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Abstract

:

A novel method is presented to prepare few-layer graphene (FLG) in N-methyl-2-pyrrolidinone (NMP) by using a simple, low-cost and energy-effective shear exfoliation assisted by zeolite and using a cappuccino mixer to produce shear. We propose that the exfoliation of natural graphite flakes can be achieved using inelastic collisions between graphite flakes and zeolite particles in a dynamic colloidal fluid. To confirm the exfoliation of FLG, spectroscopy and morphological studies are carried out using Raman spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Additionally, the obtained graphene shows a linear flow of current and low resistance. The proposed method shows great promise for the industrial-scale synthesis of high-quality graphene with potential applications in future graphene-based devices, and furthermore, this method can be extended to exfoliate inorganic layered materials such as BN and MoS2.
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1. Introduction


Graphene has generated intense interest due to its two-dimensional structure and its unique set of physical and chemical properties [1,2]. Many research groups have been focused on mapping out and understanding the fundamental properties of graphene [3,4]. In recent years, however, both academic and industrial researchers have been concentrating on fulfilling practical applications for graphene, from high-frequency electronics to smart coatings [5]. Nevertheless, before this can be achieved, it is critically important to develop industrially scalable production methods for graphene and graphene-related materials [6,7]. While graphene can be prepared by several top-down methods (e.g., mechanical exfoliation [8], oxidation-reduction [9,10,11], liquid-phase exfoliation [12], fast electrochemical exfoliation [13], among others), some important classes of applications, such as conductive coatings and printed electronics, will require access to graphene dispersions or inks.



Defect-free graphene (of less than five layers) is generally produced by sonicating graphite either in certain solvents [14] or aqueous surfactant [15] solutions. The sonication tends to break up the graphite layers as well as exfoliating them to give large number of graphene nanosheets [16]. Although graphene can be produced by this method, some major problems do appear. The processes involving sonication have limited scalability by the use of extensive sonication time (up to reach high concentrations of dispersed graphene [17]), poor stability of obtained graphene dispersions [18], and high-cost production.



To circumvent these problems, alternative strategies have been proposed such as shear-exfoliation [19] (or turbulence-assisted shear exfoliation [20]) of graphite in stabilizing solvents as well as surfactant solutions. In particular, the shear exfoliation is industrially scalable and employs a rotor-stator mixer to produce graphene in few hours. On the other hand, the addition of surfactants mostly is required in order to stabilize exfoliated graphene due to the surfactant molecules provide the necessary colloidal stability for the graphene dispersion [21]. Nevertheless, the surfactant molecules are electrically insulating and, if they are not removed, could negatively impact the electrical performance of graphene and graphene-based devices [22]. Thus, it is clear that exfoliation techniques to obtain surfactant-free graphene are urgently required.



In this study, we propose an alternative method to prepare graphene dispersions in N-Methyl-2-pyrrolidone (NMP) by zeolite-assisted shear exfoliation using a cappuccino mixer to produce shear. NMP is used as dispersant solvent due to its surface tension close to 40 mJm−2 [23], which prevents the immediately re-staking and agglomeration of exfoliated flakes. However, NMP is used here to emphasize the role of zeolite instead of the solvent. With this in mind, we propose the use of shear exfoliation assisted by the zeolite 4A (Z4A), in order to improve the exfoliation process and obtain graphene nanosheets. Natural or synthetic zeolites can be used to prepare colloidal suspensions with a low rate of sedimentation [24,25,26,27], thus, it is possible to exfoliate graphite for preparing stable and well-dispersed graphene dispersions. Additionally, the obtained graphene shows interesting electrical properties, with potential applications in printed electronics.




2. Materials and Methods


Natural graphite flakes were obtained from Pingdu Huadong Graphite Co. Ltd., the NMP (purity 99%, CAS: 872-50-4) and Z4A (Molecular sieve 4A, powder activated, CAS:70955-01-0) were purchased from Sigma Aldrich. All the chemicals were used as received, without further purification. In this study, we used a cappuccino mixer (Princess 222187 Black, Silver) to disperse and exfoliate graphite. The mixer is composed of a metal wire with ~37 turns at the end; thus, the speed rotation creates a moderate turbulence. To perform the mix as simply as possible, we added 2 g of graphite and 2 g of Z4A into 20 mL of NMP. The mixture was then subjected to controlled shear force using the mixer at 75% maximum speed rotation (~10000 rpm) for 6 h in continuous operation. To preserve the intrinsic characteristics of the solvent [28], the exfoliation was achieved at ~26 ℃, controlling the temperature every 2 hours. The obtained black suspension was then centrifugated for 10 min at 1000 rpm to remove non-exfoliated graphite flakes. Then, the supernatant (~80 %) was recovered for the subsequent characterization. For comparison, the experiment was carried out without the presence of Z4A.



The surface morphology and structure of the samples were observed using a field-emission scanning electron microscope (FE-SEM, Quanta Feg 400 F7, FEI) with accelerating voltage of 5 kV and transmission electron microscopy (TEM, JEM-1400) operating at 80 kV. Raman spectra were obtained using a Thermo Fisher DXR Raman Microscope with OMNICxi Raman Imaging software 1.0, as well as an incident laser light with a wavelength of 532 nm. The current-voltage (I-V) characteristics of the obtained graphene were measured by a Keithley 2400C source measure unit (SMU) and I-V curves were plotted in the potential window of −0.5 V to 0.5 V. SEM and TEM samples were prepared, from supernatant and precipitate, by drop casting of dispersion onto aluminum substrates and holey carbon grids, respectively. Similarly, Raman samples were prepared on glass substrates. I-V samples were arranged by drop casting of dispersion (2 μL) on commercial interdigitated gold electrodes (Micrux technologies, ED-IDE3-Au). Five measurement cycles were performed according to avoid self-heating effects.




3. Results and Discussions


Several papers have evaluated the process and the yield of exfoliation methods by measuring the concentration of dispersed graphene [12,29]. However, concentration is not an appropriated metric for graphene production because high concentrations only are attainable in low volumes, resulting in small quantities of produced graphene [20]. Hence, we briefly analyze the conventional (tip or bath) ultrasonication, simple shear exfoliation, and turbulence-assisted shear exfoliation, in order to understand the exfoliation mechanism of the proposed method, i.e., zeolite-assisted shear exfoliation (Figure 1).



Ultrasonication uses high-frequency sound waves to cause acoustic cavitation within the fluid. When a cavitation microbubble collapses and bursts in solution induces shock waves on the graphite surface, producing exfoliation of large quantities of defect-free, unoxidized graphene [30,31]. Shear exfoliation uses a high-shear rotor-stator mixer, and very high-local shear rates are realized in the gap between the rotor and stator and in the holes in the stator [19]. This means efficient graphene production is localized close to the rotor-stator. The simple equipment to achieve the turbulence-assisted shear exfoliation is a kitchen blender [20]. The rotating blade mixer produces turbulence which is responsible for the presence of high shear rates that are not localized in any single part of the vessel; the produced high turbulence, therefore, generates shear rates that are high enough to result in exfoliation of graphite.



Since our method, reported in Figure 1, does not produce acoustic cavitation, it could be said that the exfoliation of graphite remains a very hard task. Instead of that, this study demonstrates an effective shear exfoliation of natural graphite flakes into defect-free graphene. Even though the proposed method is not well-defined, we hypothesize that the exfoliation of graphite is produced by a moderate turbulence and the inelastic collisions between graphite flakes and zeolite particles in a dynamic fluid, which will make it more competitive in the scalable production of graphene. Attempts to elucidate the exfoliation mechanism and the yield are currently in progress that involve extending the study to focus on distinct zeolites, low boiling point solvents, and shear-exfoliation time.



We confirmed that the dispersed material is graphene by performing Raman spectroscopy on deposited films. Raman spectrum of graphite, graphene dispersed in NMP, and graphene dispersed in NMP+Z4A are reported in Figure 2. As is typical for solution-processed graphene, the three main peaks are detected, i.e., the D peak at ~1346 cm−1, the G peak at ~1579 cm−1 and the 2D peak at ~2719 cm−1. The D peak (and the D’ peak) is ascribed to structural imperfections while the G peak is related to the sp2-hybridized carbon bonds in the graphene lattice [32]. The peak ratio between the intensity of D and G peaks (ID/IG) increases from 0.02 (pristine graphite, Figure 2c) to 0.10 (graphene dispersed in NMP+Z4A, Figure 2a), indicating that very low defects are induced during the shear exfoliation.



The D peak was found here to be narrow and considerably less intense than the G peak. The structure of the D peak is similar to what is usually found for graphene nanosheets [33]. However, the low-intensity ratios, i.e., ID/IG =0.08 and ID/IG =0.10, are related to the nanosheet edges rather than basal in-plane defects [32,34]. The latter is confirmed because a clear signature of the D’ peak (usually associated with sp3-type defects and vacancy-type defects [32]) is absent in the Raman spectrum after shear exfoliation (Figure 2a,b). This strongly demonstrates that zeolite-assisted shear exfoliation does not induce edge defects and basal in-plane defects (or impurities adsorbed on the graphene surface [32]). To confirm the absence of small-fragmented zeolite particles into graphene dispersion, Suplementary Figure S1 displays the Raman spectrum of Z4A which is absent in the Raman spectrum obtained by mapping a wide region of graphene sample. This is a crucial result for scaling up for industrial use.



In Figure 2d, the 2D peak (regularly used to estimate the number of layers in obtained graphene) is reasonably symmetric but less intense than the G peak, indicating the dispersed material in NMP+Z4A is dominated by few-layer graphene (FLG) [35]. To corroborate this fact, we used the full width at half maximum (FWHM) to evaluate the 2D peak. FWHM qualitatively describes the number of layers from single- to five-layer graphene [36]. By fitting the 2D peak with two Lorentzian functions (Figure 2d–f), we can note that, the intensity of the 2D1A peak (detected at ~2674 cm−1) increases in graphene dispersed in NMP+Z4A, with respect to the intensity of the 2D1A peak (detected at ~2677 cm−1) in pristine graphite and the 2D1A peak (detected at ~2679 cm−1) in graphene dispersed only in NMP. The latter suggests that Z4A improves the shear exfoliation process.



Most importantly, the FWHM values of graphene dispersed in NMP+Z4A, i.e., 2D1A =69.32±1.24 and 2D2A =38.84±1.21, are in good agreement with previous reports for bi- and tri-layer graphene [35,36], confirming the presence of FLG in obtained graphene dispersions, likely, no more than five layers. Interestingly enough, the FWHM values of graphene dispersed only in NMP, i.e., 2D1A =70.51±3.74 and 2D2A =40.92±1.74, are slightly different compared to respective values of graphene dispersed in NMP+Z4A. This outcome (and the analysis of intensities commented above) supports the hypothesis that zeolite-assisted shear exfoliation is superior to shear exfoliation without the presence of Z4A.



To further characterize the obtained FLG, we performed microscopic characterization. SEM images are reported in Figure 3a,c, which correspond to precipitate and supernatant, respectively. Figure 3a shows a non-exfoliated graphite flake covered by zeolite particles, after 6 h of shear exfoliation and centrifugation. We showed that the Z4A particles are slightly affected at the edges, indicating shear exfoliation does not induce critical structural defects in zeolite cubic morphology. We attributed the edge-fragmented zeolite particles to the collisions between graphite-zeolite and zeolite-zeolite, originated in the dynamic colloidal fluid produced by the mixer. Figure 3c reveals that the supernatant is composed of smaller and thinner layers.



Similarly to sonication methods [12], we observed small size layers but non-folded edges. Furthermore, these layers seem to be semitransparent and zeolite-free, an important feature for electronic applications. These results suggest that zeolite-assisted shear exfoliation is an excellent alternative in order to preserve the intrinsic properties of the obtained layers.



Thin nanosheets of FLG are reported in Figure 3b,d (TEM images). At first approximation, these nanosheets appear very similar to FLG prepared by sonicating graphite in solvents [12] or aqueous surfactants [29]. Nevertheless, a clear deference is observed between the nanosheets analyzed in this work and those prepared by sonication, i.e., the exfoliated graphene nanosheets by sonication, are mostly folded or folded edge. Figure 3d presents well-defined graphene nanosheets obtained by shear exfoliation in NMP+Z4A. On the other hand, Figure 3b shows some dark and distorted regions in graphene nanosheets dispersed only in NMP. The latter result can be interpreted as a poor shear-exfoliation of graphite. This fact was widely discussed and corroborated by Varrla et al. [20] where the authors claim the shear exfoliation can be improved by turbulence, independently of the aqueous media or stabilizing surfactants.



The macroscopic electrical characterization of the obtained FLG on interdigitated gold electrodes is reported in Figure 4. The study is carried out by the 4-wire measurement technique. Four samples were prepared by drop casting of dispersion (2 μL) and drying at 100 ℃ for 10 min. A relative homogenous dispersion is observed in Figure 4a, this fact is attributed to the small gap between electrodes (~5 μm) and the size of the obtained layers around ~1−5 μm (Figure 3c). The I-V measurements reported as average values of five measurement cycles and performed on the four prepared samples (Figure 4b), showed a linear flow of current by changing the voltage from −0.5 V to 0.5 V. Interestingly enough, we noted good compatibility between the samples, confirming that the samples are covered by homogeneous, well-dispersed and self-interconnected graphene layers. The latter was also demonstrated by extracting the average resistance of each sample, which turned out to be approximately 25 Ω (Figure 4c). This simple electrical scrutiny allows us to suggest possible applications in electroanalysis, flow systems and biosensors. Although, drop casting is an appropriate technique for fundamental studies, real applications need an effective adhesion mechanics to deposit the obtained graphene on substrates. However, the adhesive material could affect the electrical properties of graphene. An alternative strategy is reported in Ref [37] by using cyrene and cellulose acetate butyrate (CAB).




4. Conclusions


In conclusion, we have demonstrated that natural graphite flakes can be exfoliated to give defect-free few-layer graphene by a novel zeolite-assisted shear exfoliation method, using a cappuccino mixer to produce shear. The proposed method does not produce acoustic cavitation, high-local shear, and high turbulence; however, the exfoliation of graphite is achieved by moderate turbulence produced by the mixer, which can also be improved by adding the synthetic zeolite 4A. In comparison to previous methods [19,20], we have carried out the exfoliation of graphite in the most basic form of shear exfoliation possible. Most importantly, the obtained layers are free of basal and edge defects which are verified by Raman measurements. Based on the FWHM analysis, we confirmed the presence of few-layer graphene, likely, no more than five layers. SEM and TEM analysis showed semitransparent layers and well-exfoliated graphene nanosheets, respectively. Additionally, the electrical characterization demonstrated that it is possible to prepare graphene-based electrodes with low resistance (25 Ω). This novel method may be extended to exfoliate inorganic layered materials such as BN and MoS2.
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Figure 1. Schematic route of the preparation process for graphene dispersion. 
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Figure 2. Raman spectrum of (a) graphene dispersed in NMP+Z4A, (b) graphene dispersed in NMP, and (c) pristine graphite. (d–f) Fitting of the 2D peaks with two Lorentzian functions. The intensity normalized by the G peak. 
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Figure 3. Microscopic analysis after zeolite-assisted shear exfoliation. SEM morphology of (a) non-exfoliated graphite flake interacting with Z4A, recovered as a precipitate and (c) Semitransparent layers obtained from supernatant in NMP+Z4A. TEM image of graphene nanosheets produced (b) by shear exfoliation without Z4A and (d) by zeolite-assisted shear exfoliation. 






Figure 3. Microscopic analysis after zeolite-assisted shear exfoliation. SEM morphology of (a) non-exfoliated graphite flake interacting with Z4A, recovered as a precipitate and (c) Semitransparent layers obtained from supernatant in NMP+Z4A. TEM image of graphene nanosheets produced (b) by shear exfoliation without Z4A and (d) by zeolite-assisted shear exfoliation.



[image: Crystals 09 00377 g003]







[image: Crystals 09 00377 g004 550]





Figure 4. Electrical characterization. (a) SEM image of the obtained FLG dispersion on an interdigitated gold electrode prepared by drop casting of dispersion (2 μL). (b) I-V measurements of four prepared samples. (c) Average resistance measured on the four prepared samples. Five measurement cycles are realized at each sample in order to acquire a reliable statistic. The gap between the electrodes is ~5 μm. 
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