remnant polarization, and high permittivity [11]. Silicon nanowires (SiNWs) are an example of ferroelectric nanogenerators that are normally covered by a thin flexible polymer, and the importance of preventing the short current leakage in SiNWs is highlighted in [10], in order to improve the harvesting performance. Another enhancement of a nanogenerator can be achieved by using pre-treatment processes, such as reducing oxygen vacancies, air annealing, applying Schottky contact techniques, and increasing the conductivity.



In fact, non-ferroelectric materials have low electromechanical properties (such as low piezoelectric strain constant and low permittivity). However, such films can be prepared without a polarization process, making them cost effective in the industry. Thus, studies have shifted towards investigating the fabrication of non-ferroelectric nanogenerators. Previous studies demonstrated that non-ferroelectric nanogenerators or nanogenerators with low ferroelectric phase materials can provide high current density (close circuit). Thus, it has a great competitive advantage compared to the brittle lead zirconate titanate (PZT) piezoelectric ferroelectric harvesters. In this regard, the non-ferroelectric zinc oxide nanogenerator (ZnO-NG) has achieved rapid progress and has become an aggressive competitor regarding ferroelectric materials in the energy harvesting field [12,13,14], and such material has high power density and comparable current density [7,12,13,14,15,16,17,18,19,20].



The commonly used ZnO-NG has a systematically aligned nanowire [7,13,21] where it could provide enough power for illuminating light emitting diodes (LEDs) or liquid crystal display (LCD) screens [7]. Overall, the flexible ZnO-NG provides higher power density compared with other flexible ferroelectric harvesters [6,10,12,13,14,22,23]. The figures of merit of ZnO-NG was studied by Hinchet [24], where high vibration harvesting performance can been achieved via long and thin nanowires.



Generally, a ferroelectric material is polarized under a high electric field where the random orientation of the dipoles will be aligned permanently. Hence, the material gains permanent polarization. In this way, the polarized material has a distinct high response and it has the capability to generate a high pulsing amplitude. The ferroelectric harvesters exhibit very high voltages (open circuit) whereas the non-ferroelectric harvesters can generate a high current density [14,18,20].



In this regard, the ferroelectric phase of PbZnTiO3 will be evaluated in this study due to the fact that there are inadequate estimations or studies of such types of piezoelectric materials. Accordingly, the material will be mixed with ion exchange media, and the alteration of its physical properties will be implemented by using nano-alkaline titanate for employing it as an energy harvester. PbZnTiO3 has been employed for sensing applications and utilized as a memory storage device [25,26]. The nano-alkaline material used in this study is sodium titanate, Na2TiO3 (NT), which is commonly utilized in numerous applications such as ion exchange media and potential proton conduction of fuel cells [27]. In fact, PbZnTiO3 is a ferroelectric material [28] while NT provides good conductive properties. Normally, the conductivity affects the ferroelectric behavior. Thus, the weight ratio of the NT is a vital issue that characterizes the ferroelectric phase of the harvester, whereas using a too high weight ratio from such conductive fillers could cause polarization quenching [29]. The power density, maximum voltage (open circuit,) and current (short circuit) were studied here.



Recently, the enhancement of the piezoelectric strain and permittivity has been achieved by adding supplement conductive fillers such as nano-carbon, nano-carbon black [25,26], and nano-graphite [27,28]. Sufficient volume fractions of such conductive fillers enhances the poling efficiency of the ferroelectric materials [29]; however, an excessive amount of the conductive filler ratio yields a reduction of the ferroelectric phase.



In fact, the optimal supplied power can be achieved only when the piezoelectric impedance matches with the load impedance, where there is a drop in electrical loss and an increase of the power transfer amount. In accordance with that, the impedance will be compared for various examined harvesters (i.e., PZT, microfiber composite (MFC) and 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 (PZnT-NT)) in this study.



The designed harvester consisted of a PZnT-NT nanogenerator, which was compacted by two stiff electrodes (i.e., copper and zinc electrodes) for resisting deterioration. In this paper, the fabrication procedure, characterization, and the conductivity influence of PZnT-NT were studied. Finally, the power density was recorded and compared with two common types of piezoelectric harvesters.




2. Theory


An energy harvesting device has been fabricated from the PZnT-NT system. The constructed device characterized the effect of the ratio of Na2TiO3, and the performance of the device is examined using a cantilever beam system, where the performance of PZnT-NT is compared with flexible and brittle PZT harvesters. The dielectric constant, loss tangent, and conductivity have been studied. The dielectric constant or permittivity constant is denoted by [image: there is no content] and it can be expressed by the permittivity of the material ([image: there is no content]) per permittivity in a vacuum ([image: there is no content] = 8.854 × 10−12 F.m−1), Also, we can calculate the relative permittivity from the real dielectric part ([image: there is no content]) and the imaginary part ([image: there is no content]), as shown in Equation (1):


[image: there is no content]



(1)







The dielectric loss tangent, tan (δ), is defined as the ratio between the loss energy to the stored energy in the medium, where there is a portion of electromagnetic energy that will be dissipated as heat under an alternating electric field:


[image: there is no content]



(2)







The AC conductivity, [image: there is no content], can be computed as follows:


[image: there is no content]



(3)




where [image: there is no content] is known as the angular frequency (2πf).



Finally, the storing energy [image: there is no content] is computed by multiplying the capacitance of the external capacitor and the accumulated voltage, as expressed in Equation (4):


[image: there is no content]



(4)




where [image: there is no content] is the external capacitor and [image: there is no content] is the voltage in the steady state.



The power generation or the dissipated power of the load, [image: there is no content], across the applied resistances, is computed as follows:


[image: there is no content]



(5)




where [image: there is no content] is the voltage at the steady state and [image: there is no content] is the load resistance of the rectifier circuit. The challenge in energy harvesting is the harvesting of energy under low frequencies, low acceleration, and strain. This requires using a soft doped piezoelectric material or using thin films. This research sought to fabricate a sustainable nanoparticle piezo-harvester with lower cost and higher performance.



The typical power provided by the flexible MFC film ranges between 4 mJ/s and 13 mJ/s at 10 Hz excitation with an acceleration of 1 G, and strain of 800 ppm [30]. In these studies, MFC chips were employed for comparing and evaluating the power outputs; MFC is characterized by high piezoelectric coefficients (d33), high permittivity (ε), high dielectric losses, and low mechanical quality factors [31,32,33]. The typical properties of MFC and PZT-5H are provided in Table 1.



Table 1. The electromechanical properties of the harvester. MFC: microfiber composite.







	
Material

	
MFC (MFC-PZT5A1, M8557P2)

	
Piezoelectric Bimorph (PZT-5H)






	
Typical capacitance (nF)

	
325

	
184




	
Piezoelectric strain constant, d33 (pC/N)

	
470

	
600




	
Piezoelectric voltage constant, g33 (10−3 Vm/N)

	
25

	
19.4




	
Permittivity, [image: there is no content] (at 1 kHz)

	
1300

	
3500




	
Electrode material and configuration

	
Flexible MFC with gold electrodes

	
Rigid Bimorph with copper-silver electrodes




	
Dimension (mm3)

	
80 × 57 × 0.335

	
70 × 50 × 0.7











3. Preparation of the 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 Harvester


The piezoelectric nanogenerator was fabricated from a 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 (PZnT-NT) system. The PbZn0.3Ti0.7O3 powder was fabricated from lead oxide (99.5% purity, R&M Marketing, Essex, UK), titanium dioxide (99.5% purity, R&M Marketing, Essex, UK) and zinc oxide (>99.0–100.5% purity, R&M Marketing. Essex, UK). The PZn0.3Ti0.7O3 was prepared with a 1:1 stoichiometry, where the powder was calcined at 850 °C for 3 h with a heating/cooling rate of 5 °C/min. The powder was mixed by ball milling for 1 h. Sodium titanate were synthesized with a molar stoichiometry of (NaOH:TiO2, 2:1) and was mixed with 0.7PbZn0.3Ti0.7O3 powder by spraying distilled water to increase the solubility. Furthermore, the particle binding was increased through the pressing process, where the sample was pressed at 3 tons. Then, the compound was deposited between two electrodes, which consisted of a copper (80 μm) anode and zinc (420 μm) cathode, and the compound was treated at 250 °C for 30 min. Finally, the electrodes were covered by high adhesive plastic tape for a hermetic covering to provide protection against environmental damage. Field emission scanning electron microscope (FESEM) image analysis was carried out to explore the surface characteristics. The physical properties of the harvester have been measured by using a precision impedance analyser (model 4294A) where the capacitance, dielectric constant, loss tangent, and conductivity have been recorded and studied based on the polarized phase of the material. The powder had been examined by an X-ray diffraction system (PANalytical X′Pert3 X-ray diffractometer) using anode material copper (Cu), 40 mA, 40 kV, and the microstructure of the propertied PZnT-NT system was observed by FESEM image analysis. The fabricated harvester is illustrated in Figure 1.


Figure 1. The piezoelectric harvester made of 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 (PZnT-NT).



[image: Energies 10 00646 g001]






Characterization of the PZnT-NT Harvester


Herein the crystallographic details of the PZnT-NT are described. The PbZn0.3Ti0.7O3 comprises two crystalline phase, i.e., tetragonal and hexagonal with space groups of P4mm and P63mc, respectively. The tetragonal crystal lattice is a (Å) 3.9, b (Å) 3.9, and c (Å) 4.0, and the lattice angles (Alpha = Beta = Gamma) are 90°. The hexagonal crystal lattice is a (Å) 3.2, b (Å) 3.2, and c (Å) 5.2 and the lattice angles (Alpha = Beta ≠ Gamma) are 90°, 90°, and 120°, respectively. In fact, the hexagonal crystal lattice comes from the presence of zinc oxide. The crystal system of Na2TiO3 is tetragonal and the space group is I41/mad. The crystal lattice is a (Å) 3.7, b (Å) 3.7, and c (Å) 9.5, and the lattice angles (Alpha = Beta = Gamma) are 90°, as shown in Figure 2.


Figure 2. XRD patterns of 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3: (a) PbZn0.3Ti0.7O3; and (b) Na2TiO3.



[image: Energies 10 00646 g002]






The FESEM microscope image demonstrates the fabricated 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3, where the system consists of PbZn0.3Ti0.7O3 and sodium titanate nanosheets, as illustrated in Figure 3.


Figure 3. Surface characteristics of (a) sodium titanate (Na2TiO3) sheets; (b) PbZn0.3Ti0.7O3 nanoparticles.



[image: Energies 10 00646 g003a][image: Energies 10 00646 g003b]






The piezoelectric dielectric constant was characterized by using an impedance analyser from 4 Hz to 110 MHz, where PZnT-NT demonstrated a high dielectric constant. Figure 4 presents the variation between PZnT-NT and the pure PbZn0.3Ti0.7O3. Indeed, the sodium titanate sheets have the essential role of increasing the conductivity between the composite particles. A high variation in relative permittivity between the PZnT-NT and the pure PbZn0.3Ti0.7O3 has been observed below the frequency of 5 kHz, where the permittivity of PZnT-NT decreases intensely with increasing frequency.


Figure 4. The dielectric properties of PZnT-NT.



[image: Energies 10 00646 g004]






The PZnT-NT yields a high loss tangent of 3.84 at 1 kHz, while the pure PbZn0.3Ti0.7O3 produces a very low loss tangent (i.e., 0.122) due to the fact that both the stored energy and dissipated energy are low. The maximum loss tangent is 4.89 at a frequency of 5.5 kHz, where below this level the storage energy is higher than the dissipated energy. This fact is illustrated in Figure 5.


Figure 5. Loss tangent of PZnT-NT.



[image: Energies 10 00646 g005]






The conductivity of PZnT-NT and pure PbZn0.3Ti0.7O3 has been provided in Figure 6. It is observed that the conductivity increased by adding the Na2TiO3 material. The material has a high dissipation of energy, due to the damping of the dipole moment and the influence of the conductive filler. The electrical conductivity ([image: there is no content]) of the PZnT-NT, the pure PbZn0.3Ti0.7O3, and the raw Na2TiO3 (0% PZnT) are 3.76 × 10−4 S/m, 2.88 ×10−6 S/m, and 1.15 × 10−3 S/m, respectively, under room temperature and at a frequency of 1 kHz.


Figure 6. Conductivity of the PZnT-NT and the pure PbZn0.3Ti0.7O3 at room temperature.



[image: Energies 10 00646 g006]






Figure 7 illustrates the hysteresis loops of the PbZn0.3Ti0.7O3 that was sintered at 850 °C. It was observed that the material exhibited a ferroelectric behavior. The PbZn0.3Ti0.7O3 produced a low remnant polarization (Pr) of 1.09 µC/cm2 under an electric field of 7 kV/cm. It is worthwhile to mention that in recent advances, the highest remnant polarization of ferroelectric materials has reached 62 μC/cm2 in piezoelectric ferroelectric materials [34]. As a consequence, the low remnant polarization is an indicator of the low response of the PbZn0.3Ti0.7O3 and the forward shift quenches the polarity that can lead to enhancing the performance. In this study, the hysteresis loop of 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 is unable to be obtained under high voltage up to 1 kV/cm due to the conductivity. Thus, the reduction of the percentage of the conductive filler (i.e., perform the hysteresis loop test for the 0.9PbZn0.3Ti0.7O3-0.1Na2TiO3 material instead of the 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 material) has been implemented. The recorded results of the poled 0.9PbZn0.3Ti0.7O3-0.1Na2TiO3 show a reduction of the ferroelectric property, and the remnant polarization and field strength were 0.006 μC/cm2 and 1 kV/cm, respectively. Overall, the results show that the dielectric property (relative permittivity) of the proposed PZnT-NT nanogenerator can be enhanced by adding conductive filler material. This will eventually enhance the generated power density.


Figure 7. Hysteresis loop of pure PbZn0.3Ti0.7O3 versus various applied electric fields.



[image: Energies 10 00646 g007]








4. Energy Harvesting and the Experimental Setup


The energy harvesting test procedure was carried out by fixing the piezoelectric harvesters directly above the host cantilever test rig, which was excited to produce a cyclic excitation at a low excitation frequency (i.e., 30 Hz) and at a low acceleration (i.e., 0.4 ms−2). The generated power was compared with other commercial piezoelectric harvesters, such as MFC and PZT bimorphs. All the vibration data were measured by an accelerometer (model: SNAP S100C) through a data acquisition unit (Model: NI USB-9162, National Instruments Corporation, North Mopac Expressway, Austin, TX, USA). Hence, data were analysed by using virtual instrument software (i.e., DASYLab (Version 10, Measurement Computing Corporation, Norton, MA, USA)), and the acquired information was the frequency, acceleration, and generated voltage. The experimental setup is shown in Figure 8.


Figure 8. Energy harvesting experimental setup.



[image: Energies 10 00646 g008]






To achieve full-wave rectification, the AC voltage generated by the vibration harvester should be rectified by using a voltage regulator circuit. The AC-DC converter consists of four Schottky diode bridges (1N5817). An oscilloscope (SS5702) and multi-meter‎ (model ZELM05 ATEX 0274) were employed for measuring the DC voltage across the capacitor and the load resistance. Maximum harvesting energy was verified when the internal impedance of the piezoelectric material matches the applied load resistance.




5. Results and Discussion


In our initial investigation, the ability of the proposed harvester to power LEDs (5 mm) at frequencies up to 10 Hz was an indicator of the optimized performance that was realized under such low frequency and acceleration rates. Figure 9 illustrates the illuminated LEDs. In this study, all the harvesters (PZnT-NT, PZT bimorph, and MFC) have been examined under the excitation frequency of 30 Hz and acceleration response of 0.4 m/s2. The comparison of the harvesters’ performances such as voltage generation, current, and power density are reported as follows.


Figure 9. Flashing up light emitting diode (LED) (5 mm).



[image: Energies 10 00646 g009]






The voltage was recorded across a range of resistances between 1.9 kΩ and 5.2 MΩ. The performance of the PZnT-NT was compared with the MFC and PZT bimorphs, and the results show an outstanding performance of the PZnT-NT in spite of its insignificant size. There are increases in the voltage (V) with the increase of resistance (RL). Furthermore, it is found that the PZnT-NT and MFC generate the highest voltages of 5.27 V and 3.34 V at a load resistance of 1908 kΩ, respectively, whereas the highest voltage of the PZT bimorph was 3.3 V at a load resistance of 2900 kΩ; this fact is illustrated in Figure 10.


Figure 10. The generated voltage at a frequency of 30 Hz of various harvesters.



[image: Energies 10 00646 g010]






Consequently, the dissipated power was recorded across the full wave of the rectifying circuit; the maximum power was verified when a circuit load matched the impedance of the transducer. At the optimal load and steady state conditions, the stored energy of the capacitor that was supplied by PZnT-NT, MFC and PZT bimorphs was 0.34 mJ, 0.139 mJ, and 0.136 mJ, respectively. The optimal power of the PZnT-NT was verified at the load resistance of 196.2 kΩ as 0.03 mW. The optimal power of the MFC and PZT bimorphs were 0.0189 mW and 0.0176 mW with the corresponding loads of 438 kΩ and 300 kΩ, respectively, as illustrated in Figure 11.


Figure 11. Optimal power output of various harvesters.



[image: Energies 10 00646 g011]






The variations between the generated currents for PZnT-NT, and MFC and PZT bimorphs are illustrated in Figure 12. The maximum DC current exhibited by the PZnT-NT and PZT bimorph was comparable at the range where the MFC generated the lowest current. The maximum DC current was recorded for the PZnT-NT, and the MFC and PZT bimorphs at the optimal applied loads and were 0.0133 mA, 0.0055 mA, and 0.007 mA, respectively. By considering the harvester’s size, the power densities of various types of harvesters have been computed and are shown in Figure 13. The results affirmed that the PZnT-NT harvester produces the highest power density (i.e., 0.13 μw/mm3), compared to the MFC (i.e., 0.014 μw/mm3) and PZT bimorphs (i.e., 0.007 μw/mm3).


Figure 12. The generated current from the PZnT-NT, MFC, and lead zirconate titanate (PZT) bimorph.



[image: Energies 10 00646 g012]





Figure 13. Power density of piezoelectric devices versus the resistance.



[image: Energies 10 00646 g013]






In general, the harvested energy level varies excessively from microwatts (µW) to milliwatts (mW); this depends on several factors, such as piezoelectric type, design of piezoelectric elements, mechanical properties, dynamic properties, electrical circuit, applied mechanical force, excitation frequency, vibration response, etc. This study focuses on the design of the piezoelectric element, which is attached to a cantilever system under low excitation frequency and low acceleration environments. The performance of the proposed harvester is compared to the results of existing research studies which implement their harvesters in a cantilever system under a similar range of excitation frequency and acceleration. The existing research works [35,36,37,38,39,40,41,42] produced a volume power density of (0.9 × 10−2–20 × 10−2) µW/mm3 under the excitation frequency of (1.4–100) Hz and the acceleration of (0.2–10) ms−2. The current work produces a power density of 0.10 μW/mm−3 at a frequency and acceleration of 30 Hz and 0.4 ms−2, respectively. Compared with other studies as recorded in Table 2, the PZnT-NT showed high sensitivity under low excitation.



Table 2. Comparison of the volume power density based on low acceleration and frequency. N/A: Not Available.







	
Reference

	
Active Material

	
Harvesting Technique

	
Active Volume (mm3)

	
Acceleration/(m/s2)

	
Frequency (Hz)

	
Volume Power Density (μW/mm3)






	
[35]

	
PZT bimorph

	
Cantilever

	
7040

	
0.2

	
15.00

	
2.69 × 10−2




	
[37]

	
PbZr0.52Ti0.48O3 (PZT) Flexible films

	
Bending and releasing

	
0.1

	
N/A

	
1.40

	
8.40 × 10−2




	
[38]

	
PZT ceramic

	
Cantilever

	
3106

	
0.5

	
27.00

	
0.90 × 10−2




	
[39]

	
MFC Flexible film

	
Cantilever

	
117.6

	
N/A

	
51.99

	
1.70 × 10−2




	
[40]

	
PZT ceramic

	
Cantilever

	
≈248

	
0.4

	
38.20

	
18.00 × 10−2




	
[41]

	
PZT ceramic

	
Cantilever

	
N/A

	
0.5–5

	
100.00

	
7.00 × 10−2




	
[42]

	
PZT ceramic

	
Cantilever

	
588

	
2.0

	
49.70

	
20.00 × 10−2




	
[36]

	
PZT ceramic

	
Cantilever

	
10.1

	
10.0

	
47.00

	
8.55 × 10−2




	
Current work

	
PZnT-NT

	
Cantilever

	
300

	
0.4

	
30.00

	
10.00 × 10−2










Besides PZT and MFC harvesters, the comparison between the performance of ferroelectric and non-ferroelectric nanogenerators has been shown in Table 3. It is worthwhile to mention that various figures of merit such as AC voltage (open circuit without resistance), DC voltage (close circuit with resistance), current, volume power density, or surface power density have been reported in the previous literature. So far there is no standard in selecting the figures of merit to the best knowledge of the authors. This makes the comparison difficult as most prior studies may not describe the kinematic parameters or use various figures of merit to present the harvester performance/ efficiency. To give a general overview of the harvester performance, a comparison with other existing nanogenerators using the surface power density has been made in Table 3. The existing research works produced surface power densities of (0.0006–303) µW/mm2 under the excitation frequency of (0.5–30) Hz and the acceleration of (0.4–1.8) ms−2. The current work produces a surface power density of 10 μw/cm2 at a frequency and acceleration of 30 Hz and 0.4 ms−2, respectively, which shows good progress towards building self-powered nanosystems.



Table 3. Comparison of the surface power density for numerous nanogenerators.







	
Reference

	
Materials

	
Polarization

	
Harvesting Technique

	
Area (cm2)

	
Frequency (Hz); Acceleration (ms−2)

	
Voltage (Open Circuit) (V)

	
Current Density, (Short Circuit) (µA/cm2)

	
Surface Power Density (µW/cm2)






	
[28]

	
BaTiO3–PDMS

	
Ferroelectric

	
Bending and release

	
121

	
N/A

	
5.500

	
0.350

	
1.9000




	
[22]

	
BaTiO3-PDMS

	
Ferroelectric

	
Bending and release

	
0.82

	
N/A

	
1

	
0.190

	
0.1900




	
[43]

	
PMN-PT and MWCNTs

	
Ferroelectric

	
Stretchable

	
10

	
0.5 Hz; 0.817 ms−2

	
4

	
0.500

	
0.0500




	
[44]

	
ZnSnO3/MWCNTs

	
Ferroelectric

	
Pressing by finger

	
11.1

	
N/A

	
40

	
0.036

	
1.0800




	
[6]

	
PZT-PDMs

	
Ferroelectric

	
Bending

	
0.12

	
N/A

	
6

	
0.380

	
0.1000




	
[45]

	
PbTiO3 nanotubes (PTO NTs)

	
Ferroelectric

	
Random movement induced by Wind

	
80 × 10−6

	
N/A

	
0.620

	
0.001

	
0.0006




	
[13]

	
ZnO–PC100

	
Non-ferroelectric

	
Bending

	
0.8

	
N/A

	
1.150 *

	
125 *

	
5.6300 *




	
[16]

	
ZnO/PEDOT:PSS

	
Non-ferroelectric

	
Pressing and release

	
1.5

	
N/A

	
8 *

	
0.600 *

	
4.8000 *




	
[17]

	
ZnO-PCBM-P3HT

	
Non-ferroelectric

	
Bending

	
N/A

	
N/A

	
1.450 *

	
3.030 *

	
22.9000 *




	
[18]

	
ZnO/PEDOT:PSS

	
Non-ferroelectric

	
Bending

	
2

	
1.8 m.s−2

	
0.154 *

	
1.580*

	
0.2430 *




	
[7]

	
ZnO/PMMA

	
Non-ferroelectric

	
Impact

	
N/A

	
2 Hz; 1.3 ms−2

	
1.260

	
0.018

	
0.0226




	
[20]

	
ZnO/CuSCN/PEDOT:PSS

	
Non-ferroelectric

	
N/A

	
N/A

	
N/A

	
0.389 *

	
780 *

	
303 *




	
-

	
PZnT-NT (Current Work)

	
Non-ferroelectric

	
Cantilever

	
3

	
30 Hz; 0.4 ms−2

	
N/A

	
N/A

	
10 *








* The power density was computed by using DC voltage with resistance, R = 196 kΩ.









6. Conclusions


With the aim of powering wireless sensor nodes without a battery, there is a continuous effort towards harvesting the wasted mechanical energy from low frequency and low acceleration environments, using piezoelectric materials. The ferroelectric and non-ferroelectric based piezoelectric nanogenerators are frequently examined by many researchers due to their great potential and competitive power density. In this study, a low cost non–ferroelectric 0.7PbZn0.3Ti0.7O3-0.3Na2TiO3 nanogenerator has been fabricated via a wet chemical method. The fabricated PZnT-NT harvester consisted of a ferroelectric material (PbZn0.3Ti0.7O3) and an ion exchange material (Na2TiO3). PbZn0.3Ti0.7O3 has low ferroelectric properties and low conductivity. The enhancement of the PbZn0.3Ti0.7O3 performance has been achieved by increasing its conductivity (i.e., reducing the remnant polarization) via adding Na2TiO3. In this way, the permittivity can be increased which leads to power density enhancement.



The novel non-ferroelectric PZnT-NT nanogenerator demonstrated its ability to harvest the unwanted vibration energy from a vibrating cantilever beam, which was excited at a frequency and acceleration of 30 Hz and 0.4 ms−2, respectively. The proposed harvester provided enough power to power an LED, which indicated a practical application of the self-powered nanosystem. Furthermore, the results showed that the PZnT-NT harvester produced the highest volume power density (i.e., 0.10 μw/mm3), compared to the MFC (i.e., 0.014 μw/mm3) and PZT bimorphs (i.e., 0.007 μw/mm3). Compared to other existing nanogenerators using the surface power density, the current work produced a surface power density of 10 μw/cm2 which verified the great potential of PZnT-NT materials in harvesting useful energy from low acceleration and low frequency environments.



In the future, it is recommended to further improve the harvester’s performance via frequency tuning strategies (i.e., altering the design, dimension, and boundary conditions of the harvester in order to change its dynamic characteristics to match the excitation frequency), so that the proposed harvester is able to work in different frequency ranges. With that, the potential harvesting frequency range of the nanogenerator can be identified.
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