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Abstract

:

Realizing the efficacy of the liquid-phase exfoliation technique to obtain a greater quantity of graphene, this study demonstrates a cost-effective technique of bio-surfactant-assisted liquid-phase exfoliation of few-layer graphene (FLG) with a low defect ratio. An ultrasonic bath without any toxic chemicals or chemical modification was employed to exfoliate the graphene at room temperature. Several state-of-the-art characterization techniques such as TEM, AFM, XRD UV-Vis, and Raman spectroscopy were used to confirm the presence of the graphene. The dispersion exhibits a typical Tyndall scattering to the red laser beam. After a 7-h sonication of the dispersion, followed by a centrifugation frequency of 500 rpm for half an hour, the graphene concentration was found to be 1.2 mg/mL. The concentration decreases monotonically with an increase in the frequency, as a higher frequency causes sedimentation of the larger flakes or removes the adsorbed surfactant molecules from the graphene structures that collapse the graphene sheets into the graphite. The presence of an amino acid head-group in the surfactant facilitated exfoliation in an aqueous solution at well below the critical micelle concentration (CMC) of the surfactant. The product demonstrates all characteristic features of an FLG system. The TEM and AFM image reveals large-area graphene with a wrinkle-free surface; these morphological properties are confirmed by XRD and Raman spectroscopy. This study suggests that a sonication-induced process with a biocompatible surfactant can produce a cheap, large-surface-area graphene system for a wide range of applications. Moreover, the use of a probe sonicator as an alternative to the bath-type sonicator, together with the demonstrated technique, may reduce the time needed, and leads to a manifold increase in the yield.
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1. Introduction


Graphene is the two-dimensional form of the carbon monolayer of graphite; it was proven to be stable under average room conditions. The unique properties of graphene in terms of its thermal, electrical, and mechanical conditions are utilized in many areas of technology. It has proven to be efficient for each of these uses [1]. Its applications include electrodes for capacitive deionization, sensors, photodetectors, in the environmental barrier as a coating material, and in the biological systems [2,3,4,5,6,7].



Since its discovery, from a simple micromechanical cleavage of graphite crystal, graphene has been a prominent research focus due to its versatile properties. Although micromechanical cleavage is the most efficient method in terms of quality, as it gives monolayer graphene a very large size without any defects, this method has significant limitations in terms of yield and quantity, similar to other novel inventions. Many other exfoliation methods were found to increase yield, minimize defects, and achieve mono- or few-layered graphens. Chemical vapor deposition (CVD), the reduction in single-layered graphene oxide, and liquid-phase exfoliations are the most common strategies. However, for the production of large quantities, a cost-effective and environmentally friendly system is very important. Considering this fact, liquid-phase exfoliation has attracted the attention of many scientists, as it is easy to produce using the available resources; it can be produced using a kitchen blender or ultra-sonication energy [8,9]. Nevertheless, exploration of a suitable liquid phase exfoliation system remains a challenge. Therefore, efforts are being made to obtain a cost-effective and environmentally friendly production process that may enable the successful application of graphene in diverse fields.



To date many liquids have been investigated for graphene production; these are the organic/inorganic liquids (NMP, DMP, and Toluene, etc.), salt, and surfactant solution with or without polymer or organic/inorganic liquids, etc. [10,11,12,13,14]. The reason for emphasizing the liquid phase exfoliation process is that it provides very low defects, which appear near the graphene edges, not on the basal plane [15,16]. Instead of the many advantages, CVD has a limited scope because of the harsh chemicals used; this system needs high pressure, expensive equipment and a high-energy input. Toxic fumes result as a byproduct, making the system very complex for mass production. Among the other alternatives, the reduction in graphene oxide contains a large defect population, and it is impossible to remove these defects completely, which disrupts its electrical properties [17,18].



As every system has advantages and disadvantages, optimization of the costs and benefits is very important, to ensure that the system is applicable to a wide range of applications. In this case, a balance between costs and the scaling-up its production, emphasizing the environmental aspects, is of prime importance. Among all liquid-phase exfoliation systems, aqueous surfactant-based systems proved to be an ideal way of prepare high-concentration graphene, as it can avoid the toxic organic solvents, and is a non-covalent solution phased method [19]. They are scalable and require very small amounts of surfactant in water. Additionally, only sonication energy, or any kind of vigorous mixing, is needed to exfoliate, enabling the supply of affordable graphene products to the market. Surfactants are self–assembled molecular structures that form different aggregates in aqueous and oily phases, depending on their concentration. This property is exploited in a wide range of applications, such as drug delivery to a cosmetic product, or fuel cells to layered materials [20,21,22,23]. The hydrophilic head-group and hydrophobic tails facilitate such properties. In the case of layered materials, the weak Van der Waals forces play the key role of keeping them together. In an aqueous surfactant solution, the hydrophobic CH3 group adsorbs on the graphite surface, while its hydrophilic counterpart points towards the aqueous phase, forming monolayers below the critical micelle concentration. Adding too much surfactant turns these into micelle structures, thus destabilizing the dispersed graphene phase, leading to the macroscopic phase separation of micelle phase and restacked graphite thick material. Thus, the selection of an appropriate concentration of surfactant is very important to achieving the stable and concentrated phase of single- or few-layer graphene phases.



The intercalation of surfactant molecules into the atomic layers of graphite prevents agglomeration and assists in the separation of a single graphene layer by weakening or breaking the Van der Waals force. The yields depend on the influence of ultrasonic power, time, volume and boiling temperature of the solvent, centrifugation rate and time, aggregation behavior of surfactant in the solvent, and graphite intercalation. For successful exfoliation, a suitable system must be selected that will optimize the cost and quality. At a certain mixing ratio of surfactant and water, a noticeable exfoliation was observed. The exfoliation rate depends on different parameters, such as surfactant–water ratio, sonication time, graphite concentration, types of sonicator, and centrifugation time and rate. Moreover, to ensure a completely non-toxic environment, the selection of an appropriate ingredient is very important.



In this work, we used an amino-acid-based biosurfactant “Sodium N-lauroylsarcosinate hydrate (SNLS)”, which is commonly used in toothpaste and other cosmetic products. This offers strong self-assembling properties in water, alcohol, and oil. The molecular geometry of this surfactant consists of an amino-acid-based head group with a medium hydrophobic chain [24]. The amide group has high solubility in water, owing to its hydrogen bonding property, and sodium ion provides electrostatic stabilization. These properties of SNLS are already well established in soft-matter physics [25,26,27]. To explore its efficacy in 2D matter, we inspected its ability to exfoliate graphite in an aqueous SNLS solution. The comparatively higher surface-active properties of this surfactant minimize the necessity of a higher surfactant concentration, and thus assist in its easy removal from the final graphene product. Moreover, the higher water attraction prevents the basal plane from attaching to any oxidation or other kinds of defect.



A stable graphene dispersion was confirmed by examining different parameters using a UV-Vis spectrometer. We gradually checked the relationship between graphene concentration and exfoliation time, surfactant concentration, and centrifugation frequency. The UV absorption spectrum shows a typical peak at 265 nm, which is flat in the visible range; this is the characteristic feature of this two-dimensional matter. TEM, AFM images revealed few-layered graphene film; this result is further supported by XRD and Raman results, which show a small defect ratio that usually appeared due to the sonication energy as the graphene edge increases.




2. Materials and Methods


Graphite powder (99.9%) with a particle size of 50 μm was purchased from Asbury, Carbon. Sodium N-lauroylsarcosinate hydrate (SNLS) with a molecular weight of 293.38 gm/mol. was purchased from TCI, Japan. All chemicals were analytical grade and used as received, without further purification or chemical modification. Deionized water was used as an exfoliation liquid.



To prepare the graphene dispersions, we combined 8 g of natural graphite powder with 0.8 g SNLS in 400 mL deionized water. A bath-type ultrasonicator was used to exfoliate graphene directly from the graphite flakes through ultrasonic cavitation. The sonicated mixture was left undisturbed for one week, so that the flakes went down, and then the supernatant solution was centrifuged to remove the poorly dispersed graphitic material. The experiment was divided into three parts: in the first part, 400 mL aqueous solution of graphite was prepared, and an aliquot of 3 mL dispersion was taken at a different time, to study the effect of sonication time (t) on the concentration of graphene (Cg). The absorption measurements were taken with a Lambda 35 UV-Vis Spectrophotometer using optical-grade quartz cuvettes.



In the second series of experiments, we determined the effect of centrifugation frequency, where 10 mL dispersion was prepared in 10 mL test tubes. A total of 3 mL of dispersion was separated after 7 h sonication and centrifuged for frequencies of 500 rpm, 1000 rpm, 1500 rpm, 2000 rpm, 3000 rpm, 4000 rpm, and one of 1500 rpm for half an hour, followed by 3000 rpm for another half an hour (double centrifugation).



In the third experiment, optimum surfactant concentration (Cs) was determined; 10 mL of graphene dispersion was prepared using the same proportion of graphite in an aqueous solution for different surfactant concentrations, and then centrifuged. The supernatant was separated to determine the concentration of graphene.



Here, all the characterizations were performed using the sample sonicated for 7 h after (1500 + 3000 rpm) double centrifugation.



Transmission electron microscope (TEM): TECNAI G212, TWIN, a 120 kV/LaB6 was employed to obtain images that could be used to study the nanostructure of the prepared sample. TEM samples were prepared by pipetting a few milliliters of this dispersion onto holey carbon mesh grids (400 mesh). After drying, the carbon grid was washed with DI water to remove the unadsorbed graphene. For the atomic force microscope (AFM) topographic study, 0.2 mL of graphene dispersion was mixed with 10 mL DI water and then sonicated for 5 min. A freshly peeled mica was placed on the dispersion for 5 min, washed three times to remove the unadsorbed graphene, then dried on the hot plate.



The crystalline structure of graphite and graphene was characterized using XRD, D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany). The system employed Cu K-α as a radiation source at λ = 0.15406 nm and the 1-D fast detector (Lynx-Eye) was powered at 40 kV and 40 mA. The measured diffraction angle (2θ), ranging from 5° to 80°, was scanned at a step size of 0.025°. Raman spectra of graphene and graphite powder were performed using a Renishaw In ViaTM Raman spectrometer (Kingswood, Bristol, UK) with an Ar+ laser with the excitation wavelength of 532 nm, 2.34 eV.




3. Results and Discussion


To explore a new exfoliation media, we prepared the dispersion of graphite powder (Figure 1a) with SNLS solution using a bath-type ultrasonicator. After sonication, the dispersion turned into a black homogenous phase, consisting of large, grey-colored macroscopic aggregates. These aggregates were removed by mild centrifugation, providing a homogenous dark dispersion. Even though the surfactant-based system led to some problems concerning the complete removal of surfactant molecules from the final product, it has many advantages, since a minimal amount of surfactant is needed for exfoliation. Moreover, water is nontoxic, and the cheapest and most abundant liquid on the Earth; a combination of these two ingredients, along with sonication, provides electrostatic stabilization (for ionic surfactants) and steric stabilization (for non-ionic), as well as amphiphilic stabilization, by forming a monolayer in the aqueous phase.



The concentration of the exfoliated graphene dispersed in an aqueous solvent of surfactant depends on several parameters, such as sonication energy, concentration of the surfactant, beaker size, and centrifugation speed. A series of UV experiments were conducted to ensure the quality and quantity of the graphene. We monitored the dispersion quality as a function of sonication time, centrifugation rate, and surfactant concentration. We selected a dispersion of 7-h sonication time, with centrifugation frequency for 1500 rpm for 30 min, followed by 3000 rpm for 30 min, to confirm all morphological properties.



3.1. Graphene Concentration as a Function of Sonication Time (Cg vs. t)


The graphene dispersion was confirmed by a red laser beam, which shows the typical Tyndall effect, proof of a homogeneous dispersion (Figure 1c,d). To quantify the concentration of the graphene dispersion, we measured the absorption coefficient, α from the known concentration of dry graphene powder (as shown in Figure 1b). A series of dilutions were performed to obtain the absorption peak of the known concentration of graphene. The absorbance per cell length, A/L (m−1) of those dispersions at 660 nm vs. concentration, Cg, was plotted to obtain the calibration curve. The mean value was found to be 1013 mL mg−1 m−1 (Figure 2a); this value is comparable to the other published values [28]. By using this absorption coefficient, the unknown concentrations were calculated and plotted.



After 1 h sonication, dark black graphene dispersions were achieved. The UV-vis spectrometer (Figure 2b) gives a strong peak at approximately 267 nm, which arises from π to π* transition around the K point of the Brillouin Zone; this is the characteristic peak for a graphene dispersion. In the visible range, the spectrum is featureless, contrary to other 2D materials, such as transition metal dichalcogenides [29,30,31]. The graphene concentration increases considerably with sonication time, from 0.16 mg/mL to 0.80 mg/mL (Figure 2c), closely following the Cg ∞ √t equation [32]. This trend can be attributed to the sonication effect on graphene dispersion. The graphene yield reported here is much higher compared to other research findings, which reported exfoliation by a bath-type sonicator [33]. The longer sonication time might remove the adsorbed surfactants from the graphene, leading to a decrease in the graphene concentration. It is reported that a longer sonication time is detrimental to both the size and quality of graphene [34,35].




3.2. Graphene Concentration as a Function of Surfactant Concentration (Cg vs. Cs)


Surfactant concentration needs to be optimized to strongly interface the graphene surface, in order to separate from its bulk state and prevent aggregation into a spherical/rod-like micelle state. To achieve this, we prepared graphene dispersions with eight different surfactant concentrations (Cs) to determine effective surfactant concentration that allowed the highest graphene concentration (Figure 3a). By keeping a constant sonication time of 7 h in a 10 mL test tube, Cg was found to be as high as 0.6 mg/mL. However, with the same Cs and graphite ratio, the Cg value of 7-h sonication time was 0.5 mg/mL, which was prepared in a 400 mL beaker. This indicates that colloidal structure is sensitive to beaker size and shape. It is reported that the exfoliation rate in an aqueous surfactant solution is highest near the CMC of the surfactant [36]. The highest concentration of SNLS had the lowest graphene output (shown in Figure 3b); this property can be attributed to the self-assembling behavior of surfactant molecules. At the monomer concentration, the hydrophobic chain of surfactant molecules adsorbed on the graphene surface tends to face their polar head-groups, towards the aqueous phase. However, the second-highest concentration was achieved at the CMC. Above the CMC value, two phases were clearly visible. The higher the Cs value, the lower the Cg that was found in the dispersion because, at a higher concentration, the surfactant molecules have a higher probability of being transformed from spherical to rod-like micelles, which would force the graphene to restack into their bulk state [37,38,39].



At surfactant monomer concentration, the dispersion was stable for several months, but a higher surfactant concentration gave significant sedimentation. The solution provides a sufficient potential barrier among the neighboring graphite layers with their amide group, and thus prevents restacking; this behavior is in agreement with other reported results. The potential barrier arises from the hydration layer due to the hydrogen bonding formation between the hydrophilic head group and the water molecules and surfactant intermolecular hydrogen bonding. Besides this, the Na+ layers provide an additional electrostatic stabilization. The hydrogen bonding is stronger than the Van der walls force that keeps the graphite layers in crystallized form. Hence, this study indicates that the potential barrier can be maximized by using an amino acid surfactant, which can provide double the potential barriers.




3.3. Graphene Concentration as a Function of Centrifugation Frequency (Cg vs. Cf)


To ensure the high quality of graphene, we studied the effect of centrifugation rate on the dispersion. In all cases, the sample macroscopic appearance was very dark. Only the high dilution for the UV study shows a visible difference. From previous studies, it was found that the most-studied centrifugation frequencies for graphene dispersions were 500 rpm and 1500 rpm for 30 to 90 min, which could avoid any structural defect. We studied the effect of different centrifugation frequencies, ranging from 500 rpm to 4000 rpm, and also 1500 rpm followed by another 3000 rpm (both for half an hour), on the maximization of the sedimentation of unexfoliated graphite (Figure 4a). The concentration decreases monotonically with an increase in the frequency, as a higher frequency causes sedimentation of the larger flakes or removes the adsorbed surfactant molecules from the graphene structures that collapse the graphene sheets into the graphite (Figure 4b). The absorption peak at 200 nm is related to the N, O of the amide functional group of surfactant changes, proportionally with the π-π* transition that appeared at 267 nm, indicating that the changes in frequency do not deteriorate the adsorbed surfactant on the graphene sheets in the dispersed condition.



Although the double centrifugation Cf gave the minimum concentration, we selected this value as our final centrifugation rate to characterize via TEM, AFM, micro Raman, XRD, and the results are consistent with each other.



Despite the disadvantages of a bath-type sonicator, our system provides a much higher concentration of graphene than other reported results. Usually, poor intensity and a heating problem creates some disadvantages in bath-type sonication that are difficult to overcome, as the heating problem deteriorates when heat is transmitted through the sample. Above the melting temperature, the surfactant chain breaks down, thus collapsing the molecular symmetry. Moreover, another problem arises from the heating problem: the solvent vapor covers the cavitation bubbles, which weakens the sonication energy. However, the use of a probe sonicator as an improvement in bath sonication helps to reduce the time and enhance the yield, i.e., the probe sonication technique leads to a manifold increase in the yield [40].




3.4. XRD Analysis


The dry graphene powder is black. Figure 5 shows its XRD pattern, corresponding to graphite and graphene (JCPDS 41-1487). The inset of this figure represents 100% intensity. The peak of graphene flakes at (002) is almost identical to that in graphite, indicating that, after drying, the surfactant monolayers are mostly removed, and the graphite lattice parameters are restored. However, the relative intensity of the peak decreased significantly from the graphite, while the other peaks disappeared from the exfoliated system. The intensity of the peak at 002 from the natural graphite is 132 times of that exfoliated graphene. This behavior is related to the poor ordering of the graphene nanosheets along their stacking direction, and reflects sonication results in well-exfoliated, few-layered graphene in an aqueous surfactant solution [41].




3.5. Characterization of Graphene Using TEM and AFM


Figure 6a,b showed representative TEM images of the graphene sheets, adsorbed onto a copper grid covered with carbon film. The TEM images revealed that the graphene sheets were transparent under the electron beam and besides some folding, the layers were confirmed by TEM. However, the visibility of different layers through the 1 L layer suggest a very small thickness, with a large area. The transparency can be confirmed from 1 L, where the carbon grid is visible. The graphene flakes are very large, indicating that this system can produce larger flakes with sufficient stabilization, which is important for different applications. No smaller flakes or graphite aggregates were visible on the whole grid. We identified several foldings in the first picture, which is normal for a large sheet. We attributed this folding to the intermolecular hydrogen bonding between the head groups of the adsorbed surfactant on the graphene edge and that of its nearest basal plane in the aqueous solution.



To gather information on the morphology and thickness of the exfoliated graphene through AFM analysis, we prepared our AFM sample with the dip-coating method. A freshly cleaved mica substrate was dipped down on the diluted dispersion of graphene for 5 min, then dried on a hot plate. After drying the dispersion, the mica plate was washed three times to remove the soap molecules and the unadsorbed graphene. As the amount of deposited material was low enough, we observed individual layers. Figure 7a represents a topographic image of the graphene, where one edge with three pronounced layers of stacking is noticeable; the area is marked by a rectangle. Figure 7b shows the 2–3-layer stacking with a smooth surface. The step height of the individual layers that are visible is 0.6–0.7 nm, with very well-defined edges (Figure 7c,d), which matches the reported results [42,43]. The thickness of the graphene layers might vary due to different factors, such as humidity, chemical contrast, adsorbed additives, and the rough surface of mica [44,45]. The AFM topographic image, together with the TEM image, supported the exfoliation of few-layered graphene with a large, wrinkle-free surface area. As in the TEM image, several foldings are visible in the area marked with an arrow.




3.6. Raman Characteristics


Raman is another important characterization method, which provides important information about the crystalline structure, stacking order, and defects of the layered matters. We used this method to further characterize the graphite materials; the spectra of graphitic materials are characterized by a D-band at 1350 cm−1, the G-band appears at 1565 cm−1, and a 2D band appear at 2700 cm−1. As in the starting graphite powder, a similar D-band (1350 cm−1) is observed for the exfoliated graphene, with similar intensity (Figure 8). The D peak is attributed to the structural imperfections, while the G peak is related to the doubly degenerate (iTO and LO) phonon mode (E2g symmetry), with a relative motion of sp2 bonded C-C atoms [46,47]. A small upshifting of the G band (7 cm−1) with reduced peak intensity is observed in the case of exfoliated graphene, indicating the reduced crystalline structure of graphene, which modified the C-C bond vibrations [48,49]. A small D′ band has also appeared in the exfoliated graphene. The ratio between I (D) and I (D′) was used to obtain information on the nature of the defects. We would like to establish that the D and D’ signals mainly originate from sample edges or other defects created by sonication power in the surfactant solution. It is reported that the ratio of ID/ID′ is (≃13) for defects associated with sp3 hybridization, (≃7) vacancy-like defects, and (≃3.5), related to boundary-like defects in graphite [48]. The 7 h and 29 h graphene flakes nearly showed the same ID/ID′ ratio, which varied from 0.97 to 0.99, much smaller than the above-mentioned defects related to sp3 hybridization, or vacancy-like defects. Therefore, we can rule out any of these disorders and attribute this defect to the graphene boundary/edges. The ID/IG ratio of the graphite and graphene samples was found to be 0.082, 0.4, and 0.3 for 7 h and 29 h samples. The increasing value of ID/IG is an indication of a low edge defect rather than a basal plane defect that arises from sonication. This result is consistent with the findings reported for sonication-based exfoliated graphene systems elsewhere [50,51]. Sonication almost gave the same defect ratio for these samples, indicating that the longer sonication did not significantly deteriorate the graphite structure. The UV result also shows a nearly constant exfoliation rate after 20 h sonication. The UV result of the sonication time effects shows that the graphene concentration decreases with time, which implies the decreasing edges of individual graphene layers. The graphene concentrations change following a second-order polynomial rule for the exfoliation rate, leading to changes in the D peak, where the edges act as defects. We found that the D peak in the exfoliated graphene increases from the base material with the sonication time, and then decreases again. Therefore, we can conclude that the D peak is an outcome of the increasing amount of exfoliated graphene. It is reported that carboxylate groups promote exfoliation even in poor solvent [52].



The number of layers in this system can also found from the I2D/IG ratio. The ratio for graphite is 0.46, and, for graphene, the ratio varies between 0.6 and 0.7, a signature of three-layer graphene [53]. The final peak is a 2D band at around 2700 cm−1, ascribed to a breathing-like mode of graphene in-plane lattice. The shape and position of the 2D-band of this graphene changed from that of graphite, and downshifted from 2690 cm−1 to 2679 cm−1. Many reports indicate that the 2D peak position of single-layer graphene appears at about 2679 cm−1; however, our TEM and AFM images show from two to three layers. Thus, we considered our system to be few-layered graphene. The downward shifting of the wavenumber is consistent with other research findings, which correspond to few-layer graphene [19]. The asymmetric shape of the 2D band typical of graphite is lost, a good sign of effective exfoliation, since the restacking of individual graphene layers does not correspond to the ordered stacking in graphite. Moreover, the FWHM width is approximately 70 cm−1 and this value indicates the formation of few-layered graphene [54,55,56].





4. Conclusions


Considering the graphene’s potential in different applications, it is important to find an easy, environmentally friendly, and cost-effective technique to produce large quantities of high-quality graphene using available resources. In this work, graphene dispersion in water is reported using an amino-acid-based biosurfactant, which is commonly used in toothpaste, mouthwash, and drug delivery. The system yields 1.2 mg/mL of graphene within a 7 h sonication time (500 rpm). The sonication easily breaks down the Van der Walls force between the graphite layers with an optimum concentration of aqueous surfactant solution. The monomer concentration of this surfactant gives the highest concentration of graphene, and the macroscopic appearance remains stable for several months. The absence of a micelle-like structure gives them stability in monomer concentrations. The sheet-like morphologies of the FLG stacking were evident in the AFM topographic image, where the edge of folded graphene clearly shows three layers. The TEM and AFM results are in full agreement. The broad XRD peak, with reduced graphene powder intensity, also implies the poor ordering of the FLG sheets along their staking direction. The Raman spectra show a very small defect ratio for our powdered graphene samples. Analyzing the 2D band of the Raman spectrum provides evidence of a 2–3-layer graphene, which confirms the conclusions we drew from our previous experiments. Using the same technique, a preliminary study was also carried out on graphene–Molybdenum disulfide (MoS2) hybridization at room temperature; the morphologies were studied using the same characterization methods. The initial analysis confirmed the structure of this 2D layered composite material. The results will be published in the future. Therefore, it is expected that the new system we demonstrated will enable the exfoliation of stable graphene for multiple applications.
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Figure 1. (a) Graphite powder, (b) graphene, (c) represents 80 mL of homogeneous graphene dispersion, and (d) exhibiting the Tyndall effect when a red laser beam is passed through it, indicating the formation of a uniform dispersion. 






Figure 1. (a) Graphite powder, (b) graphene, (c) represents 80 mL of homogeneous graphene dispersion, and (d) exhibiting the Tyndall effect when a red laser beam is passed through it, indicating the formation of a uniform dispersion.



[image: Crystals 11 00944 g001]







[image: Crystals 11 00944 g002 550] 





Figure 2. (a) Absorbance per unit path length (λ = 660 nm), A/l, as a function of the concentration of graphene, Cg, in water/acetone mixtures (75-wt % acetone). The graph follows Lambert–Beer behavior, with an absorption coefficient of α = 1013 mL mg−1 m−1. (b) UV-vis absorption spectra for different sonication times. (c) Sonication times vs. concentration graph with centrifugation frequency of 1500 rpm for half an hour, followed by another centrifugation with a frequency of 3000 rpm for another half an hour; 0.2 mL graphene dispersion was mixed with 5 mL water. 
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Figure 3. (a) UV-vis absorption spectra for different surfactant concentrations. (b) Variation in the concentration of graphene, Cg with the surfactant concentration, Cs graph with centrifugation frequency of 1500 rpm for half an hour, followed by another centrifugation with a frequency of 3000 rpm for another half an hour, 0.2 mL graphene dispersion was mixed with 5 mL water. 
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Figure 4. (a) The UV absorption spectra for different centrifugation frequencies, Cf; (b) Cf vs. Cg curve for 0.2 mL dispersion in 5 mL DI water. Here, the centrifugation 1500 rpm for half an hour followed by another 3000 rpm for half an hour is considered as 4500 rpm in the graph. 
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Figure 5. XRD pattern of graphene and graphite. 
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Figure 6. (a) TEM image of graphene; (b) is the red line marks the highlighted part of image (a). 
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Figure 7. AFM images after dip coating onto mica and rinsing with deionized water: (a) representative topographic selected height image of graphene flakes with clear edges (b) two to three layers FLG stacking, (c) surface of two-layered graphene, (d) height profile of the regions marked by red and blue color, demonstrating the different thickness of graphene layers. 
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Figure 8. Raman shift for graphite and graphene. Raman spectra of G showing few-layer graphene (7 h and 29 h) and starting graphite for reference. 
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