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Abstract

:

In this research, natural rubber (NR)-TiO2 nanocomposites were developed for triboelectric nanogenerator (TENG) application to harvest mechanical energy into electrical energy. Rutile TiO2 nanoparticles were used as fillers in NR material to improve dielectric properties so as to enhance the energy conversion performance of the NR composite TENG. The effect of filler concentration on TENG performance of the NR-TiO2 composites was investigated. In addition, ball-milling method was employed to reduce the agglomeration of TiO2 nanoparticles in order to improve their dispersion in the NR film. It was found that the TENG performance was significantly enhanced due to the increased dielectric constant of the NR-TiO2 composite films fabricated from the ball-milled TiO2. The TENG, fabricated from the NR-TiO2 composite using 24 h ball-milled TiO2 at 0.5%wt, delivered the highest power density of 237 mW/m2, which was almost four times higher than that of pristine NR TENG. Furthermore, the applications of the fabricated NR-TiO2 TENG as a power source to operate portable electronics devices were also demonstrated.
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1. Introduction


Energy harvesting technologies have attracted great attention because of the significance in producing sustainable energy sources to overcome energy crisis and climate change. In addition, the rapidly increasing number of personal electronic devices and other components for the Internet of Things (IoT) platform leads to the increasing demand for energy. Triboelectric nanogenerator (TENG) is a mechanical energy harvesting device based on the combination of contact electrification and electrostatic induction effects [1]. TENG has gained much interest due to its high energy conversion efficiency with high power output, straightforward fabrication process, and low cost [2]. Apart from energy harvesting applications, TENGs also have the potential to be used for many self-powered sensor applications, including physical, chemical, gas, and liquid sensors [3,4,5,6].



A wide range of materials can be used to fabricate TENG; most of them are polymeric materials [7]. The common known materials are polytetrafluoroethylene (PTFE) [8,9], polydimethylsiloxane (PDMS) [10,11], polyvinylidenefluoride (PVDF) [12,13], and polymethyl methacrylate (PMMA) [14,15]. Natural rubber (NR) or polyisoprene is one of the natural polymers with good flexibility and strength employed in a wide range of applications [16]. Most of NR products, such as car tires, gloves, shoe insoles, and mattresses, involve the applications in direct contact with mechanical energy sources. NR is one of the triboelectric materials located in the triboelectric series possessing slightly negative polarity [7]. In this regard, the fabrication of NR-based TENGs would be beneficial for boosting power output to realize practical applications of the TENG.



Generally, the output performance of TENG is a function of triboelectric charges on triboelectric materials which depend on electrification between two triboelectric materials, surface area, and ability of surface to hold charges [17,18]. In order to improve triboelectric charge density on the surface, many approaches have been proposed, including surface patterning with nanostructures [19,20] and improving dielectric properties of triboelectric materials [21,22,23,24]. For the latter case, filling nanomaterials, such as SiO2, TiO2, BaTiO3, and SrTiO3 in polymer triboelectric materials, were reported to improve dielectric constant and TENG performance [23]. Among these filler materials, TiO2 is an extensively used material for a wide range of applications due to many excellent physical and chemical properties, including optical-electronics [25], photocatalytic properties[26], chemically stability, nontoxicity, as well as low cost. TiO2 exists in three main polymorph phases including anatase, brookite, and rutile [27]. Among them, rutile-TiO2 exists as the most thermodynamically stable phase and exhibits a high dielectric constant [28,29].



In this work, rutile-TiO2 nanoparticles were incorporated into NR material forming NR-TiO2 composite film which was then used as a triboelectric material to convert mechanical energy into electricity. However, the NR-TiO2 composite fabricated by mixing the TiO2 nanoparticles directly with NR latex did not greatly improve the TENG output, possibly due to the agglomeration of as-received TiO2 nanoparticles. In the present work, the ball-milling method is proposed as an effective and straightforward method to alleviate the agglomeration of TiO2 nanoparticles prior to mixing with NR latex, thereby improving the dispersion of nanoparticles in the NR matrix. The effects of milling times and the concentration of TiO2 nanoparticles in the NR film on dielectric properties and TENG output performance were investigated. The performance of the NR-TiO2 TENG was probed under a vertical contact-separation mode. The morphologies and dielectric properties of the composite films were examined using a scanning electron microscope (SEM) and an impedance analyzer, respectively.




2. Materials and Methods


2.1. Preparation of NR-TiO2 Composite Films


The commercial NR latex (purchased from the Thai Rubber Latex Group Public Co., Ltd., Samut Prakan, Thailand) with a dry rubber content of 61% and rutile TiO2 nanoparticles (Briture Co., Ltd., Hefei, China) were used in this work. NR latex and the as-received TiO2 nanoparticles at 0.1, 0.2, 0.3, 0.4, and 0.5%wt were mixed by magnetic stirring for 5 min to ensure a homogeneous mixing. Then, 2 mL of the mixture was cast on an FTO substrate (Bangkok Solar Power Co., Ltd., Chachoengsao, Thailand) with an area of 4 cm × 4 cm so as to control the film thicknesses of approximately 0.5 mm. Three samples were prepared for each of the experimental conditions. The cast samples were then left to dry at room temperature for 4 days and cured at 80 °C for 2 h. In the present work, low curing temperature with long curing durations were employed in order to control the uniformity of the film top surface. Then, the samples were tested for the TENG performance, as described in Section 2.3.



In addition, the TiO2 nanoparticles were dry ball-milled prior to mixing with NR latex. Yttria-stabilized zirconia balls and TiO2 nanoparticles were put in a polyethylene (PE) plastic vial at the ball to a powder weight ratio (BPR) of 4:1. The ball-milling process was performed at a milling speed of 250 rpm for 6, 12, and 24 h. The ball-milled TiO2 nanoparticles were then incorporated to NR latex following the same procedure, as described above. The composite films with ball-milled TiO2 for 6, 12, and 24 h were labeled as “NR-TiO2-B6h, NR-TiO2-B12h, and NR-TiO2-B24h”, respectively.




2.2. Material Characterizations


The morphologies and crystal structure of the composite films were investigated using a SEM (FEI, Helios Nanolab, Waltham, MA, USA) and an X-ray diffraction technique (XRD) (PANalytical EMPYREAN, Malvern, UK), respectively. Dielectric constants were measured using an impedance analyzer (Keysight, E4990A, Colorado Springs, CO, USA) at room temperature. Chemical functional group analysis was performed using a fourier transform infrared spectroscopy (FTIR) (TENSOR27).




2.3. TENG Output Measurement


The output performances of the NR-based TENGs were tested by measuring electrical output voltage and current using a vertical contact-separation mode with a single electrode configuration. A PTFE sheet was used as a contact triboelectric material. The voltage and current output signals were acquired under the mechanical impact force of 10 N with impact frequency of 5 Hz using an oscilloscope (Tektronix DPO2002B, Tektronix China Ltd, Shang Hai, China) and a digital ammeter (Kiethley DMM6500, Tektronix China Ltd, Shang Hai, China), respectively.





3. Results


The electrical output of the NR-TiO2 at 0.1–0.5%wt were measured under a vertical contact-separation mode with a single electrode configuration, as presented in Figure 1. PTFE was used as a contact material with negative triboelectric polarity. The electrical voltage and current were generated by the physical contact-separation of the NR-TiO2 film and PTFE surfaces. When the surfaces are in contact, the electrification effect causes electrons to be transferred between the two materials, resulting in the formation of positive and negative charges on surfaces of NR-TiO2 film and PTFE, respectively. When the two surfaces were separated, electrostatic induction of triboelectric charges allowed free electrons in the electrical contact to flow, neutralizing triboelectric charges on the surface. Under the repeated contact-separation, the alternative current was generated.



The generated voltage and current of the fabricated NR-TiO2 TENGs using as-received TiO2 powders are presented in Figure 2a,b, respectively. The electrical outputs of the NR-TiO2 TENGs with as-received TiO2 increased with increasing TiO2 content and were at the highest in the NR-TiO2 0.5%wt TENG, which were 78.4 V and 7.0 µA, respectively. However, the improvement of electrical output was not significant. It was suspected that the as-received TiO2 nanoparticles were agglomerated, giving rise to the poor dispersion in the NR matrix.



In order to improve the dispersion in the NR matrix, TiO2 nanoparticles were ball-milled for 6, 12, and 24 h periods, prior to mixing with the NR latex to form composite materials. The ball-milled TiO2 at 0.1–0.5%wt (same as above experiment) were added to NR latex. Electrical output voltage and current of all the ball-milled NR-TiO2 TENG are displayed in Figure 3 and are summarized in Figure 4. It was found that ball-milled TiO2 helped to improve the electrical outputs of NR-TiO2 TENG, which increased with ball-milling time. The dependence of electrical output on TiO2 concentration of the ball-milled TiO2 TENG exhibited the same trend, as electrical output increased with increasing TiO2 concentration. The addition of the 24-h-ball-milled TiO2 nanoparticles into NR significantly improved TENG performance, and the highest output voltage of 113 V and current of 9.8 µA was achieved from the NR-TiO2-B24h-0.5%wt TENG. The enhancement of TENG performance was attributed to the disintegration of TiO2 nanoparticles at long ball-milling times, producing the well-dispersion in the NR polymer matrix. The role of TiO2 nanoparticles on TENG performance will be further discussed in the dielectric properties in the following section.



The SEM images of the plain NR film, NR-TiO2, NR-TiO2-B6h, NR-TiO2-B12h, and NR-TiO2-B24h composite films at TiO2 0.5%wt are displayed with the insets of their TiO2 nanoparticle fillers in Figure 5. Clearly, the dispersion of TiO2 without the ball-milling treatment was poor, as evidenced by the large agglomeration size of particles observed in SEM images of TiO2 powders and NR composite film. The agglomeration of TiO2 nanoparticles was less observed in the ball-milled TiO2 powders, which was reduced with increasing ball-milling times, contributing to the better dispersion in the NR composite films accordingly. The physical appearances of the NR and NR-TiO2-B24h 0.1–0.5%wt composite films are presented in Figure 6. The transparency of the pure NR film decreased as the TiO2 content increased.



The rutile phase of as-received and ball-milled TiO2 at 6, 12, and 24 h samples were confirmed by the XRD patterns as shown in Figure 7a (JCPDS No. 21–1276). This suggested that the ball-milling process did not change the crystal structure of the TiO2 nanoparticles. In this study, ball-milling was employed to break up the agglomerated particles and rutile phase is the most stable structure of TiO2; therefore, it should not cause the microstructural change of the particles. FTIR analysis of the NR and NR-TiO2-B24h 0.5%wt was performed and presented in Figure 7b. FTIR spectra of the NR and NR-TiO2-B24h 0.5%wt film are relatively similar, consisting of C-H stretching at 2850–2960 cm−1 and 1300–1400 cm−1 and C=C stretching at 839 cm−1 of polyisoprene molecules [30], and some C-O hydroxyl groups from non-rubber components in latex such as inorganic substances, proteins, phospholipids, carbohydrates, and fatty acids [16,31]. This suggested that no chemical bond was formed between TiO2 and NR polymer.



TENG electrical output is essentially a function of triboelectric charge density (σ) that forms upon contact electrification. For the contact mode TENG under open-circuit (OC) condition, the open-circuit voltage (Voc) is expressed by [32]


    V  o c   =   σ x  ( t )     ε 0      



(1)




and short circuit current (Isc) is given by


    I  s c   =   S σ  d 0  v  ( t )       (   d 0  + x  ( t )   )   2      



(2)




where ε0, S, d0, x(t), and v(t) are electrical permittivity of free space, contact area size, effective thickness constant, separation distance, and contact electrode velocity, respectively.



Triboelectric charge density depends on the material contact couple, contact area, as well as the charge storing ability of the surface. In the latter case, it refers to the dielectric constant of the material. For a contact-separation mode TENG which can be considered by a capacitive model, triboelectric charge is proportional to the capacitance of the device, which is given by [18]


   C =    ε 0   ε r  S  d    



(3)




where εr is dielectric constant and d is thickness of triboelectric material.



Dielectric constants of the NR-TiO2-B24h 0.1–0.5%wt films measured at the frequencies ranging from 102–108 Hz is presented in Figure 8. The dielectric constant at 1 kHz of the NR-TiO2-B24h was found to increase with TiO2 concentration. The improvement of dielectric constant in the NR-TiO2-B24h films with increasing TiO2 concentration was ascribed to the fact that TiO2 has a greater dielectric constant than NR. The addition of increasing TiO2 filler concentration to NR polymer matrix gave rise to the increasing dielectric constant of the composites. The dielectric constant contributed to the charge capacitance at the surfaces of triboelectric materials, which intensified triboelectric charges that attributed to the increased electrical output of the TENG.



The dependence of the output performance on the contact-separation frequency were also studied. The voltage and current outputs of the NR-TiO2-B24h 0.5%wt TENG were measured at operation frequencies ranging from 2–10 Hz, as presented in Figure 9a,b, respectively. It was found that electrical outputs depended on working frequency, and that the highest peak-to-peak voltage and current were 204 V and 13 µA, respectively, at a working frequency of 10 Hz. The increased electrical output was caused by charge retention on the surface due to a short contact-separation cycle at high frequencies.



The delivered power density of the NR-TiO2 TENG was also studied by measuring voltage and current at different load resistances ranging from 1–100 MΩ. The plot of voltage and current versus load resistances is shown in Figure 10a. The working power density of 200–237 mW/m2 was achieved at load resistances ranging from 3–20 MΩ and the maximum power density of 237 mW/m2 was achieved at a matched load resistance of 7 MΩ (Figure 10b), which was 3.6 times larger than that of pristine NR TENG (66 mW/m2). This electrical output was enough to charge up a 10, 22, and 47 µF capacitors, as presented in a voltage profile in Figure 10c, and was able to charge a 99 µF to operate a portable calculator and light up 60 green LEDs, as demonstrated in Figure 10d and Video S1 in the Supplementary Materials. In addition, a TENG device was fabricated which was able to light up 21 green LEDs by hand pressing, as demonstrated with the inset showing the schematic diagram of device components in Figure 10e.




4. Discussion


In the present work, the development of NR TENG with enhanced performance was demonstrated by the incorporation of TiO2 nanoparticles. The improved TENG performance was attributed to the enhanced triboelectric charge density by enhancing the dielectric constant of materials, as discussed in the previous section. TiO2 nanoparticles were employed as an effective filler for improving dielectric constant of NR composite film due to the high dielectric constant of TiO2. However, the agglomeration of nanoparticles suppressed the dispersion of nanoparticles in the NR matrix leading to an insignificant improvement of TENG performance, as presented in Figure 2. In this work, the simple and efficient approach to reduce the agglomeration of TiO2 nanoparticles using ball-milling was proposed. TiO2 nanoparticles were ball-milled prior to mixing with NR latex, which was found to effectively reduce the agglomeration of nanoparticles, as evidenced by SEM images (Figure 5), which then consequently produced the well-dispersion of TiO2 in NR-TiO2 composite films. In this work, the milling time of 24 h was found to efficiently reduce the agglomeration and produce the uniformly dispersed TiO2 in the NR films. The power output enhancement of the NR-TiO2-B24h was attributed to the improved dielectric constant due to the good dispersion of TiO2 nanoparticles. This suggested that ball-milling was an effective treatment to alleviate the agglomeration of TiO2 nanoparticles, which magnified the TENG electrical output to about 1.5 times higher than the untreated TiO2 composite TENG.



Comparing to other previous reports, the fabricated TENG showed a superior performance than the PDMS-Kapton-implanted TENG with a power density of 8.44 mW/m2 [33], the 2D woven wearable TENG fabricated from nylon and polyester threads with a power density of 2.33 mW/m2 [34], and approaching a propeller TENG made of PTFE and Al triboelectric materials with a power density of 283.95 mW/m2 [35]. In addition, comparing to the NR-based TENG, the NR-TiO2 TENG exhibited the comparable output power to the NR-Ag TENG in our previous report which was 262.4 mW/m2 [36]. The slightly lower TENG electrical output of the NR-TiO2 composite than that of the NR-Ag one was attributed to the lower dielectric constant of the NR-TiO2. The conductive Ag filler produced stronger interfacial polarization than the TiO2 semiconductor filler in the NR insulating matrix [37]. Therefore, the main contribution for the improved dielectric constant of NR-TiO2 was from the intrinsic dielectric property of TiO2, as described earlier.



One of the most attractive aspects for employing NR as triboelectric material is the ability to scale up the production for large-area energy harvesting, owing to its low fabrication cost and feasibility to form composite with other materials. Comparing to other triboelectric polymers mentioned above, the costs of NR and TiO2 are much lower. In addition, the fabrication process of NR-TiO2 composite in the present work is straightforward, low cost and effective, which is promising for the development of large-scale energy harvesting device.




5. Conclusions


The NR-TiO2 TENG for harvesting mechanical energy into electricity was successfully fabricated. The addition of rutile TiO2 nanoparticles at 0.5%wt of NR latex to form NR-TiO2 composite was found to enhance energy conversion efficiency of the TENG. The modification of TiO2 by the ball-milling technique for 24 h prior to mix with NR materials was found to effectively disintegrate TiO2 nanoparticles which consequently helped the dispersion of the nanoparticle fillers in the polymer matrix. Owing to the high dielectric constant of TiO2 fillers, the dielectric constant of the NR-TiO2-B24h film increased with increasing TiO2 concentration. The NR-TiO2-B24h film with improved dielectric constant attributed to the enhancement of TENG electrical output with the highest power density of 237 mW/m2. This work showed the potential applications of NR-TiO2 TENG as an environmentally friendly power source for portable electronic devices.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/polym13132213/s1, Video S1: The demonstrations of TENG to operate a portable calculator.





Author Contributions


Conceptualization, V.H.; Methodology, V.H. and W.B.; Performing experiment, W.B.; Validation, V.H., C.C., V.N.H.; Investigation, V.H. and W.B.; Writing—original draft preparation, V.H.; Writing—review and editing, V.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Research Fund of Khon Kaen University, grant number 1500147, the Research Network NANOTEC (RNN) program of the National Nanotechnology Center (NANOTEC), NSTDA, Ministry of Higher Education, Science, Research and Innovation (MHESI) and Khon Kaen University, Thailand, the Thailand Center of Excellence in Physics (ThEP), and Research and Graduate Studies, Khon Kaen University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the article.




Acknowledgments


This work was supported by the Research Network NANOTEC (RNN) program of the National Nanotechnology Center (NANOTEC), NSTDA, Ministry of Higher Education, Science, Research and Innovation (MHESI) and Khon Kaen University, Thailand, the Thailand Center of Excellence in Physics (ThEP), the Basic Research Fund of Khon Kaen University[Grant No. 1500147], and Research and Graduate Studies, Khon Kaen University. WB would like to thank for the support from Thailand Graduate Institute of Science and Technology (TGIST) (SCA-CO-2563-12216-TH).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fan, F.-R.; Tian, Z.-Q.; Lin Wang, Z. Flexible triboelectric generator. Nano Energy 2012, 1, 328–334. [Google Scholar] [CrossRef]

	



Wu, C.; Wang, A.C.; Ding, W.; Guo, H.; Wang, Z.L. Triboelectric nanogenerator: A foundation of the energy for the new era. Adv. Energy Mater. 2019, 9, 1802906. [Google Scholar] [CrossRef]

	



Ding, W.; Wu, C.; Zi, Y.; Zou, H.; Wang, J.; Cheng, J.; Wang, A.C.; Wang, Z.L. Self-powered wireless optical transmission of mechanical agitation signals. Nano Energy 2018, 47, 566–572. [Google Scholar] [CrossRef]

	



Yao, G.; Xu, L.; Cheng, X.; Li, Y.; Huang, X.; Guo, W.; Liu, S.; Wang, Z.L.; Wu, H. Bioinspired triboelectric nanogenerators as self-powered electronic skin for robotic tactile sensing. Adv. Funct. Mater. 2020, 30, 1907312. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhang, H.; Lin, Z.-H.; Liu, Y.; Chen, J.; Lin, Z.; Zhou, Y.S.; Wong, C.P.; Wang, Z.L. A hybrid energy cell for self-powered water splitting. Energy Environ. Sci. 2013, 6, 2429–2434. [Google Scholar] [CrossRef]

	



Zhu, J.; Zhu, M.; Shi, Q.; Wen, F.; Liu, L.; Dong, B.; Haroun, A.; Yang, Y.; Vachon, P.; Guo, X.; et al. Progress in teng technology—A journey from energy harvesting to nanoenergy and nanosystem. EcoMat 2020, 2, e12058. [Google Scholar] [CrossRef]

	



Wang, Z.L. Triboelectric nanogenerators as new energy technology for self-powered systems and as active mechanical and chemical sensors. ACS Nano 2013, 7, 9533–9557. [Google Scholar] [CrossRef]

	



Wang, M.; Zhang, N.; Tang, Y.; Zhang, H.; Ning, C.; Tian, L.; Li, W.; Zhang, J.; Mao, Y.; Liang, E. Single-electrode triboelectric nanogenerators based on sponge-like porous ptfe thin films for mechanical energy harvesting and self-powered electronics. J. Mater. Chem. A 2017, 5, 12252–12257. [Google Scholar] [CrossRef]

	



Liu, D.; Yin, X.; Guo, H.; Zhou, L.; Li, X.; Zhang, C.; Wang, J.; Wang, Z.L. A constant current triboelectric nanogenerator arising from electrostatic breakdown. Sci. Adv. 2019, 5, eaav6437. [Google Scholar] [CrossRef] [PubMed]

	



Ko, Y.H.; Nagaraju, G.; Lee, S.H.; Yu, J.S. Pdms-based triboelectric and transparent nanogenerators with zno nanorod arrays. ACS Appl. Mater. Interfaces 2014, 6, 6631–6637. [Google Scholar] [CrossRef]

	



Harnchana, V.; Ngoc, H.V.; He, W.; Rasheed, A.; Park, H.; Amornkitbamrung, V.; Kang, D.J. Enhanced power output of a triboelectric nanogenerator using poly(dimethylsiloxane) modified with graphene oxide and sodium dodecyl sulfate. ACS Appl. Mater. Interfaces 2018, 10, 25263–25272. [Google Scholar] [CrossRef]

	



Lee, J.P.; Lee, J.W.; Baik, J.M. The progress of pvdf as a functional material for triboelectric nanogenerators and self-powered sensors. Micromachines 2018, 9, 532. [Google Scholar] [CrossRef] [PubMed]

	



Shaikh, M.O.; Huang, Y.-B.; Wang, C.-C.; Chuang, C.-H. Wearable woven triboelectric nanogenerator utilizing electrospun pvdf nanofibers for mechanical energy harvesting. Micromachines 2019, 10, 672. [Google Scholar] [CrossRef]

	



Jian, G.; Meng, Q.; Jiao, Y.; Meng, F.; Cao, Y.; Wu, M. Enhanced performances of triboelectric nanogenerators by filling hierarchical flower-like TiO2 particles into polymethyl methacrylate film. Nanoscale 2020, 12, 14160–14170. [Google Scholar] [CrossRef] [PubMed]

	



Busolo, T.; Ura, D.P.; Kim, S.K.; Marzec, M.M.; Bernasik, A.; Stachewicz, U.; Kar-Narayan, S. Surface potential tailoring of pmma fibers by electrospinning for enhanced triboelectric performance. Nano Energy 2019, 57, 500–506. [Google Scholar] [CrossRef]

	



Candau, N.; Chazeau, L.; Chenal, J.-M.; Gauthier, C.; Munch, E. A comparison of the abilities of natural rubber (nr) and synthetic polyisoprene cis-1,4 rubber (ir) to crystallize under strain at high strain rates. Phys. Chem. Chem. Phys. 2016, 18, 3472–3481. [Google Scholar] [CrossRef] [PubMed]

	



Niu, S.; Wang, Z.L. Theoretical systems of triboelectric nanogenerators. Nano Energy 2015, 14, 161–192. [Google Scholar] [CrossRef]

	



He, X.; Guo, H.; Yue, X.; Gao, J.; Xi, Y.; Hu, C. Improving energy conversion efficiency for triboelectric nanogenerator with capacitor structure by maximizing surface charge density. Nanoscale 2015, 7, 1896–1903. [Google Scholar] [CrossRef]

	



Kim, D.; Jeon, S.-B.; Kim, J.Y.; Seol, M.-L.; Kim, S.O.; Choi, Y.-K. High-performance nanopattern triboelectric generator by block copolymer lithography. Nano Energy 2015, 12, 331–338. [Google Scholar] [CrossRef]

	



Zou, Y.; Xu, J.; Chen, K.; Chen, J. Advances in nanostructures for high-performance triboelectric nanogenerators. Adv. Mater. Technol. 2021, 6, 2000916. [Google Scholar] [CrossRef]

	



Fang, Z.; Chan, K.H.; Lu, X.; Tan, C.F.; Ho, G.W. Surface texturing and dielectric property tuning toward boosting of triboelectric nanogenerator performance. J. Mater. Chem. A 2018, 6, 52–57. [Google Scholar] [CrossRef]

	



Kim, Y.J.; Lee, J.; Park, S.; Park, C.; Park, C.; Choi, H.-J. Effect of the relative permittivity of oxides on the performance of triboelectric nanogenerators. RSC Adv. 2017, 7, 49368–49373. [Google Scholar] [CrossRef]

	



Chen, J.; Guo, H.; He, X.; Liu, G.; Xi, Y.; Shi, H.; Hu, C. Enhancing performance of triboelectric nanogenerator by filling high dielectric nanoparticles into sponge pdms film. ACS Appl. Mater. Interfaces 2016, 8, 736–744. [Google Scholar] [CrossRef] [PubMed]

	



Shi, K.; Zou, H.; Sun, B.; Jiang, P.; He, J.; Huang, X. Dielectric modulated cellulose paper/pdms-based triboelectric nanogenerators for wireless transmission and electropolymerization applications. Adv. Funct. Mater. 2020, 30, 1904536. [Google Scholar] [CrossRef]

	



Zhu, T.; Gao, S.-P. The stability, electronic structure, and optical property of tio2 polymorphs. J. Phys. Chem. C 2014, 118, 11385–11396. [Google Scholar] [CrossRef]

	



Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.; Horiuchi, Y.; Anpo, M.; Bahnemann, D.W. Understanding TiO2 photocatalysis: Mechanisms and materials. Chem. Rev. 2014, 114, 9919–9986. [Google Scholar] [CrossRef]

	



Hanaor, D.A.H.; Sorrell, C.C. Review of the anatase to rutile phase transformation. J. Mater. Sci. 2011, 46, 855–874. [Google Scholar] [CrossRef]

	



Wypych, A.; Bobowska, I.; Tracz, M.; Opasinska, A.; Kadlubowski, S.; Krzywania-Kaliszewska, A.; Grobelny, J.; Wojciechowski, P. Dielectric properties and characterisation of titanium dioxide obtained by different chemistry methods. J. Nanomater. 2014, 2014, 124814. [Google Scholar] [CrossRef]

	



Ali, I.; Suhail, M.; Alothman, Z.A.; Alwarthan, A. Recent advances in syntheses, properties and applications of TiO2 nanostructures. RSC Adv. 2018, 8, 30125–30147. [Google Scholar] [CrossRef]

	



Longseng, R.; Khaokong, C. Hexamethylene diamine-modified epoxidized natural rubber and its effect on cure characteristics and properties of natural rubber blends. Iran. Polym. J. 2020, 29, 1113–1121. [Google Scholar] [CrossRef]

	



Tanaka, Y. Structural characterization of natural polyisoprenes: Solve the mystery of natural rubber based on structural study. Rubber Chem. Technol. 2001, 74, 355–375. [Google Scholar] [CrossRef]

	



Niu, S.; Wang, S.; Lin, L.; Liu, Y.; Zhou, Y.S.; Hu, Y.; Wang, Z.L. Theoretical study of contact-mode triboelectric nanogenerators as an effective power source. Energy Environ. Sci. 2013, 6, 3576–3583. [Google Scholar] [CrossRef]

	



Zheng, Q.; Shi, B.; Fan, F.; Wang, X.; Yan, L.; Yuan, W.; Wang, S.; Liu, H.; Li, Z.; Wang, Z.L. In vivo powering of pacemaker by breathing-driven implanted triboelectric nanogenerator. Adv. Mater. 2014, 26, 5851–5856. [Google Scholar] [CrossRef]

	



Liu, J.; Gu, L.; Cui, N.; Bai, S.; Liu, S.; Xu, Q.; Qin, Y.; Yang, R.; Zhou, F. Core-shell fiber-based 2D woven triboelectric nanogenerator for effective motion energy harvesting. Nanoscale Res. Lett. 2019, 14, 311. [Google Scholar] [CrossRef] [PubMed]

	



Roh, H.; Yu, J.; Kim, I.; Chae, Y.; Kim, D. Dynamic analysis to enhance the performance of a rotating-disk-based triboelectric nanogenerator by injected gas. ACS Appl. Mater. Interfaces 2019, 11, 25170–25178. [Google Scholar] [CrossRef] [PubMed]

	



Suphasorn, P.; Appamato, I.; Harnchana, V.; Thongbai, P.; Chanthad, C.; Siriwong, C.; Amornkitbamrung, V. Ag nanoparticle-incorporated natural rubber for mechanical energy harvesting application. Molecules 2021, 26, 388. [Google Scholar] [CrossRef] [PubMed]

	



Kao, K.C. 2. Electric polarization and relaxation. In Dielectric Phenomena in Solids; Kao, K.C., Ed.; Academic Press: San Diego, CA, USA, 2004; pp. 41–114. [Google Scholar]








[image: Polymers 13 02213 g001 550] 





Figure 1. Schematic diagram of the device configuration for measuring energy conversion performance with working mechanism of the fabricated TENG under a vertical-contact separation mode with single electrode configuration. 
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Figure 2. (a) Electrical output voltage and (b) current of the NR-TiO2 0.1–0.5%wt. 
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Figure 3. Electrical voltage and current of (a,b) NR-TiO2-B6h TENG, (c,d) NR-TiO2-B12h, (e,f) NR-TiO2-B24h 0.1–0.5%. 
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Figure 4. Electrical voltage and current of NR TENG and the NR-TiO2-composite TENGs fabricated from ball-milled TiO2 at 6, 12, and 24 h at 0.1–0.5%wt concentration. 
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Figure 5. SEM images of the pristine NR film, NR-TiO2, NR-TiO2-B6h, NR-TiO2-B12h and NR-TiO2-B24h composite films at 0.5%wt with the insets of their TiO2 particles fillers. 
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Figure 6. Digital photograph of the NR and NR-TiO2-B24h 0.1–0.5%wt. 
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Figure 7. (a) XRD spectra of as-received TiO2 and ball-milled TiO2 at 6, 12, and 24 h. (b) FTIR spectra of the NR film and NR-TiO2-B24h 0.5%wt composite film. 
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Figure 8. Dielectric constant of the NR-TiO2-B24h 0.1–0.5%wt. 






Figure 8. Dielectric constant of the NR-TiO2-B24h 0.1–0.5%wt.



[image: Polymers 13 02213 g008]







[image: Polymers 13 02213 g009 550] 





Figure 9. The frequency dependence of (a) electrical voltage and (b) current of the NR-TiO2-B24h 0.5%wt TENG. 
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Figure 10. (a) The plot of voltage and current output versus load resistance and (b) Power density of the NR-TiO2-B24h 0.5%wt TENG compared to NR TENG. (c) Voltage profile of TENG to charge up the 10, 22, and 47 µF capacitors. (d) The demonstrations of TENG to operate a portable calculator (top) and to light up 60 green LEDs (bottom). (e) The fabricated TENG device able to light up 21 green LEDs by hand pressing with the inset showing a schematic diagram of device components. 
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