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Graphene has excellent properties such as ultra-high electrical conductivity, high carrier mobility, and thermal conductivity, with a promising application in the field of triboelectric nanogenerators (TENGs). We present a systemic investigation to explore structural, optical, and temperature-dependent properties of single- and bi-layer graphene on SiC substrates, prepared by the decomposition of SiC and transferred substrate methods and their applications in TENGs. Compared to the transferred graphene onto a SiC substrate, graphene grown by the decomposition of SiC has a better crystalline quality and surface morphology, fewer impurities, and a more stress effect between graphene and the substrate. It also exhibited a longer correlation length of Raman phonons, implying better crystalline perfection. With the increase in temperature, the phonon correlation length, L, increases synchronously with TENG outputs. Among them, the TENG with a bi-layer graphene grown by the decomposition of SiC showed the best performance, especially at high temperatures. These studies provide an essential reference for further applications of graphene on SiC substrates in TENG-based devices.
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1 INTRODUCTION
Triboelectric nanogenerators (TENGs) can convert mechanical energy into electrical energy for power supply without polluting the environment (Wang, 2020; Wu et al., 2019). As an emerging distributed energy technology, TENGs are widely used in various fields such as renewable energy, electronic information, communications, and health care. To improve the performance of TENGs, materials which are prone to charge transfer are highly desirable. Monolayer graphene is an ultra-thin two-dimensional material, and the distance between C-C is about 0.142 nm (Malard et al., 2009), owning unique mechanical, electrical, and optical properties. Its excellent properties have promoted the development of electronic devices and sensor devices (Abanin et al., 2007; Balandin et al., 2008; Kane and Mele, 2005; Zhang et al., 2005), and also attract extensive attention to TENG applications.
Many TENG devices used graphene material. For example, silver nanowires (AgNWs)/redox graphene (rGO) composites were used as conductive layers to prepare a super stretch-based flexible self-powered electronic skin (e-skin) for triboelectric nanogenerators (Zhou et al., 2020). Graphene oxide (GO) nanosheets and graphene oxide nanoribbons (GONRs) were made into graphene paper as electrodes for TENGs, resulting in self-powered humidity sensors that are sensitive to water molecule adsorption (Ejehi et al., 2021). A photothermoelectric generator that integrated graphene (G) and graphene oxide (GO) composite films has been studied to make graphene-based light-driven sensors with self-powered sensing functions (Zhou et al., 2021). In addition, fibers with coated graphene were used to prepare wearable sensors that can monitor key motion during basketball and football games (Zhang et al., 2018). In these studies, graphene was mostly used as nanosheets and tiny fragments which acted as additives in other materials and then applied to TENGs as electrodes. However, graphene films that possess excellent properties are rarely explored in TENG applications. In addition, most graphene electrodes for TENG devices were studied at room temperature. But few studies revealed their temperature-dependent properties and high-temperature applications in TENGs.
Currently, graphene on SiC substrates is one of the preferred materials for the new generation of microelectronic and optoelectronic devices because of its high carrier mobility and large-scale growth prospects (W. Strupinski et al., 2011) and also a promising material in the field of TENGs. Moreover, SiC is an excellent high-temperature-resistant material for developing high-temperature devices. There is a lack of reports about the related properties of graphene on SiC substrates under variable temperature conditions and their application in TENG as an electrode layer at high temperatures. In this study, we perform a systematical investigation on the microstructure, Raman scattering spectral properties, and variable temperature properties of single- and bilayer graphene on SiC substrates prepared by both the decomposition of SiC and the transferred substrate method. By performing atomic force microscopy (AFM), scanning electronic microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), the surface morphology, surface components, and covalent bond type of graphene were analyzed, and its crystal quality, impurities, and surface adsorption nature were studied. The temperature dependence of graphene was investigated by temperature-variable Raman scattering spectroscopy. Furthermore, based on the spatial correlation theory, we discussed the correlation length in the lattice and its variation with the temperature. Finally, these graphene films as an electrode layer of TENGs and their power generation performances are investigated at room temperature and at high temperatures.
2 MATERIALS AND EXPERIMENTS
Experimental samples studied in this work were prepared by the transferred graphene method and decomposition of SiC, respectively. The semi-insulation Si-face 4H-SiC wafers, about 400 μm thick, were used as substrates. The SiC-based graphene samples from the transferred graphene method were produced as follows: first, the single-layer and bilayer graphene were grown on the copper foil by the CVD method, and subsequently transferred to a 4H-SiC substrate through a standard process to obtain SiC-based graphene samples, labeled S1 and S2, respectively. From the decomposition of SiC method, 4H-SiC was used as the substrate, and the SiC (0001) surface was cleaned by chemical mechanical polishing and a standard RCA process. After H2 etching pretreatment on SiC at 1500～1600°C, the SiC (0001) surface is cleaved at a high temperature under an Ar atmosphere, and bilayer graphene was grown on the Si-terminated 4H-SiC (Si-SiC), which is marked as sample S3. The size of the experimental samples is 1 × 1 cm2.
Graphene samples were measured by AFM (Model Dimension Icon, Company BRUKER NANO INC.), SEM (Model Zeiss Sigma 500, Company Zeiss), and XPS (Model ESCALAB 250XL +, Company Thermo Fisher Scientific). Through regional surface scanning using a Dimension Icon semi-contact AFM from BRUKER NANO INC.,. Micro-region surface topography and surface roughness properties were obtained. A Zeiss Sigma 500 thermal field-emission SEM was used to measure the quality and morphology of the graphene sample. Raman spectroscopy measurements of graphene were obtained using a confocal micro-Raman spectrometer (Model LabRAM HR Evolution, Company Horiba), visualized using a ×50 objective, with the spectra recorded using 1,800 lines/mm grating. During the temperature change process, liquid nitrogen was used for temperature control and water was circulated for heat preservation in the high-temperature part. The graphene samples were all measured under the excitation of a 532 nm laser.
3 MEMBRANE-FORMING QUALITY AND SURFACE PROPERTIES
The micro-area surface scanning of the graphene sample was performed with an AFM, and the surface morphology and the graphene film’s surface roughness properties were obtained. Figures 1A,C,E are the AFM images of graphene samples S1, S2, and S3, respectively. Figures 1B,D,F are their SEM images. In Figure 1, the cracks can be seen at the fracture surface of the transferred graphene onto the SiC substrate, whereas the graphene grown by the decomposition of SiC is smooth, crack-free, but with a few wrinkles. The average roughness of graphene samples S1, S2, and S3 are 2.95, 2.03, and 0.443 nm, respectively.
[image: Figure 1]FIGURE 1 | AFM and SEM images of (A,B) are for the single-layer graphene (S1) and (C,D) are for bilayer graphene (S2), both prepared by the transferred graphene. (E,F) are the AFM and SEM images of bilayer graphene (S3) prepared by the decomposition of SiC, respectively.
The surface bonding properties and atomic component analyses of the bilayer graphene prepared by both methods were examined by XPS. The XPS spectra of sample S1 are given in Supplementary Figure S1. The XPS spectra of graphene samples S2 and S3 are shown in Figure 2. Figure 2A shows the XPS spectra of the bilayer graphene in two different preparation methods, and Figures 2B–D are the O1s, Si2p, and C1s core-level spectra of graphene samples S2 and S3, respectively. It can be seen from the map that the surface of the bilayer transferred graphene onto the SiC substrate mainly contains C, O, Si, and N, whereas the surface of the bilayer graphene grown by the decomposition of SiC mainly has C, O, and Si, without N.
[image: Figure 2]FIGURE 2 | XPS electron spectra of the two types of bilayer graphene that were prepared by the substrate transfer method and the SiC pyrolysis method, respectively. (A) XPS spectra of bilayer graphene prepared by the two methods. (B–D) Spectra of O1s, Si2p, and C1s elements of the substrate-transferred bilayer graphene (S2) and SiC pyrolysis bilayer graphene (S3), respectively.
To determine the surface bonding type and elemental composition of the graphene samples, data fitting analyses were performed on the spectra of Figures 2A–C. As shown in the O1s spectra of Figure 2B, O1s is mainly contained in two chemical states of C=O/C-O, where the C=O and C-O bond binding energies of graphene sample S3 are located at 531.8 and 533.6 eV, respectively. The C=O and C-O bond binding energies of graphene sample S2 are located at 531.1 and 531.8 eV, respectively. The composition ratio of graphene sample S3 C=O/C-O is about 0.89/0.11, while the C=O bond and C-O bond of graphene sample S2 are 0.53 and 0.47, respectively. The components of the Si2p spectra in Figure 2C are associated with the SiC substrate. It is found that the intensity of the Si component at the 101.7 eV binding energy of graphene sample S3 is lower than that of the Si component at the 102.5 eV binding energy of graphene sample S2, which is due to the Si pyrolysis during the preparation of graphene by the decomposition of SiC. As seen from the C1s spectra in Figure 2D, the C1s in the two kinds of bilayer graphene mainly shows SiC (component ratio S3: 0.16, S2: 0.08), SiCxOy (component ratio S3: 0.12, S2: 0.10), C=C (component ratio S3: 0.34, S2: 0.37), C-C (component ratio S3: 0.17, S2: 0.25), C-O (component ratio S3: 0.11, S2: 0.19), and C=O (component ratio S3: 0.08, S2: 0.01) chemical states, and all show the main peak related to the 4H-SiC substrate, the G peak of the graphene and carbon interface layer, the so-called buffer layer (Hu et al., 2021). The principal peak with the binding energy of graphene sample S3 in the C1s spectrum is at 284.2 eV, and for the graphene sample S2, the principal peak with the binding energy is at 283.1 eV, both mainly contributed by the sp2 hybridization of the carbon atoms (Sheng et al., 2011). The C-O and C=O bonds’ binding energies of graphene sample S3 are located at 285.7 and 288.5 eV, respectively, and the C-O and C=O bonds’ binding energies of graphene sample S2 are located at 284.2 and 287.9 eV, respectively. The relevant results from the O1s and C1s spectra show that the substrate transfer method’s C-O and C-C bonds obtained have a higher composition ratio, indicating that the substrate transfer method still has residual solvent components during the transfer process (Ochoa-Martinez et al., 2015). In addition, according to the results of the Si2p spectrum, the components of the SiCxOy (component ratio 0.57) and the Si-O bond (component ratio 0.12) in the substrate transfer of the bilayer graphene are higher than the SiCxOy (component ratio 0.35) and the Si-O bond (component ratio 0.10) in the pyrolytic graphene, indicating that more oxygen will be adsorbed during the substrate transfer of bilayer graphene. The XPS of Figure 2 reveals different degrees of oxidation and impurity adsorption on the surfaces of both bi-layer graphene and pyrolytic graphene.
4 RAMAN SCATTERING SPECTRA AND VARIABLE TEMPERATURE PROPERTIES
4.1 Study on Raman Scattering Spectra of SiC-Based Graphene at Room Temperature
When graphene is used as the TENG electrode material, it is necessary to have a certain understanding of the relevant properties of the graphene material and the carrier concentration at room temperature, which is very important for the output characteristics of the TENG. Figures 3A,B show the room-temperature (RT) Raman spectra of the graphene samples S1, S2, and S3, respectively. Figures 3C,D correspond to the Lorentz fittings of the Raman peaks. In Figure 3A, sample S3 has a distinct second-order Raman peak of 4H-SiC in the range of 1,400 cm−1–2,000 cm−1 (Burton et al., 1999), and the Raman spectrum of 4H-SiC at room temperature is shown in Figure S2 in the Supporting Information, where the G peak’, D′ peak, partially overlaps the TO mode of substrate 4H-SiC, thus requiring a fit by the Lorentzian peak. There is also a weak band in the range of 1200–1400 cm−1. It can be signed to be the D peak of graphene for samples S1 and S2. But for sample S3, it may overlap with the spectrum of the buffer layer (F. Fromm et al., 2013), and we did not discuss this band here.
[image: Figure 3]FIGURE 3 | Room-temperature Raman spectra of graphene samples (S1), (S2), and (S3), respectively. (A,B) are the Raman spectra of the samples (S1), (S2), and (S3), respectively. (C,D) are the Lorentz fitting of the samples (S1), (S2), and (S3), respectively.
By the Lorentzian fit (see Figure 3C), the position of the G peak (PosS1(G)) of sample S1 is at 1580 cm−1, the full width at half maximum (FWHMS1(G)) is 28.5 cm−1, and the 2D-peak (PosS1(2D)) is at 2669 cm−1. The PosS2(G) of sample S2 is at 1578 cm−1, the FWHMS2(G) is 23.7 cm−1, and the PosS2(2D) is at 2,691 cm−1. As seen in Figure 3D, the sample S3 PosS3(G) is at 1,578 cm−1, its FWHMS3(G) is 16.4 cm−1, and PosS3 (2D) is at 2,692 cm−1. Compared with samples S1 and S2, it is worthy to note that the 2D peak of sample S3 has blue shifts of about 1 cm−1 and 23 cm−1, respectively. That would be attributed to the strong interaction between the SiC substrate and graphene. As shown in Supplementary Figure S3, we performed Raman mapping on its G peak and 2D-peak, and the results showed that sample S3 has a larger proportion of bilayer graphene.
4.2 Study on the Thermal Properties of Graphene on SiC Substrates
It is well known that temperature has a certain influence on the surface charge density and the carrier mobility of electrode materials of TENGs, thereby affecting the electrical output of TENGs. The temperature characteristics such as stress-strain and carrier concentration of graphene are studied as follows. Graphene and SiC have opposite thermal expansion coefficients. Within a specific temperature range, as the temperature rises, graphene exhibits a negative thermal expansion coefficient and shrinks, whereas SiC exhibits a positive thermal expansion coefficient and expands. Therefore, graphene shrinks inward when the temperature rises, whereas the SiC substrate expands outward, and the impact of the SiC substrate on graphene possesses a tensile force. As the temperature drops, graphene expands outward, whereas the SiC substrate contracts inward, thus, the substrate acts as a compressive force on graphene.
The bidirectional variable temperature properties of graphene on the SiC substrate are studied as follows. The temperature rising range is 80–500 K and the cooling field is 300–80 K; each temperature change interval is 30 K. The Supplementary Figure S2 shows the frequency shifts of the Raman G peak of graphene samples S1, S2, and S3 as a function of bidirectional temperature. Figures 4A–D are the discrete graphs of the temperature-dependence (T-dependence) of Pos(G) and Pos(2D) of samples S1 and S2, and S3 with increasing (80–500 K) and decreasing (300–150 K) temperatures. It can be observed in Figures 4A–D that the G-peak gradually red-shifts when the temperature rises, indicating that graphene is under tensile stress, while the G-peak slowly blue-shifts as the temperature falls from room temperature (RT), indicating that graphene is under compressive stress. The Pos(G) is closely related to the sp2 carbon bond, and the C=C bond and phonon anharmonicity affect the peak shifts during the heating process (Ci et al., 2003; Burton, and Long, Feng, Ferguson., 1999). Because of the thermal expansion coefficient mismatch between the 4H-SiC substrate and graphene during the heating process from 80 to 500 K, the anharmonicity phonons will gradually dominate. Therefore, the variable temperature will lead to stress and phonon anharmonicity in graphene and the substrate (Alofi and Srivastava, 2013; Linas et al., 2015; Tian et al., 2016; Yoon et al., 2011).
[image: Figure 4]FIGURE 4 | Temperature dependence of Pos (G) and Pos (2D) of samples S1, S2, and S3. (A–D) show the discrete graphs of Pos(G) and Pos(2D) of graphene prepared by different methods, cooled from room temperature to 80 K, and then heated from 80 to 500 K. Each temperature change interval is 30 K.
The temperature dependence of the G-peak Raman shift is as follows: ω = ω0+χT, where ω0 and ω are the G-peak frequency at T = 0 K and selected temperature points, respectively, and χ is the first-order temperature coefficient, which is the slope of the temperature-dependent (Han et al., 2011). From Figures 4D,F, it can be seen that when the sample was heated from 80–500 K, the Pos(G) of the sample S1 is as follows: χ = −(2.57 ± 0.18)×10−2 cm−1/K, and for sample S2, it is χ = −(1.89 ± 0.20)×10−2 cm−1/K, while for sample S3, it is χ = −(1.66 ± 0.52)×10−2 cm−1/K. On the contrary, when the sample was cooled down to 80 K, the Pos(G) for sample S1 is χ = −(2.76 ± 0.53)×10−2 cm−1/K, and for sample S2, it is χ = −(2.10 ± 0.50)×10−2 cm−1/K, while for sample S3, it is χ = −(0.52 ± 1.34)×10−2 cm−1/K. The large variation of Pos(G) in bilayer graphene grown by the decomposition of SiC with temperature change is related to graphene defects, carrier concentration, and non-uniform number of layers (F. Ejehi et al., 2021).
Since graphene on 4H-SiC does not grow as a simple AB stack but a high-density rotating fault stack, the decomposition-grown multi-layer graphene on SiC possesses an indistinguishable electronic structure from single-layer graphene in the vicinity of the Dirac point (Wu et al., 2018). Therefore, the 2D-peak is fitted as a single Lorentz peak. Intriguingly, the 2D-peak is a double resonance (DR) process, and it exhibits a strong dependence on the band structure. As the temperature is changed, the band structure of graphene will vary with temperature, so the 2D-peak will also shift (Liu et al., 2019). Figures 5A–C are an analysis of the FWHM (G) and FWHM (2D). As shown in Figure 5A, the FWHM (G) of graphene obtained by the two different preparation methods fluctuates only in a small range no matter if the temperature increases or decreases, indicating that the graphene FWHM (G) is not sensitive to temperature changes. The FWHM (2D) of graphene samples S1 and S2 in Figure 5B fluctuate to a certain extent in the temperature range of 80–300 K, but the fluctuation range is not extensive. However, after 300 K, the FWHM (2D) of samples S1 and S2 gradually increases when the temperature rises.
[image: Figure 5]FIGURE 5 | FWHM changes for different samples during temperature changes. (A) Change of FWHM of the G peak during the heating and cooling process. (B) FWHM (2D) of single- and bilayer graphene with two growth ways as a function of temperature.
4.3 Analysis of the Spatial Correlation Theory
The Raman scattering spectrum includes the scattering intensity, Raman frequency shift, and FWHM of its phonon mode spectrum. Since doping or lattice disorder will destroy the integrity of the lattice, there is a certain degree of shift or FWHM change in the Raman peak. Therefore, the microstructure and crystallization properties of graphene crystals can be analyzed by studying the spatial correlation theoretical model of Raman spectrum lines. Based on the spatial correlation theory, the first-order Raman scattering peak G of graphene can be quantitatively analyzed. The phonon correlation length L is used to measure the average distance between point defects (Ferreira et al., 2010) to describe the crystal quality (Havel et al., 2004). The intensity of the first-order Raman spectrum I(ω) can be deduced from the spatial correlation model of the Gaussian distribution function as (Chuan, 2000; Ferreira et al., 2010; Havel et al., 2004; Chen et al., 2017):
[image: image]
where q is expressed in units of [image: image], a is the lattice constant, L is the correlation length, and [image: image] is the natural or intrinsic line width. The dispersion relation [image: image] for optical phonons can be represented as
[image: image]
with A and B as adjustable parameters, A is the Lorentz fitting peak position value according to the experimental data, and B is the peak position fitting calibration value. Combining the spatial correlation model formula Eq. 1 and formula Eq. 2, the Raman spectrum of the graphene sample is fitted and analyzed, and the fitting results are shown in Table 1. The analysis shows that the G-peak of sample S3 has the longest correlation length, indicating that its lattice integrity is the best.
TABLE 1 | Theoretical fitting parameters of the Raman mode excited at 532 nm for the three samples at room temperature.
[image: Table 1]4.4 Variable Thermal Properties of the Correlation Length of the G Peak
The verification analysis of the change in defects in graphene samples during the temperature change process was carried out. According to the spatial correlation theory, the variation of the Raman spectral feature G-peak phonon correlation length with temperature is obtained by a fitting analysis, as shown in Figures 6A–C it is clearly shown that as the temperature rises, the correlation length L gradually increases, implying better crystalline perfection.
[image: Figure 6]FIGURE 6 | (A–C) Variation of the G-peak phonon propagation length with increasing temperature.
5 APPLICATION OF GRAPHENE IN TRIBOELECTRIC NANOGENERATORS
Based on the aforementioned analysis of graphene materials, we found that graphene has more excellent properties at high temperatures and it will be a good candidate for TENG applications. As shown in Figure 7A, transferred bilayer graphene (S2), the graphene grown by the decomposition of SiC (S3), and CVD growth of monolayer graphene on a copper foil were applied in TENGs as electrode layers while the PTFE films are used as the other friction layers. Among them, the area of TENGs designed by S2 and S3 is both 1 cm × 1 cm, and the area of TENGs designed by the CVD growth of monolayer graphene on the copper foil is 2 cm × 2 cm, as shown in Supplementary Figure S5. On the principle of the combination of contact electrification and electrostatic induction, Figure 7B shows a schematic diagram of the working principle of TENGs.
[image: Figure 7]FIGURE 7 | Principles and output tests of three different TENGs. (A) Schematic diagrams showing the working principle of the TENG. (B) Contact electrification mechanism of TENGs. (C) Qsc of the Cu-TENG and C-TENG at room temperature. (D,E) Histograms of Voc, Isc, and Qsc measured during the temperature rise from 373 to 473 K for the T-TENG, D-TENG, and C-TENG in a 1 cm × 1 cm area. (F,G) are the transferred charges of the C-TENG and Cu-TENG under the same conditions, respectively. (H) Histograms of Qsc for the C-TENG and Cu-TENG from 373 to 473 K with an area of 2 cm × 2 cm.
We compared the TENG made from bilayer graphene grown by SiC decomposition (D-TENG), the TENG made from transferred bilayer graphene (T-TENG), and the TENG designed by the CVD growth of monolayer graphene on the copper foil (C-TENG) (area 1 cm × 1 cm). Figure 7C is the charge transfer (Qsc) of three TENGs at room temperature. D-TENG had the highest Qsc of about 0.71 nC and C-TENG had the lowest Qsc of about 0.30 nC. The results of a short-circuit current (Isc) and an open-circuit voltage (Voc) for the three TENGs at room temperature are shown in Supplementary Figure S6. The results show that D-TENG has the best output performance. It has been shown that van der Waals forces exist between graphene layers; hence, the in-plane conductivity of transferred graphene is better than the out-of-plane conductivity. In contrast, graphene grown by decomposing SiC has a three-dimensional structure with seamless connections between the layers, which makes graphene with good out-of-plane conductivity while maintaining good in-plane conductivity (Xue et al., 2015). Therefore, D-TENG has the best output performance compared with the other two TENGs. Supplementary Figure S7 shows the output results for the three TENG temperatures from 293 K up to 373 K. From the results, we can see that the output does not change much in this temperature range. Therefore, to better understand the effect of graphene on TENGs at variable temperatures, we gradually ramp up the temperature from 373 to 473 K to compare the outputs of the three TENGs. Figures 7D,E show histograms of the variation of Voc and Qsc over the temperature range 373–473 K for the three TENGs, respectively. Histograms of the variation of Isc with temperature are shown in Supplementary Figure S8. It was observed that the outputs of T-TENG and C-TENG increase steadily with increasing temperature, and the output of D-TENG fluctuates with the temperature. Among the three TENGs, D-TENG exhibits the best performance. As shown in Supplementary Figure S9, the transferred charges between the Cu electrode and the zero potential increased with the increase in temperature. This means that at high temperatures, more charges transferred between the PTFE surface and the Cu electrode in the contact-separation process. The electrons on the PTFE surface are thermally emitted (Xu et al., 2018a; Xu et al., 2018b) which indicates that the copper rapidly replenished the electrons to the PTFE surface in contact. Meanwhile, the conductivity of graphene improves with increasing temperature, thus contributing to a constant and steady increase in the outputs of TENGs.
We also compared the properties of charge transfer in TENGs with and without graphene at variable temperatures. At room temperature, we performed 180 contact-separation cycles on TENGs fabricated with copper as the electrode (Cu-TENG) and the C-TENG under the same experimental condition and their transferred charges are shown in Figures 7F,G. The C-TENG had a faster and higher charge transfer than the Cu-TENG, with a transfer charge of 1.12 nC. It may be related to the existence of defects in graphene such as holes (Guo et al., 2014), which will trap electrons. These electrons cannot move freely, graphene is negative (Zou et al., 2020), and therefore the transfer charge of the C-TENG will be higher. The Isc and Voc for both TENGs are given in Supplementary Figure S10. Figure 7H shows the changes of Qsc for the Cu-TENG and C-TENG during the temperature increase from 373 to 473 K, respectively. The change of Voc and Isc during the temperature increase from 373 to 473 K for the Cu-TENG and C-TENG is shown in Supplementary Figure S11. The TENG with graphene as the electrode outperforms the TENG with the copper electrode, and the output of the TENG with graphene as the electrode increases steadily with the increase in temperature. This result may be because of a combination of improved electrical conductivity and electronegativity. Based on the aforementioned analysis, we can conclude that graphene as the electrode in the TENG can achieve better TENG output at higher temperatures.
6 CONCLUSION
In this study, single- and bilayer graphene prepared by the substrate transfer method and bilayer graphene grown by the decomposition of SiC, were studied for film quality, surface composition, stress–strain, and temperature-dependent properties. The results show some differences in the peak position, FWHM, and temperature-dependent features of the G peak and 2D peak between graphene growth by the decomposition of SiC and transferred graphene. Moreover, graphene grown by the decomposition of SiC has fewer impurities, better surface morphology, crystalline quality, and temperature stability. Based on the spatial correlation theory, it is found that the correlation length L of the G-peak phonons tends to increase simultaneously with the increase in temperature. The comparison results of the Cu-TENG and the C-TENG show that graphene and PTFE exchange electrons more easily. By comparing the output of the D-TENG, T-TENG, and C-TENG at variable temperatures, the results showed that graphene as an electrode can achieve better TENG performance at higher temperatures. We have conducted an in-depth temperature-dependent exploration of graphene, which is beneficial to the high-temperature application in the field of TENGs.
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Al the Lorentz fitting peak position value according to the experimental data, and Bisthe
peak position and T is the FWHM of the graphene peak.
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