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The cleanliness of transferred graphene is crucial for its application in various fields. The presence of residues of polymethyl methacrylate (PMMA) on the surface of transferred graphene has a negative impact on its transparency, transport, and other critical properties. In this study, we propose an alternative method to reduce such residues by using acetic acid instead of the commonly used acetone. The effects of treating graphene with acetic acid and acetone are comprehensively evaluated through optical microscopy, scanning electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. The results of this study demonstrate a significant reduction in surface residue when graphene is treated with acetic acid, compared to acetone treatment. Additionally, we applied this method to fabricate graphene-based supercapacitors and compared the results using acetic acid and acetone. This reduction in residue holds great promise for advancing the development of high-quality graphene devices.
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1 INTRODUCTION
Graphene is an emerging material with a single-atom thickness and a two-dimensional honeycomb lattice structure. Due to its excellent optical, mechanical, and electrical properties, graphene has attracted the interest of researchers in materials science. It has applications and potential in various fields, including field effect transistors (Britnell et al., 2012; Vicarelli et al., 2012; Liu et al., 2018; Jiang et al., 2019), sensors (He et al., 2012; Liu et al., 2012; Wu et al., 2013; Yang et al., 2018), photovoltaic devices (Freitag et al., 2013; Liu et al., 2015; Wang and Shi, 2015), and optoelectronics (Gu et al., 2012; Ye et al., 2013; Tan et al., 2020). CVD graphene grown on copper or nickel substrates is widely used due to its large area and good uniformity (Li et al., 2009; Li et al., 2011; Zhang et al., 2013). Various methods have been developed for transferring CVD graphene from metal foils to different substrates (Lin et al., 2011; Suk et al., 2011; Yulaev et al., 2016; Schranghamer et al., 2021). The transfer is usually accomplished using a polymer support layer to prevent the folding or tearing of graphene during the transfer process. The preferred method for transferring graphene is the polymer-assisted wet transfer method, which uses PMMA as a support, due to its experimental convenience and high transfer yield.
However, in this transfer method, the removal of PMMA is a critical and challenging step to achieve clean graphene transfer. This is primarily because of the presence of PMMA residues. The electrical properties of graphene, which is a single atom-thin and two-dimensional material, are directly affected by the electronic interactions with neighboring molecules. Unfortunately, acetone is not able to completely remove PMMA and often leaves behind residues on the graphene or substrate (Lin et al., 2012). These residues can disrupt the uniformity and alter the electrical properties of graphene (Deng et al., 2014), impacting its applications in electronic devices and sensors. Various methods have been proposed to eliminate PMMA residues, including thermal annealing in gas or vacuum (Ahn et al., 2013; Tripathi et al., 2017), electron beam treatment (Son et al., 2017), and ion beam treatment (Kim et al., 2016). However, these methods are complex to implement or can only clean specific areas, and some may even damage the graphene.
In this paper, we present a methodology that employs acetic acid as an organic solvent for cleaning PMMA, and we compare its effectiveness with the use of acetone. Next, we conduct a characterization of the samples utilizing multiple techniques including optical microscopy, Raman spectroscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy. Furthermore, we apply this methodology to fabricate supercapacitors based on graphene and analyze their performance.
2 EXPERIMENTS AND METHODS
2.1 Preparation of graphene wet transfer samples
The PMMA-coated copper-based graphene films were obtained from Nanjing XFNANO Materials Company. Following the standard wet transfer method for graphene (Suk et al., 2011), a 20 μm copper foil with a monolayer graphene coating was immersed in a 0.2 mol/L solution of ammonium persulfate at 50°C for 1 h, resulting in the complete dissolution of the copper foil. The PMMA/graphene stack was then rinsed multiple times with deionized water to remove any residual copper ions beneath the graphene layer, and subsequently transferred onto a silicon oxide wafer for further processing. The transferred samples were air-dried for 1 h to remove any moisture on the substrate and then heated at 200°C for 1 h to enhance adhesion between the graphene and the silicon oxide substrate. Afterward, the samples underwent separate washing steps using acetone and acetic acid. The samples treated with acetone were washed in acetone at 50°C for 3 h, while the samples treated with acetic acid were washed in acetic acid at room temperature for 3 h. Finally, the samples were cleaned using an isopropyl alcohol solution.
2.2 Preparation of gel electrolyte solution
To fabricate graphene-based supercapacitors, 1 g of polymethyl methacrylate (PMMA) (Aladdin, Mw ∼ general injection grade) was mixed with 25 mL of acetone to synthesize a gel electrolyte solution. The mixture was heated to 60°C and continuously stirred until it became transparent. Then, 4 g of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) (Beijing Cool Chemical Technology Co., Ltd.) were added to the mixture and stirred for another 30 min. Finally, the mixture was allowed to cool to room temperature, resulting in a gel electrolyte solution.
2.3 Fabrication of a supercapacitor
Copper-based graphene samples containing PMMA were washed in acetone at 50°C for 3 h, while another set of copper-based graphene samples was washed in acetic acid at room temperature for 3 h. Both sets of samples were then rinsed with an isopropanol solution and dried. The gel electrolyte solution was then spin-coated and heated at 60°C for 3 h, after which Gallium-indium-tin liquid metal (Dongguan Qiaotai Metal Technology Co., Ltd.) was added as the electrode.
2.4 Characterization
Scanning electron microscopy (SEM) was employed to examine the PMMA residues, aiming to evaluate the distinctions resulting from the application of either acetone or acetic acid for cleaning graphene. Additionally, Raman spectroscopy and X-ray photoelectron spectroscopy were employed to analyze the PMMA residues on the graphene surface. The electrochemical characteristics of supercapacitors utilizing both cleaning methods were evaluated by analyzing the cyclic voltammetry (CV) curves.
3 RESULTS AND DISCUSSION
The optical images in Figures 1A,B were captured using a light microscope after cleaning with acetone and acetic acid, respectively. It is evident from the figures that both cleaning methods did not cause noticeable damage to the graphene, but residual PMMA polymer residues were clearly visible. Figures 1C,D shows selected areas magnified 20,000 times using SEM, revealing the size and quantity of PMMA residues. Each SEM image was estimated to have an area of approximately 4.25 × 6.35 μm using a ruler. The density of PMMA residue and impurities on the graphene surface was then calculated after cleaning with acetone and acetic acid. As measuring with the optical images, the area percentage of PMMA residue on graphene after acetone cleaning is 0.592% and after acetic acid cleaning is 0.157%. It is evident that the residual density of PMMA on the graphene surface, treated with acetic acid, is lower compared to that after acetone treatment. This highlights the superior effectiveness of acetic acid in cleaning PMMA residues on the graphene surface.
[image: Figure 1]FIGURE 1 | Image of graphene sample transferred to a silicon oxide substrate. (A), (B): Optical microscopy images by acetic acid and acetone treatment. (C), (D): SEM images by acetic acid and acetone treatment.
Raman spectroscopy plays a crucial role in the investigation of graphene, particularly in the study of graphene transfer. It provides information about the quality of graphene and the structural changes that occur during transfer. This information facilitates the evaluation and optimization of transfer techniques to achieve high-quality graphene films. Figure 2 presents the Raman spectra obtained from graphene samples treated with acetone and acetic acid, using a 532 nm laser as the light source. The presence of a D peak around 1,350 cm−1 in the Raman spectrum indicates disordered vibrations in graphene (Wu et al., 2018), which are typically associated with graphene defects. One notable observation is that the graphene samples subjected to treatments with acetic acid and acetone exhibit smaller differences in the intensity of the D peak. This implies that our method does not yield significant enhancements in the quality of transferred graphene, rather emphasizing the cleanliness of the transferred graphene. Furthermore, the Raman spectrum shows a G peak at 1,580 cm−1 and a 2D peak at 2,700 cm−1 (Ferrari and Basko, 2013). Importantly, the intensity ratio of I2D/IG remains approximately 2 in both cases. This suggests that there is no significant variation and confirms the characteristic features of single-layer graphene.
[image: Figure 2]FIGURE 2 | Raman spectra of graphene sample transferred to silicon oxide substrate. (A): acetic acid treatment, (B): acetone treatment.
The C 1s core level spectra of transferred monolayer and bilayer graphene samples were presented in Figure 3. To subtract the background, the Shirley algorithm was used before fitting the spectrum with a Gaussian Lorentzian peak. The spectrum shows chemical bonds arising from sp2 and sp3 hybridization of carbon bonds in graphene, as well as various functional groups in PMMA residues. The C 1s spectrum comprises five components: a peak around 284.3 ± 0.1 eV representative of sp2 hybridization of C-C bonds in graphene, a peak around 285 ± 0.1 eV representing sp3 hybridization of defects in graphene and C-C bonds in PMMA residues (Pirlot et al., 2002). Additionally, there are peaks around 285.6 ± 0.1 eV, 286.7 ± 0.1 eV, and 288.9 ± 0.1 eV corresponding to C-C bonds, C-O bonds, and O-C=O bonds in the PMMA residue (Dí et al., 1996; Du et al., 2002; Deng et al., 2014; Gross et al., 1993). The binding energy and peak area ratio of the various C 1s components are displayed in Table 1. Both the figure and table indicate that the PMMA residue remained on the graphene even after the cleaning process. Furthermore, it can be observed from Figure 3 and Tables 1 and 2 that the acetic acid-cleaned graphene samples, whether single-layer or double-layer, display higher peak area ratios of carbon sp2 hybridization associated with graphene. In contrast, the peak area ratios of C-C bonds, C-O bonds, and O-C=O bonds characteristic of residual groups in PMMA are smaller, which conclusively demonstrates that the acetic acid-cleaned samples have less PMMA residue compared to the acetone-cleaned samples.
[image: Figure 3]FIGURE 3 | XPS spectra of graphene sample transferred to silicon oxide substrate. (A, B): Single-layer graphene (SLG) and bilayer graphene (BLG) of acetic acid treatment, (C, D): SLG and BLG of acetone treatment.
TABLE 1 | Binding energy and peak area ratio of the various components of C 1s in the monolayer graphene samples.
[image: Table 1]TABLE 2 | Binding energy and peak area ratios of the various components of C 1s in the bilayer graphene samples.
[image: Table 2]The testing of supercapacitors plays a crucial role in evaluating their performance and potential applications in various fields. In the study, the procedure for fabricating graphene-based supercapacitors in CVD graphene is demonstrated in Figure 4A. Firstly, the copper-based graphene electrode is liberated from PMMA by employing acetone and acetic acid as solvents. Subsequently, a gel-electrolyte film is formed through spin-coating, and then a liquid metal drop is applied as the electrode. To illustrate the internal structure, Figure 4B presents a cross-sectional view of the graphene-based supercapacitor with a conventional sandwich configuration, comprised of copper/gel electrolyte/liquid metal. By following this fabrication method, the researchers were able to obtain graphene-based supercapacitors for further examination and analysis.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of graphene-based supercapacitor fabrication. (B) Schematic structure of a supercapacitor.
The CV curves of graphene-based supercapacitors using different cleaning methods for PMMA are depicted in Figure 5. The red line corresponds to the utilization of acetic acid, while the black line represents the utilization of acetone. The supercapacitor underwent scanning between ±0.2 V with a scan rate of 0.1 V/s. The graph clearly demonstrates that the acetic acid cleaning method exhibits higher charging and discharging currents. Based on this data, the capacitance of the acetic acid sample is calculated to be 5.01 μF/cm2, whereas the acetone sample demonstrates a capacitance of 3.37 μF/cm2. This discrepancy in capacitance values can be attributed to variations in the cleanliness levels of the graphene samples, specifically the residue affecting the electrode resistance and the double layer capacitance at the interface.
[image: Figure 5]FIGURE 5 | CV curves of supercapacitors treated with acetic acid and acetone, respectively.
4 CONCLUSION
In conclusion, we conducted a systematic investigation into the impact of transfer conditions on the PMMA-assisted graphene transfer method. The graphene samples treated with acetic acid exhibited a lower presence of PMMA residue compared to those treated with acetone, effectively reducing the amount of PMMA. This was confirmed through scanning electron microscopy and x-ray photoelectron spectroscopy analyses. Furthermore, we applied this method in the fabrication of graphene-based supercapacitors, demonstrating the significant difference in cleanliness achieved. The simplicity of this method offers clean graphene samples with minimal PMMA residues, thereby enhancing the electrical properties and surface uniformity of graphene. Moreover, it facilitates the practical implementation of graphene in various device applications.
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