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Triboelectric Nanogenerators (TENGs) have been regarded as an effective method to solve the energy problem since they were first demonstrated in 2012. Due to their high-power generation and low cost, TENGs have been widely applied in the fields of energy, security, biomedicine, the environment, and so on. For now, many researchers are focusing on contact electrification (CE) and surface modification in order to discover the fundamental CE mechanism and approaches to further enhance the performance of TENG devices. In this work, we employ gamma radiation ([image: image] ray) to induce surface modifications on the dielectric materials (polymers in this work) and study its influence on CE. It is found that, due to the high energy of [image: image] ray, some chemical bonds in polymers are destroyed and reformed. This changes the electron density of the polymer molecule, and thus varies the electron transfer ability of the dielectric materials. Afterward, polytetrafluoroethylene (PTFE) and polyvinyl chloride (PVC) become more negative, and polyethylene terephthalate (PET) become the opposite. Kapton, in particular, remains stable even after 1 MGy-dose radiation. This study reconfirms that electron transfer is the dominant process for polymers-related CE. It also suggests that triboelectric nanogenerators could be fabricated with materials possessing a high anti-radiation ability, and used for sensing or energy generation in space or other environments where radiation exists.
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INTRODUCTION
With a rapid increase in portable electronics and wireless sensing networks, triboelectric nanogenerators (TENGs) as a sustainable power source that can scavenge ambient mechanical energy for these devices is a research focus. Various approaches based on piezoelectric (Chang et al., 2010; S. Q.; Lin, Xu, Zhu, et al., 2019; Wang and Song., 2006; S.; Xu et al., 2010; Yang et al., 2009), electromagnetic (Glynne-Jones et al., 2004; Beeby et al., 2007), and electrostatic (Mitcheson et al., 2004; Naruse et al., 2009) effects have been demonstrated for decades. Recently, combining contact electrification (CE) and the electrostatic induction effect, TENGs are newly-invented (Fan et al., 2012; Wang, 2013; Wang et al., 2015; Fan et al., 2016). They are driven by the displacement current derived from the Maxwell equations (Z. L. Wang, 2017a; Wang, 2020), and their desirable features include low cost, diverse materials choices, a significant high-power output, and a high energy conversion efficiency (Tang et al., 2015). TENGs have the promise to enable self-powered, autonomous electronics and potentially large-scale power generation (Z.L. Wang, 2017b).
However, the output is dictated by the contact electrification (CE) induced charge density at the interface (Zi et al., 2015; Xia et al., 2020). Many researchers are focusing on investigating the CE mechanism and surface modifications in order to find out the fundamental theory and approaches to further enhance the performance of TENG devices. Xu et al. and Lin et al. discovered the thermal electron emission in the CE process between two inorganic solids (S. Q. Lin, Xu, Xu, et al., 2019; C. Xu et al., 2018), and then Lin et al. found out the influence of photoelectric effect on the CE process (S. Q. Lin, Xu, Zhu, et al., 2019). These works pointed out that electron transfer plays a dominant role during solid CE processes. As for the surface modification, chemical (Cheong et al., 2021), or physical (Jeong et al., 2014) methods are widely employed before, as discussed in the literature (Fan et al., 2016). Recently, Chen et al. first developed He ion irradiation, and successfully manipulated the triboelectric surface charge density of polymers (Li et al., 2020). Weng et al. studied the microstructure, mechanical, and tribological properties of gamma-irradiated polymers (Chai et al., 2021).
In this work, we investigated the polymer-metal contact electrification, and these polymers were treated with gamma radiation, one of the mature material surface chemotherapy(Rosiak et al., 2002; Khatipov et al., 2009). After treatment, it was found that, due to the high energy of the γ ray, some chemical bonds in the polymer, including C-F and C-Cl in PTFE and PVC, were destroyed, respectively, and then some C=C bonds were formed. This changed the electron transfer ability of the original polymer molecule. As a consequence, the CE process between PTFE/PVC and metal was enhanced. Meanwhile, Kapton remained stable even after a 1 Mgy-dose radiation, indicating it could be feasibly used for sensing or energy generation in space, or environments where radiation exists.
RESULTS AND DISCUSSIONS
Four kinds of dielectric materials were chosen: polytetrafluoroethylene (PTFE), polyimide (Kapton), polyvinyl chloride (PVC), and polyethylene terephthalate (PET). Samples were put in the radiation condition at room temperature at 1 atm pressure. The gamma irradiation was provided by a 60Co source at dose rates of 0.06, 0.1, and 1 Gy/s, in the Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics. Figure 1A shows a schematic of radiation-induced reactions that might occur. Figure 1B illustrates the electrical measurement setup. Radiation-treated samples were fixed on the right part, with its back-side coated with the induction electrode; aluminum served as the contact metal and was fixed on the left part. A linear motor was employed for periodical contacts and separations. This configuration simply forms a triboelectric nanogenerator (TENG), whose output performance reflects the CE process between aluminum and polymers. The measurement principle is shown in Figure 1C. When aluminum contacts the polymer, charges will be formed at the interface. As reported in the literature (L. Lin et al., 2013; Tang et al., 2014), Al is normally positively charged, whereas the polymer is negatively charged. When the Al moves upward (from state i to state ii), the charges at the interface regions are separated, which will induce a higher potential in Al than in the polymer; thus the electrons in the induction electrode will be driven to flow to Al through the external circuit (forming a current flow in the reverse direction, Figure 1C-ii). In this process, electrons keep flowing until the Al reaches the farthest point, which is represented by Figure 1C-iii. At this moment, the amount of transferred charges between the two electrodes reaches the maximum value, strongly related to the charge density in the CE interface (Zi et al., 2015). As Al moves backward, the electrons will flow back in the opposite direction from Al to the induction electrode (Figure 1C-iv). The entire period is completed.
[image: Figure 1]FIGURE 1 | (A) Gamma radiation-induced modifications on the polymer; (B) experimental testing setup; (C) the sketch of the measurement principle; (D) the measured data of the PTFE TENG with the triggering frequency of 1 Hz: voltage, transferred charge; and a charge comparison of the PTFE, Kapton, PVC, and PET TENG.
The electrical characteristics of the original samples were measured at a triggering frequency of 1 Hz. As for the PTFE, the open-circuit voltage (Voc), and the transferred charges (Q) are displayed in Figure 1D. It can be observed that the PTFE TENG delivered an output performance as Voc = 27 V and Q = 12 nC. Outputs of Kapton, PVC, and PET TENG are plotted in Supplementary Figure S1. Transferred charges of four materials are compared in Figures 1D-iii. Kapton achieved the highest value of 16.6 nC. PVC and PET obtained 9 and 9.5 nC, respectively. Since the transferred charges are strongly correlated with the surface charge density at the interface, it is selected as the evaluation criteria in our experiments.
Then, we irradiated samples at a fixed rate of 1 Gy/s, with different doses, including 0, 1, 5, 10, 20, 50, and 100 kGy. Testing results are plotted in Figures 2A–D. As for PTFE, the output charge Q was around 11–12 nC, when the radiation dose was small. As the dose increased to 10 kGy, Q got larger, up to 13.8 nC. When the dose came to 20 kGy, Q reached 20.7 nC, showing an apparent enhancement. Afterward, Q remained relatively stable with the radiation dose increasing further. This result implies that the gamma radiation induces modifications at the PTFE surface, which further enhances the CE process. In contrast, Kapton, PVC, and PET were also tested and illustrated in Figures 2B–D. It is found that Kapton samples remained stable with an output charge around 15–17 nC. PVC showed a similar behavior as the PTFE did. Whereas, PET’s output decreased with the increase of the radiation dose.
[image: Figure 2]FIGURE 2 | Output charges of four polymers under various doses at a certain radiation rate of 1 Gy/s: (A) PTFE; (B) Kapton; (C) PVC; (D) PET. As the radiation dose goes up, the output charge of PTFE gets larger. Kapton kept stable. PVC shows a similar behavior as PTFE, whereas PET shows an opposite trend. Output under various rates at a fixed dose of 20 kGy: (E) PTFE; (F) Kapton; (G) PVC; (H) PET. Kapton still shows as very stable. PTFE and PVC’s output becomes higher, whereas PET’s becomes lower, as the radiation rate increases.
Subsequently, we examined the influence of the radiation rate on the CE process, with a fixed dose of 20 kGy. Results are shown in Figures 2E–H. It can be found that the influence of the rate is similar to that of the dose, which can be explained that the stronger radiation rate leads to more reactions in the material with a certain duration, and thus induces more modifications.
To figure out what was introduced at the surface by the γ ray, we did Raman and Fourier Transform Infrared Spectroscopy (FTIR) tests on the samples. Taking PTFE as an example, Raman tests on samples under 0, 10, 20, and 100 kGy radiation dose are presented in Figure 3A. As we can see, around 733 cm−1, there is an obvious peak, representing the vibration of–CF2 (Stuart and Briscoe., 1994). However, as the radiation dose increased, the intensity of the peak was lowered gradually, meaning the concentration of -CF2 decreased. According to the previous literature, some C=C bonds formed instead (Khatipov et al., 2009). The main reaction is shown in Figure 5B. Primary products yielded by radiation exposure of PTFE are terminal (·CF2–CF2–) and middle (–CF2–·CF–CF2–) fluoroalkyl macroradicals resulted from the detachment of fluorine atoms and polymer main-chain scission. Then, reactions of atomic fluorine with the middle and terminal radicals yield middle and terminal double bonds. Since PVC processes a similar molecular structure as PTFE, it shows the similar behavior, i.e. Cl atoms partly detached, and C=C double bonds formed (Supplementary Figure S2). Particularly, in Supplementary Figure S1, there is a small swell around 1,600 cm−1 for the irradiated PVC, meaning the formation of C=C bonds. Comparatively, Kapton’s Raman test showed no obvious change after long-term radiation, corresponded to its stable performance.
[image: Figure 3]FIGURE 3 | FTIR and Raman analysis of PTFE samples: (A) Raman test and zoom in CF2 vibration peak, a slight decrease shows that some C-F bond got broken (similar with the result of PVC samples, Supplementary Figure S2); (B) possible reactions under gamma radiation; (C) FTIR test and zoom in CF2 vibration peak, corresponding with Raman test; (D) optical images of PTFE samples, showing that PTFE after long-time radiation become crumbly.
We also analyzed PTFE samples through FTIR, as shown in Figure 3C. Peaks around 1,150 cm−1 and 1,200 cm−1 stand for -CF2’s stretching vibration and C-C’s vibration. That around 650 cm−1 represents -CF2’s out-of-plane bending vibration. These peaks all show a decrease with the radiation dose increasing, which indicates the detachment of fluorine atoms from the main chain, consistent with the above experiments and analysis. Furthermore, we post PTFE samples’ optical images in Figure 3D. No obvious change can be seen, except for the long-term irradiated samples, which are getting crumbly.
Subsequently, we utilized the first-principle calculation to analyze the change caused by the dielectric material’s molecular structure variation. Figures 4A, B shows the sections of the original PTFE chain and the irradiated PTFE chain (both are terminated with F atoms in the calculations). We assumed C=C bonds are formed between the second and the third C atoms when the C-F bonds are broken. Figures 4C, D presents the difference in electron density of the two molecular models. It shows that, after detaching F atoms, the molecule’s lowest energy state is changed. Thus, its molecular configuration and difference electron density are altered. As a consequence, it leads to a change in the molecular electronic affinity. As shown in Figures 4E, F, it will take up 3.76 eV energy for the original PTFE molecule to get an electron; on the contrary, the new molecule will only take up 0.50 eV energy to get an electron. Therefore, the contact electrification between the irradiated samples and metal was enhanced, which also implies the CE mechanism is related to the behavior of electrons in the interface.
[image: Figure 4]FIGURE 4 | First-principle calculation: (A) The original PTFE molecular (part of the chain); (B) the one after gamma radiation, where some C-F bonds are broken, C=C bonds formed; (C) (D) compares the electron difference density of the two molecular models, which suggests that the chemical bond change leads to the change of the electron distribution in the molecular structure, and thus, affect the material’s characteristics, such as the electron attracting ability. (E) The first-principle calculation shows that it will take up 3.76 eV energy for the original PTFE molecular to get an electron; (F) The revised molecular will only take up 0.50 eV energy to get an electron. The above experiment implies that the contact electrification between the gamma-ray irradiated PTFE and metal is enhanced, which also implies the CE mechanism is related to the behavior of electrons in the interface.
Moreover, it is worth noting that the Kapton’s output is stable after the gamma radiation (Figures 2B, F). Raman and FTIR tests also confirmed this (Supplementary Figure S3 and Supplementary Figure S4). As we know, the Galactic Cosmic Rays consist of protons (85%), alpha particles (helium nuclei) (14%), and other rays (less than 1%) (Figure 5A-i). (Normally, to simulate the total-dose response of electronic devices in the natural space environment, the most common laboratory sources are moderate dose rate Co60 (Schwank et al., 2013)) In addition, there exists other working conditions filled with the high-intensity γ ray (Figure 5A-ii). In that case, a self-powered sensor or power source with high radiation resistance would be required. Therefore, we did a further demonstration and found that even after 1 million doses of gamma radiation, the Kapton TENG delivered a stable output, as shown in Figure 5B. Moreover, we used the Kapton TENG to charge a 22 μF capacitor. It can be seen from Figure 5C, that after 6–7 min of triggering with a frequency of 5 Hz, the capacitor’s voltage reached above 3 V, capable of driving some intermittent sensing and data transmitting, or sending an SOS distress signal (Chen et al., 2018).
[image: Figure 5]FIGURE 5 | Kapton TENG shows stability during the gamma radiation, which suggests it could be feasible for sensing or energy harvesting (A) in space or under some radiation conditions. (B) Radiation stability of the Kapton TENG ranges from 0 to 1,000 kGy; (C) Kapton TENG charges a 22 uF capacitor to 3 V within 6–7 min.
CONCLUSION
In summary, we introduced gamma-ray radiation to probe the contact electrification between the polymer and the metal. It indicated that, after radiation, the electron affinity of the polymer varied, and significantly changed TENG devices’ output. This reconfirms that the CE mechanism, between the metal and the polymer, is related to the behavior of electrons in the interface. Moreover, this study shows that, as a dielectric material in TENG, Kapton possesses a high radiation resistance, making it able to be used for sensing or energy generation in space, or environments where radiation exists.
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