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Abstract

:

Metal-supported few-layer graphene (FLG) was synthesized via microwave-assisted catalytic graphitization owing to the increasing demand for it and its wide applications. In this study, we quickly converted earth-abundant and low-cost bituminous coal to FLG over Fe catalysts at a temperature of 1300 °C. X-ray diffraction, Raman spectroscopy, transmission electron microscopy, and N2 adsorption–desorption experiments were performed to analyze the fabricated metal-supported FLG. The results indicated that the microwave-irradiation temperature at a set holding-time played a critical role in the synthesis of metal-supported FLG. The highest degree of graphitization and a well-developed pore structure were fabricated at 1300 °C using a S10% Fe catalyst for 20 min. High-resolution transmission electron microscopy analysis confirmed that the metal-supported FLG fabricated via microwave-assisted catalytic graphitization consisted of 3–6 layers of graphene nanosheets. In addition, the 2D band at 2700 cm−1 in the Raman spectrum of the fabricated metal-supported FLG samples were observed, which indicated the presence of few-layer graphene structure. Furthermore, a mechanism was proposed for the microwave-assisted catalytic graphitization of bituminous coal. Here, we developed a cost-effective and environmental friendly metal-supported FLG method using a coal-based carbonaceous material.
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1. Introduction


Graphene consists of single layers of sp2–hybridized C atoms organized in a two-dimensional honeycomb matrix. Owing to its unique thermal, electronic, composite, and mechanical properties, graphene has recently attracted increasing attention as a critical material with numerous technological applications [1]. Moreover, numerous graphene synthesis methods using gaseous hydrocarbons as C sources have been developed, such as chemical vapor deposition (CVD) [2], chemical or electrochemical processes [3], epitaxial growth [4], and graphite-oxide exfoliation [5]. CVD is one of the most effective methods for synthesizing high-quality graphene [6]. However, solid C-like coal and food waste are increasingly used instead of gaseous hydrocarbons for graphene synthesis [7].



Utilization of coal as a fossil fuel has been linked to climate change [8], air pollution, and human health problems [9]; moreover, fossil fuel depletion is a global-scale phenomenon that impacts the environment [10]. These shortcomings have led to the development of an alternative efficient and clean graphene synthesis method [11]. Coal-based (anthracite, bituminous coal, and lignite) graphite was obtained at 3000 °C for 3 h with different microstructures such as honeycomb, monocrystalline, polycrystalline, spherical, and rod-like [12]. In addition, lignite-coal-derived synthetic graphite materials were prepared from 1200 to 2700 °C for 3 h [13]. Graphite is used as a raw material for graphene oxide (GO) production. It is synthesized by the modified Hummers method, which is related to time-consuming physicochemical reduction processes [5,14]. Moreover, flake graphite, which contains few impurities and consists of large crystals, is currently the primary source for GO production [15]. However, flake graphite poses a significant environmental threat owing to its natural scarcity and increasing demands for it in industrial and research sectors. Therefore, coaly graphite can be used as an inexpensive and abundant raw material for graphene production [16].



However, this process presents several disadvantages, as it is time and high-energy consuming and requires high temperatures; moreover, washing and drying are required to complete graphene production [17]. In addition, owing to their high heating efficiency and low energy consumption [18,19], microwaves are used as an alternative energy source in many fields, such as catalyst preparation [20] and environmental remediation [21]. Microwaves have many more benefits, such as heating uniformity [22], high production efficiency [23], rapid energy transfer [24], volumetric heating, a contactless process, and shorter device start-uptimes [25], which are used for several applications, such as nanomaterials synthesis (ZnO nanocomposites) [26], waste treatment (garbage and sludge) [27], within the analytical chemistry sector (ashing, extraction, and moisture analysis) [28,29], industrial processes (coal pre-treatment and processing, and polymeric composites) [30,31] and food processing (home cooking and pasteurization) [32,33]. Moreover, the nanopowder synthesis conducted through microwave devices is dependent on four different factors, such as the scale of the sample, pressure development, the sintering temperature, and other multi-functions. The most important factor is that the microwave technique provides a better reaction with controlling mode, and it has the ability to easily repeat results [34]. Microwave irradiation has been used to produce graphene materials from graphite oxide by converting microwave energy into heat [35]. The microwave-absorbing capacity of graphene is higher than that of GO; furthermore, unoxidized GO initiates a deoxygenation process, and the deoxygenated graphene acts as a microwave absorbent [36]. The low-temperature multilayer graphene growth was obtained from raw coal via catalytic (Cu foil) graphitization under microwave irradiation [37]. Kim et al. produced graphene via CO reduction using Al2S3. Furthermore, organic materials have been used to produce graphene dispersions [38,39]; however, the yield and concentration of graphene fabricated using organic materials are very low. As a result, fabricated graphene is expensive [40]. Moreover, graphite has been prepared by heating bituminous coal at a high temperature of 2800 °C [41], which was required to overcome the high graphitization enthalpy of graphite (~260 kcal mol−1) [42]. Therefore, researchers have used several catalysts, such as Fe, Ni, and Co, to decrease graphitization temperatures [43,44,45]. Kim et al. prepared C nanoparticles at 950 °C using Co as the promoter [46]. Moreover, porous graphitic carbon materials have been fabricated at low temperatures over Ni catalysts using activated carbon [44] and wood [47]. Additionally, iron gluconates, ferrocene, and Fe have been used to prepare several nanostructured graphitic materials [48,49]. Nevertheless, a cost-effective and time-efficient large-scale method for the industrial synthesis of few-layer graphene (FLG) with a well-controlled structure is still required. To overcome these drawbacks, in this study we developed a cost-effective, time-efficient catalytic method for the synthesis of metal-supported FLG from bituminous coal using a microwave temperature of 1300 °C. Furthermore, the fabricated metal-supported FLG was analyzed using powder X-ray diffraction (XRD), transmission electron microscopy (TEM), N2 adsorption–desorption, and Raman spectroscopy experiments.




2. Materials and Methods


2.1. Materials and Sample Preparation


Australian bituminous coal was used as a precursor for the preparation of FLG. Crushed raw coal was heated in an electric furnace (Carbolite-VST 12/300; Uk, max. temp. −1200 °C) at 600 °C (heating rate of 10 °C/min) under a continuous N2 flow for 30 min to remove volatile matter. The sample was crushed and sieved to <63 μm size fractions, which were subsequently steam-activated via carbonization at 800 °C (heating rate of 10 °C/min) for 30 min under a constant N2 flow of 250 mL/min. Then, the porous carbon samples were impregnated for 12 h with aqueous iron nitrate solutions (≥99.95% purity, Merck) of different Fe concentrations 2, 5, 10, and 20 (according to wt% of the porous sample), which served as catalysts. Next, a 0.1 M NH4OH solution was added to each solution and stirred for 30 min, followed by washing with deionized water. The mixtures were filtered and oven-dried at 110 °C. Next, the steam-activated Fe-loaded samples were divided into two sets and denoted as 800 °C–1300 °C (10% Fe loaded), and S2% Fe, S5% Fe, S10% Fe, and S20% Fe, respectively.




2.2. Microwave-Induced Graphitization


A self-designed quartz reactor (height of 360 mm, internal diameter of 80 mm, and thickness of 4 mm) with one inlet and one outlet (Figure 1) was placed inside a microwave oven (Tangshan Microwave Thermal Instrument CO. Ltd.; Beijing, China) with a microwave power output of 2000 W and a frequency of 2.45 GHz. In addition, a high-temperature type B thermocouple was inserted into the ceramic-crucible sample holder to measure sample temperatures at 2 s intervals. High-temperature insulation blankets surrounded the crucible to maintain a high internal temperature. For each experiment, 4 g of catalyst-loaded sample was used. N2 gas was flown (flow rate of 250 mL/min) through the reactor for 20 min before each experiment to create an inert reaction environment. The N2 flow rate (250 mL/min) and a microwave power output of 2000 W were fixed during experiments at target temperatures of 800–1300 °C.



Furthermore, the final temperature was maintained for 20 min to ensure sufficient time for reaction. The microwave-oven heating temperature, heating and cooling rate, and power system were fully controlled. The apparatus utilized online temperature monitoring to adjust the microwave power output to maintain the desired temperature. The catalyst-loaded graphitized samples were obtained from the microwave oven when the inside temperature was normal.




2.3. Characterization of Metal-Supported FLG Composite Materials


The morphology and structure of the metal-supported FLG samples were analyzed using a TEM 2100 (JEOL) TEM instrument at 200 kV. The porous properties of metal-supported FLG samples were examined by a N2 adsorption–desorption isotherm using a TriStar II 3020 (Micromeritics) at −196.15 °C. About 100 mg of samples were degassed at 400 °C for 4 h before starting the measurement. The Brunauer−Emmett−Teller method in a relative pressure range of 0.001–1 and the Barrett−Joyner−Halenda model were used to evaluate the specific surface area and pore-size distribution of the samples, respectively. A model (Bruker) XRD instrument with a Cu anode (λ = 0.154 nm) operated at a potential of 40 kV, and a current of 40 mA was used to determine the crystalline structure of samples in a scanning-angle range of 5−90°. Furthermore, the crystal size (La), stack height (Lc), and interlayer spacing (d002) of the samples were calculated using the Debye–Scherer equations and the g-factor values [50]. The structural order of the samples was evaluated using a Horiba tip-enhanced Raman spectroscopy–atomic force microscopy instrument with a wavelength of 532 nm, which was fitted with three bands (D ≈ 1350 cm−1, G ≈ 1580 cm−1, and 2D ≈ 2700 cm−1) to quantify the graphitization degree of the metal-supported FLG samples.





3. Results and Discussion


3.1. Morphology of Metal-Supported FLG Composite Materials


The XRD patterns of the catalytically graphitized composite materials using microwave radiation at different temperatures in the range of 800–1300 °C (10% Fe loaded) are presented in Figure 2. The sharp and intense peak at 2θ ≈ 26° in the XRD profile of the graphitized samples corresponded to the graphitic carbon. The peaks at 26° and 42.5° became sharper when the graphitization temperature was increased, due to aliphatic C chain breaking and the degradation of several functional groups [51]. According to Zhong et al., the strong diffraction peak in the graphite lattice represented the multilayer graphene accomplished with spherical particles [52]. The significant increase in diffraction-peak intensity with temperature increases in catalyst-loading bituminous coal specified the graphitic-layer ordering, supported by the most important factors, such as grain size, thickness, interlayer distance, graphitization degree (ID/IG), and g factor. The Scherrer and Bragg equations were used to calculate carbon-structure parameters. The La, Lc, interlayer spacing (d002), and g values are summarized in Table 1. Furthermore, the g value was measured using the Marie and Meiring equation. The sample graphitized at 1300 °C presented the largest crystal size and thickness of 3.28 and 7.06 nm, respectively, indicating that the catalyst promoted the growth of the staking height and graphite crystal particles. In addition, the interlayer spacing (d002) values of all samples were close to that of natural graphite (0.3354 nm), which is recommended for the growth of graphite structures [51].



The catalyst-loaded graphitized samples at 1300 °C represented an interlayer space (d002) and g-factor value of 0.3357 nm and 96.5%, respectively, which were higher than other temperatures.



The most intense peak in the X-ray diffraction profile of the samples with different catalyst-loadings graphitized at 1300 °C was observed at 2θ ≈ 26° (Figure 3a). The intensity of the 26° peak in the XRD profile of the S10% Fe sample was higher than other Fe-catalyst loadings. The overall crystallinity of the samples catalytically graphitized at 1300 °C increased with increasing Fe-catalyst loading from S2% to S10%, and decreased when Fe-catalyst loading was further increased to S20%. This was ascribed to catalyst agglomeration and was confirmed by the calculated Lc, La, and d002 values presented in Table 2. The S10% Fe sample presented the lowest (ID/IG) value of 0.68, suggesting that its carbon structure was more ordered than those with other Fe loadings. Moreover, the grain size and thickness of the S20% Fe sample were smaller than those of the S10% Fe sample. The d002 value of the S10% Fe sample was 0.3357 nm, which was close to that of natural graphite (0.3354 nm), confirming that the S10% Fe sample presented a perfect crystal structure with a high g factor (96.5%). Moreover, the peak positions were directly linked with the d002 values of the carbon samples [53]. Typically, the d-spacing is correlated with the graphitization degree, which also depends on the graphitization time. Given the same processing time, catalytic microwave graphitization can lower the d-spacing value (0.336 nm) more effectively than thermal graphitization [54].



Furthermore, the metallic-Fe peak at 2θ ≈ 45.5° in the XRD profiles of the composite materials with different Fe-loadings fabricated via microwave-assisted catalytic graphitization (Figure 3a) indicated that iron oxide was reduced to metallic Fe during pyrolysis. In contrast, no stable ferric carbide (Fe3C) was formed, owing to the low amount of disordered carbon in the reaction mixture. Fe3C formed as an intermediate product of the conversion of iron oxide to metallic Fe during pyrolysis. The Fe nanoparticles acted as nuclei for the formation of a graphitic-layered structure. According to the Fe–C phase diagram, the eutectic point of Fe–C was 1148 °C [55]. The fast heating with an automated temperature-control mode facilitated the formation of metal-supported FLG under microwave radiation.



To confirm the FLG structure details, Raman spectroscopy is the most important technique for further supporting the obtained XRD results of fabricated samples. The D, G, and 2D Raman peaks at 1350, 1580, and 2700 cm−1, respectively, at an excitation wavelength of 532 nm were expressed as graphene and graphite positions (Figure 3b). Furthermore, the D peak was attributed to the disordered carbon structure and defects at the graphene surface, whereas the G and 2D peaks were attributed to the C=C bonds, a feature of graphene. Moreover, the sharp 2D peaks confirmed the metal-supported FLG structure of the analyzed samples [56]. Defects were present in all samples [57]. The ID/IG ratio represented the degree of graphitization. A low (ID/IG) value indicates high graphitization. The ID/IG value of the S10% Fe sample fabricated at 1300 °C (0.68) was the lowest among all analyzed samples (Table 2), suggesting that the S10% Fe sample presented a more ordered carbon structure than the samples with other Fe loadings. However, ID/IG decreased at higher catalyst loadings as more disordered carbon structures formed, which was in agreement with the XRD results (Figure 3a). The 2D peak (2700 cm−1) was ascribed to the disordered structure of the samples and represented the number of graphene layers of each sample [56] (Table 2). The I2D/IG value was correlated with the number of graphene layers. The S10% Fe sample presented the highest I2D/IG value (0.81) among all analyzed samples. Moreover, the I2D/ID ratio represented the overall crystallinity of the samples with a long carbon structure [58]. The I2D/ID ratio gradually increased when the catalyst percentages increased (Table 2), indicating the long-range graphite structures. The highest I2D/ID value (1.19) was achieved at 1300 °C for the S10% Fe sample, which was higher than those of the other analyzed samples (Table 2). However, the I2D/ID value of the S20% Fe sample was lower than that of the S10% Fe sample, owing to catalyst agglomeration. In addition, TEM and high-resolution transmission electron microscopy (HRTEM) analyses were used to further confirm the morphology of the metal-supported FLG samples. Figure 3b also shows that a very broadly peaked background subtends all Raman bands, indicating a slight amorphization of the sample.



The TEM images of the metal-supported FLG samples are presented in Figure 4. Transition metals, such as Fe, Ni, and Cu, present outstanding catalytic graphitization properties due to their ionization potentials and d-electron structures [59]. These properties facilitate the dissolution of disordered carbon over catalysts at the supersaturation point and enable the growth of carbon layers into ordered structures via dissolution and precipitation [60]. A transparent few-layer graphene film over a larger area was clearly observed at different magnifications on a lacy carbon grid in Figure 4a,b, with the back-folding and wrinkles formed, as well as touching an edge due to the transfer process. H Okamoto studied that the graphene grew layer-by-layer, encompassing the Fe atoms at lateral directions [61]. This step followed the catalytic graphitization process that occurred via a dissolution–precipitation mechanism, as illustrated in the HRTEM image in Figure 4c,d. The HRTEM arbitrarily imaged edges of S10% Fe, revealing that the distorted nanosheets comprised about 3–6 layers of graphene nanosheets (Figure 4c,d). Furthermore, the HRTEM image confirmed interlayer spacing of around 0.34 nm (Figure 4c), which corresponded to the few-layered graphene nanosheet plane (002). The corresponding fast Fourier transform (FFT) (inset in Figure 4c) image represented the hexagonal spot pattern and demonstrated the sixfold symmetry of graphene features. The selected area electron diffraction (SAED) pattern (inset in Figure 4d) revealed the multiple sets of diffraction, which indicated the existence of few-layer graphene sheets [62,63].



The textural properties of metal-supported FLG composites were determined using N2 adsorption–desorption isotherm analysis. The metal-supported FLG samples presented a type IV curve with a hysteresis loop in the relative pressure range of 0.001–1. This indicated the wide particle-size distribution range of the catalytically graphitized metal-supported FLG samples, as well as the presence of meso and micropores. The specific surface area of the S10% Fe sample (109.3 m2g−1) was the highest among all analyzed samples (Figure 5a) and was higher than that of natural graphite (5.5 m2g−1) [50], anthracite-based material (4.7–6.8 m2g−1) [64], and nickel-doped artificial graphite (4.65 m2g−1) [65]. In addition, the lowest surface area was that of S2% Fe, which was 51.57 m2g−1. The density functional theory calculations suggested that the pore size of FLG ranged between 1 and 20 nm; moreover, the mesopore distribution diagram featured a peak positioned at 4.7 nm, and the S10% Fe sample presented the largest particles among all analyzed samples (Figure 5b).




3.2. Proposed Mechanism of FLG Formation under Microwave Irradiation


Microwave-assisted catalytic graphitization is a complex process that is closely related to heating rate, catalyst absorption capacity, and holding time. It fabricated the supported FLG via the dissolution–precipitation mechanism. Therefore, it was hypothesized that microwave radiation played a significant role in the fabrication of metal-supported FLG. During microwave-assisted catalytic graphitization at a constant high heating rate and high temperature, the supersaturation point of the C matrix and Fe particles was reached quickly. Furthermore, the microwave enabled the layer-by-layer growth of graphene to be facilitated. The proposed FLG growth mechanism is presented in Figure 6. In this study, Fe(NO3)3·9H2O impregnated coal samples were pyrolyzed under an inert N2 atmosphere; the Fe(NO3)3·9H2O was decomposed to form iron oxide, and Fe particles were then formed via the carbothermal reduction in iron oxide. Next, amorphous carbon was precipitated on the oversaturated Fe particles to form graphite, a stable form of carbon, owing to the variation in adhesive forces between Fe particles and graphitic carbon, which played a dynamic role in the dissolution–precipitation mechanism [66]. In addition, the Bituminous coal was used as a source of C atoms and dissolved into the Fe droplets. When the concentrations of C and Fe droplets reached supersaturation, FLG grew layer-by-layer on the surface of Fe atoms, and amorphous C was converted into ordered C, owing to the change in Gibbs free energy [67,68]. A thick carbon layer was formed at a low heating rate because abundant C atoms were dissolved into the Fe-catalyst droplets. However, few-layer carbon was precipitated on the Fe-catalyst surface at a high heating rate, which favored the development of a carbon structure with a few-layer thickness [69]. Moreover, a microwave heating rate with a set temperature is a critical factor for the formation of metal-supported FLG. The schematic diagram of a catalyst loaded with an amorphous C structure is displayed in Figure 6a. At the eutectic point, amorphous carbon was dissolved into the Fe-catalyst particles under a constant microwave heating rate for 20 min (Figure 6b), initiating layer growth. Microwave-exposed radiation directly heated the particles with a controlled mode, which is a noble synchronization with the dissolution–precipitation of both catalyst and carbon. During heating, the active Fe-catalyst particles played a critical role and formed channels in the amorphous C matrix to make the graphitic layer [70]. A stable few-layer graphitic structure in a disordered carbon matrix and a three-dimensional diagram of metal-supported FLG is represented in Figure 6c. The aforementioned experimental results and proposed mechanism suggests that the number of graphene layers can be controlled by optimizing the temperature and catalyst-loading percentage. However, more studies should be performed to better understand the FLG growth mechanism.





4. Conclusions


In summary, metal-supported FLG materials were effectively fabricated from bituminous coal over Fe catalysts at 1300 °C using a microwave-assisted catalytic graphitization process. An innovative self-designed microwave-assisted test apparatus was used to conduct microwave graphitization tests. Catalyst loading and microwave temperature played significant roles in the fabrication of metal-supported FLG composite materials. The FLG growth process was induced when iron oxide was reduced to metallic Fe. Graphene nucleation and subsequent growth occurred via the dissolution of bituminous coal char within the Fe-catalyst droplets.



A unique FLG morphology with 3–6 layers of graphene nanosheets and a well-developed mesopore structure was achieved using Fe-catalyst loading of S10 wt%. The graphitization degree and pore size of the metal-supported FLG sample were 96.5% and 4.7 nm, respectively. Microwave graphitization required only 20 min and was much faster than the traditional heating method; moreover, the FLG precursor was abundant and inexpensive.
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Figure 1. Schematic diagram of the catalytic graphitization setup (left); self-designed quartz reactor (right). 
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Figure 2. X-ray diffraction patterns of catalyst-loaded graphitized samples at different temperatures. 
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Figure 3. (a) X-ray diffraction patterns and (b) Raman spectra of different Fe-catalyst-loadings graphitized composite samples. 
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Figure 4. (a,b) TEM images of S10% Fe sample at different magnifications, (c,d) High-resolution transmission electron microscopy images of S10% Fe few-layer graphene sample. In addition, the inset (c) represents the FFT pattern with a hexagonal crystal structure, and the inset (d) shows the SAED configurations. 
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Figure 5. (a) N2 adsorption–desorption isotherms and (b) pore-size distribution of catalytically-graphitized few-layer graphene samples with different Fe loadings. 
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Figure 6. (a) Schematic diagram of catalyst particles in an amorphous carbon matrix under continuous microwave heating. (b) Initiation of few-layer graphene growth at a set temperature and time. (c) Microwave-induced graphitization and few-layer graphene growth around a catalyst particle. 
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Table 1. Structural properties of catalyst-loaded carbon materials fabricated via microwave-assisted catalytic graphitization at different temperatures.
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	Temperature (°C)/Parameter
	800
	900
	1000
	1100
	1200
	1300





	Interlayer spacing (d002)(nm) 1
	0.3366
	0.3364
	0.3368
	0.3363
	0.3362
	0.3357



	Crystallite size (Lc) (nm) 1
	2.76
	2.88
	3.16
	3.22
	3.24
	3.28



	In-plane crystallite thickness (La) (nm)
	5.95
	6.20
	6.82
	6.95
	6.98
	7.06



	g factor (%) 2
	86.3
	87.8
	88.5
	89.2
	90.7
	96.5







1 corresponding to the (002) graphitic plane in the X-ray diffraction profile of the sample. 2 graphitization degree calculated using the Marie and Meiring equation, as follows: g = (0.344 − d002)/(0.344 − 0.3354).
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Table 2. Structural properties of composite materials with different Fe-loadings fabricated via microwave-assisted catalytic graphitization.






Table 2. Structural properties of composite materials with different Fe-loadings fabricated via microwave-assisted catalytic graphitization.





	Fe Loading (%)/Parameter
	S2
	S5
	S10
	S20





	Interlayer spacing (d002)(nm) 1
	0.3367
	0.3362
	0.3357
	0.3365



	Crystallite size (Lc) (nm) 1
	2.77
	3.22
	3.16
	3.22



	In-plane crystallite thickness (La) (nm)
	5.59
	6.94
	7.06
	6.68



	ID/IG
	0.77
	0.72
	0.68
	0.76



	I2D/IG
	0.78
	0.79
	0.81
	0.79



	I2D/ID
	1.01
	1.10
	1.19
	1.03



	Surface area (m2g−1)
	51.57
	63.31
	109.3
	85.12



	g factor (%) 2
	84.9
	90.7
	96.5
	87.8







1 corresponding to the (002) graphitic plane in the X-ray diffraction profile of the sample. 2 graphitization degree calculated using the Marie and Meiring equation, as follows: g = (0.344 − d002)/(0.344 − 0.3354).
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