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Abstract

:

Thirteen raw coal samples from Qinshui coalfield were prepared to produce coal-based graphene, and the raw coal, coal-based graphite, and coal-based graphene sheets (GS) were characterized by X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy with energy dispersive spectrometer (SEM-EDS), and high-resolution transmission electron microscopy (HRTEM). The results show that the graphitization degree of coal-based graphite is positively linearly correlated with the reflectance of raw coal, has a low positive correlation with the content of inertinite, and has a low positive correlation with the content of vitrinite in raw coal. The crystallite width (La) and crystallite height (Lc) of coal-based graphite and graphene are positively linearly correlated with the reflectance of raw coal. La and Lc of coal-based graphite are distributed in 17.591–48.374 nm and 11.359–23.023 nm, respectively. After redox, La and Lc of coal-based graphene are distributed in 4.405 nm–6.243 nm and 0.804–1.144 nm, respectively. The defect degree (ID/IG) of coal-based graphene is higher than that of raw coal, demineralized coal, and coal-based graphite. The coal-based graphene is thin and transparent, and only contained carbon and oxygen. Combined with the parameters of XRD and HRTEM, it is calculated that the interlayer spacing (d002) of Qinshui-coal-based graphene is about 0.4007 nm and the number of layers (Nave) is about 5.
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1. Introduction


Graphene has excellent physical [1] and electrochemical [2] properties, and its prospects for application are considerable. In recent years, graphene and its derivatives have been widely used in nano electronic devices [3], biomedicine [4], composites [5], and cell imaging [6]. At present, the main carbon sources for industrial production of these materials are graphite [7], methane [8], and acetylene [9], with high cost. As a cheap and abundant carbon source, coal is rich in polycyclic aromatic organic compounds [10] and sp2 hybrid carbon [11], which is an ideal carbon raw material for the preparation of graphene.



The molecular structure of coal is mainly composed of polycyclic aromatic hydrocarbons (PAHs), or alkyl substituted aromatic hydrocarbons, with similar structure and different sizes [12], and is also known as the aromatic core of coal [13], which is an aromatic cluster composed of benzene rings, hydrogenated aromatic rings, aliphatic rings, and other heterocyclics [14]. The composition of PAHs in coal has been studied for a long time [15,16,17]; the small and almost planar PAHs in coals have a graphene-like structure. Scholars have discussed the influence of different factors (coal rank, sedimentary environment, element content difference, etc.) on the PAHs of coal [18,19]. The metamorphism of coal is a chemical change process of carbon enrichment, dehydrogenation, and deoxidation, accompanied by the changes of physical–chemical properties, such as porosity and density [20,21], and the alkyl side chains and functional groups with weak bond energy are cracked successively. The formation of basic structural units (BSUs) in the late coalification is the main mechanism of coal graphitization [22]; during the coal-to-graphite transition, the aromatic lattices become increasingly linear and oriented, forming oriented domains of limited sizes [23]. With the progress of aromatization and aromatic ring condensation, the order degree of BSUs in coal is continuously enhanced, and finally it evolves into graphite with a three-dimensional crystal structure [23,24,25].



The arrangement of PAHs in coals dominates the preferred orientation changes of coal structure and determines the sizes and crosslinking degree of aromatic layers in coals [26,27,28]. Most of the adjacent aromatic layers in coal are stacked in a lower order, presenting a vortex-graphene-like structure [29], and the interlayer spacing between vortex layers (>0.342 nm) is greater than that of crystalline graphite (generally 0.335 nm) [30]. After high-temperature heat treatment, the arrangement of coal structure will change to a more orderly trend, which is similar to the change of coal structure under natural metamorphism [31,32]. Combined with the characteristics that anthracite can be transformed into graphite at a temperature above 2000 °C [26,33], it can be speculated that coal-based GS and its derivatives with different sizes and average number of coal-based graphene layers (Nave) can be obtained by using mature preparation technology according to the occurrence and distribution characteristics of graphene microcrystalline structure in different coals. Based on these, coal structure is often modified by means of high temperatures [33,34], strong acids, and strong oxidation [35] in the laboratory to extract and prepare coal-based fullerene [36,37,38], carbon nanotubes (CNTs) [39,40], graphene oxides (GOs) [35,41], GS [42,43,44,45,46,47], and graphene quantum dots (GQDs) [48,49,50].



Coal-based graphene is usually prepared by redox [51,52] and chemical vapor deposition (CVD) [53,54]. The original structure and structural evolution of coal are important factors affecting the characteristics of coal-based graphene. It has been found that coal rank and the graphitization degree of coal determine the structure and properties of coal-based graphene [32,42,55]. There are many impurities in the raw coal, the minerals in the coal may destroy the integrity of the aromatic layer during graphitization [32,56,57], and the raw coal can be demineralized or purified into carbon source gas before coal-based graphene preparation. In addition, the special structure of macerals in coal will affect the characteristics of thermal evolution of coal structure [58,59], which is another important factor affecting the characteristics of coal-based graphene [60]. At present, the research on coal-based graphene is becoming more and more diversified. For bituminous coal with high activity, the electrochemical method can be considered to prepare coal-based graphene [61]. Sierra et al. prepared graphene oxides (GOs) from coal tar, studied its structural characteristics, and expanded the raw materials of coal-based nano carbon materials [62]. However, as raw materials, the structure and properties of coal are significantly affected by the metamorphism degree and composition of coal. At present, the detailed study of the effect of coal reflectance on coal-based graphene needs to be further studied, and the properties and formation mechanisms of coal-based graphene from macerals need to be revealed. In addition, the questions of how to improve the yield of coal-based graphene and promote the application of coal-based graphene are also difficult problems.



The Qinshui coalfield is located between Taiyue Mountain and the middle and south section of Taihang Mountain in the southeast of Shanxi Province. It is one of the richest coalfields in North China and has the largest anthracite base in China. The preparation of carbon materials such as coal-based graphene is conducive to the comprehensive utilization of coal resources. Therefore, taking thirteen coal samples from Qinshui coalfield as carbon raw materials, graphene was prepared by the redox method, and the products were characterized by spectral methods. The effects of reflectance and macerals of coal on graphitization degree were analyzed, and the graphitization degree formula of coal-based graphite was put forward. Moreover, the influence of the reflectance of coal on the structural parameters of the products during the preparation of coal-based graphene was systematically studied. It is hoped that this work can provide theoretical guidance for enriching the research of coal-based graphene and improving the added value of coal-based products.




2. Material and Methods


2.1. Material


2.1.1. Samples


The Qinshui coalfield is located in the center of North China platform. The coal bearing sequence of the Qinshui coalfield includes the Benxi (Middle Carboniferous), Taiyuan (Upper Carboniferous), and Shanxi (Lower Permian) formations [63,64]. In this study, thirteen raw coal samples with different reflectances were collected from the Qinshui coalfield and they were all bench samples, except WK-15#-KC and BZ-2#-KC, which were channel samples. The descriptions of these samples are listed in Table 1. Each coal bench sample was cut over an area about 20 cm wide and 10 cm deep by an interval of 10–30 cm for the coal seam, and each channel sample was collected and cut as a 20 cm wide and 10 cm deep channel. The coal samples collected were from 5 coal seams: the 15th, 9th, and 8th coal seams of the Carboniferous Taiyuan Formation, and the 3rd and 2nd coal seams of the Lower Permian Shanxi Formation [63].




2.1.2. Demineralization and Graphitization


In order to avoid the influence of minerals in the coal samples on the graphitization process and structural analysis of coal-based products, the samples were demineralized in advance. Samples were crushed to 200 mesh. Coal powders were treated with HCl, HF, and HNO3 successively in polytetrafluoroethylene (PTFE) beakers (soaked and stirred in 60 °C ultrapure water for 24 h) to remove minerals in the coal samples [32,46,65]. After washing (washed with ultrapure water until pH = 7) and drying (at 60 °C in vacuum oven), demineralized samples were obtained and marked with prefix D.



Coal powders were weighed to 5 g and put into a graphite crucible, heated to 1000 °C (5 °C/min) for 1 h carbonization in a graphite furnace under vacuum, then rapidly heated (20 °C/min) to 2800 °C and maintained at this temperature for 3 h under an argon atmosphere to prepare coal-based graphite [46,47,66]. The coal-based graphite obtained above were marked with prefix G.




2.1.3. Preparation of Coal-Based GS


Coal-based GO was prepared according to modified Hummers’ method [41,67,68]. A measure of 68 mL concentrated H2SO4 (mass fraction 98%) was mixed with 1.5 g NaNO3 powder into a 200 mL beaker and stirred for about 10 min until the NaNO3 was completely dissolved. A measure of 2 g of coal-based graphite was added to the beaker and the temperature was kept below 5 °C in an ice bath. After the coal-based graphite was stirred evenly, the intercalation effect of strong acid on graphite could be established by maintaining the stirring reaction for 20 minutes. A measure of 10 g KMnO4 was slowly added to the reaction system and stirring was continue for about 30 min to ensure the oxidation effect of KMnO4 on coal-based graphite. Next, after the reactants were continuously stirred in a 35 °C water bath for 3 h, 50 mL of ultrapure water was slowly added to the reaction system. Then, the temperature was turned to 98 °C, and the reactants were stirred for 20 minutes. After the beaker was taken out, about 30 mL of hydrogen peroxide (H2O2, mass fraction 30%) was added until no bubbles were generated to ensure the complete removal of KMnO4. The obtained reactants were centrifuged at the speed of 5000 r/min for 30 min, the supernatant solution was poured, the paste was washed to neutrality with ultrapure water, and dried in a vacuum-drying oven at 50 °C for 24 h to obtain coal-based GO.



The coal-based GO prepared in the previous step was ground into powder, and the coal-based GO suspension was obtained by pouring ultrapure water into a 200 mL beaker and stirring. After 5 h in ultrasonic water, the reactants were centrifuged for 20 min (7000 r/min), and the supernatant solution was transferred to a glass dish. After freezing, reactants were dried with a vacuum freeze dryer for about 12 h to obtain coal-based graphene oxide solid.



About 100 mg of coal-based graphene oxide solid and 500 mL N,N-Dimethylformamide were placed in a beaker, and the mixture was ultrasonicated for about 2 h. The reaction system was heated to 95 °C, 2 mL N2H4·H2O was added, heated in a constant temperature water bath for about 5 h, and stirred continuously. When the reactants were cooled to room temperature, they were washed to neutral with ultrapure water, and the washing solution was tested to ensure that SO42− and NO3−1 were not detected. The washed products were freeze-vacuum-dried to obtain coal-based GS. The coal-based GS above were labeled with prefix GS.





2.2. Methods


2.2.1. Basic Characteristics


The maximum reflectance of vitrinite (Ro,max, %) was determined by a Leitz Orthoplan microscope equipped with a Daytronic mainframe 9005 spectrophotometer based on ASTM Standard D 2798-11a [69]. Proximate analyses of coal were determined following ASTM Standard D3173-11 [70], ASTM Standard D3174-11 [71], ASTM Standard D3175-11 [72], and ASTM Standard D3177-02 [73], and the ultimate analysis was performed based on ASTM Standard D5373-08 [74]. Coal samples were ground to 20 mesh prepared into epoxy-bound polished pellets. The pellets were examined using reflected-light oil-immersion microscopy using a magnification of 500×. According to the morphology, structure, color, and relative reflectance of the macerals, the macerals and minerals in coals were classified and quantified with the microscope. The classification of the macerals was based on the International Committee for Coal and Organic Petrography (ICCP) System 1994 [75,76].




2.2.2. X-ray Diffraction (XRD)


The crystal structure and graphitization degree of the products were determined using a RIGAKU D/max 2500 VK/PC X-ray diffractometer under Cu K radiation at 40 kV and 100 Ma α, scanning all coal-based precursors and products with graphite monochromator. Measurements were recorded at 2θ = 10–80° at a scanning speed of 2°/min. For the XRD spectrum, the baseline correction and peak splitting were carried out by Jade software to obtain the information of peak position, peak area, full width at half-maximum (FWHM), and peak height, and then the curves were fitted by Origin software. The diameter (La) of the microcrystalline carbon and the stacking thickness (Lc) of the aromatic layers representing the microcrystalline in the c-axis direction were calculated by the Scherrer Equations (1) and (2). The average interlayers spacing (d002) and the average number of aromatic layers (Nave) were calculated by Formulas (3) and (4), respectively. The graphitization degree (G) was calculated by Formula (5) [33,77,78].


La(Å) = K1λ/(β100cos θ100)



(1)






Lc(Å) = K2λ/(β002cos θ002)



(2)






d002(Å) = λ/2sin θ002



(3)






Nave = (Lc/d002) + 1



(4)






G = (0.3440 − d002)/(0.3440 − 0.3354) × 100%



(5)




where K is the microcrystalline shape factor (K1 = 1.84, K2 = 0.94); λ is the X-ray wavelength (λ = 1.54056 Å); βhkl is the full width at half-maximum (FWHM, rad) of the diffraction peak corresponding to hkl peak; θhkl is the diffraction angle (o); and 3.440 nm is the interlayer spacing of non-graphitized carbon (Å).




2.2.3. Raman Spectroscopy


Raman spectra of the raw materials and process products were obtained from a Renishaw in Via spectrometer that utilizes an argon ion laser of 532 nm wavelength (24.3 mV) and is equipped with a 1024 Pixel CCD camera. These spectra were recorded in the range of 800 cm−1 to 3000 cm−1. Each spectrum was subjected to peak fitting with Origin software in order to resolve the curve using a Gaussian-curve-fitting module. The parameters obtained include the peak position (frequency, cm−1), FWHM, and ratio of D peak intensity to G peak intensity (ID/IG) [79].




2.2.4. Scanning Electron Microscopy (SEM)


JSM-6701F was used to observe the morphological characteristics of the products in this study. The element composition of products was analyzed qualitatively and quantitatively by SEM-EDS. The resolution of electron microscope was 1.0 nm (15 kV), the magnification range was 25 to 650,000×, and SEM images analysis software used was Photoshop.




2.2.5. High-Resolution Transmission Electron Microscope (HRTEM)


The prepared products were observed by HRTEM with TECNAI G2 F30 S-TWIN microscope equipped with computer imaging system. Under ultrasonic conditions, about 5 micrograms of the sample were diluted with ethanol, the products were deposited on the carbon film, and the ethanol was evaporated. HRTEM was operated at 200 kV–300 kV with a dot resolution of 0.20 nm and a line resolution of 0.102 nm. HRTEM images were analyzed by Photoshop and Digital Micrograph.






3. Results and Discussion


3.1. Basic Sample Properties


Results of proximate analyses, ultimate analyses, and maceral composition analyses are shown in Table 2. According to International Standard ISO-11760 [80], coals in the present study are all classified as anthracite C (high rank C). Maximum reflectance (Ro, max) of vitrinite was distributed between 2.25–2.72%. Moisture (air-dry basis) in coals was distributed between 0.86–2.50%. Ash yields were distributed between 2.09–13.34%, of which XJ-3#-M6, XJ-15#-M6, and WK-15#-M2 were classified as very low ash coal; BZ2#-M4, JSFH-15#-M6, KXYQ-15#-M5, SJZ-15#-M4 were classified as low-ash coal; and the rest were classified as medium-ash coal [80]. Sulfur contents of these coals range from 0.43–4.02%, of which KXYQ-15#-M5 and TAHX-15#-M8 were classified as high-sulfur coal (St,d ≥ 3%); KXYQ-9#-M1, XJ-15#-M6, GZ-15#-M4, JSFH-15#-M6 were classified as medium-sulfur coal (1 ≤ St,d < 3%); the rest were classified as low-sulfur coals (St,d < 1%) based on Chou [81]. The atomic ratio of H/C and O/C of the coal samples ranged from 0.353–0.523 and 0.010–0.040, respectively. The contents of vitrinite range from 44.4–82.0%, of which KXYQ-9#-M1, GZ-15#-M4, XJ-8#-M6, and WK-15#-M2 were classified as medium-vitrinite coal; JSFH-15#-M6 and SJZ-15#-M4 were classified as high-vitrinite coal; and the rest were classified as moderately high vitrinite coal based on International Standard ISO-11760 [80]. To better study the characteristics of Qinshui-coal-based graphitic products, the Lutang meta-anthracite (G-LT) from Lutang graphite mine, Hunan Province, China was selected as the comparison sample, and the data of the Lutang series products were cited from Huan et al. [46].




3.2. XRD Characterization of Products


After 2800 °C graphitization, the (002) peaks at about 26° of coal-based graphite were extremely sharp, and there were three-dimensional characteristic diffraction peaks of graphite, such as (100), (101), (004), and (110) (Figure 1). The average interlayer spacings (d002) of the prepared Qinshui-coal-based graphite were all less than the 0.3393 nm of Lutang meta-anthracite (see in Table 3), and the average value was 0.3383 nm. The d002 of G-GZ-15#-M4, G-WK-15#-M2, and G-WK-15#-KC was less than 0.3380 nm, of which the d002 of G-WK-15#-KC was the smallest, 0.3374 nm, close to the natural flake graphite at d002 = 0.3371 nm [66]. The La of the prepared Qinshui-coal-based graphite ranged from 17.591 nm–48.374 nm, larger than that of Lutang meta-anthracite (see in Table 3), which is related to the horizontal ordered arrangement of macromolecules in coal during graphitization. The Lc of Qinshui-coal-based graphite was distributed between 11.359 nm and 23.028 nm, and the Lc of G-XJ-15#-M6, G-SJZ-15#-M4, G-WK-15#-M2, and G-WK-15#-KC was more than that of Lutang meta-anthracite (see in Table 3), which indicates that the four kinds of coal-based graphite experienced strong three-dimensional ordering in the process of high-temperature graphitization, resulting in a significant increase in the degree of order and the size of BSUs, which effectively improved the aromatic structure. However, the Lc of other coal-based graphite was lower than that of Lutang meta-anthracite (see in Table 3), which may be caused by the compressive stress of the geological body during the formation of the Lutang sample. The average number of aromatic layers (Nave) was determined by the Lc and d002, and the Nave of the Qinshui-coal-based graphite is distributed between 34.54–69.22. The Nave of G-XJ-15#-M6, G-SJZ-15#-M4, G-WK-15#-M2, and G-WK-15#-KC was higher than that of Lutang meta-anthracite, while the Nave of other Qinshui-coal-based graphite was lower than that of Lutang meta-anthracite. The graphitization degree was determined by d002, which is a parameter that directly reflects the quality of coal-based graphite. It can be seen from Table 3 that the graphitization degree of all Qinshui-coal-based graphite was higher than that of the Lutang sample, distributed between 55.62% and 76.18%, and the average was 65.69%. These results show that, after 2800 °C high-temperature treatment, the d002 of aromatic layers of coal samples was significantly reduced, the degree of order was enhanced, and the graphite-like structure was increased.



As can be seen from the scatter diagrams of the relationship between graphitization degree and macerals in coal (Figure 2), the graphitization degree of coal-based graphite has a low negative correlation with the proportion of vitrinite in the reflectance range of the selected coal samples. On the contrary, there was also a low positive correlation between graphitization degree and the proportion of inertinite. As can be seen from Figure 3, the graphitization degree of coal-based graphite increased with the increase in the reflectance of bulk samples. The graphitization degree of coal-based graphite had a positive linear correlation relationship with the reflectance of raw coal; the correlation equation is graphitization degree G = 29.33Ro,max − 8.23, correlation coefficient r = 0.686. It can also be seen from Figure 3 that the trend of the graphitization degree of coal-based graphite was consistent with the trend of inertinite content of coal, and it was contrary to the change in the trend of the vitrinite content. Therefore, we used MATLAB software to study the relationship between graphitization degree and inertinite content in this reflectance range (Ro,max, 2.25–2.72%) by using the partial correlation coefficient. In MATLAB, the partial correlation coefficient R = 0.641 (P = 0.025) was obtained from code [R,P] = partialcorr (I, G, Ro,max), showing that there was an obvious positive correlation between graphitization degree and inertinite content of coal under the condition of controlling the influence of variable Ro,max. Similarly, R = −0.691 (P = 0.013) was obtained from code [R,P] = partialcorr (V, G, Ro,max), showing that there was an obvious negative correlation between graphitization degree and inertinite content of coal under the condition of controlling the influence of variable Ro,max. In the same way, R = 0.815 (P = 0.001) and R = 0.803 (P = 0.002) were calculated from code [R,P] = partialcorr (Ro,max, G, V) and [R,P] = partialcorr (Ro,max, G, I), respectively, showing that there was an obvious positive correlation between graphitization degree and Ro,max of raw coal under the condition of controlling the influence of I(%) and V(%). According to the above analysis, after demineralization, the graphitization degree of Qinshui-coal-based graphite is related to the reflectance of raw coal and the proportion of macerals in coal. After multiple regression fitting with Origin software, the graphitization degree formulas of Qinshui-coal-based graphite were G = 29.18Ro,max − 0.27V + 10.38 (R = 0.834, P = 0.001), G = 29.63Ro,max + 0.26I − 16.36 (R = 0.810, P = 0.002), and G = 28.89Ro,max − 0.43V − 0.18I + 27.80 (R = 0.818, P = 0.004).



It can be seen from Figure 4 that within the reflectance range (Ro,max, 2.25–2.72%) of the selected coal samples, the change trend La and Lc of Qinshui-coal-based graphite was consistent with the change of the graphitization degree of the coal. The La of the coal-based graphite had a larger variation range than the Lc, showing that the change of coal molecules in the vertical direction was not as significant as that in the horizontal direction during graphitization. Through the results of linear fitting in Figure 4, it was found that there was a positive linear correlation between the La and Lc of coal-based graphite and the reflectance of raw coal.



Compared with coal-based graphite (Figure 1), the (002) peak intensity of coal-based graphene decreased, the (100), (101), (004), and (110) peaks subsided, and the (002) peak also shifted from about 26° to about 24° (Figure 5 and Table 4). The FWHM of the G peak (FWHM-G) increased, and the aromatic sheets interlayer spacing d002 increased significantly, which were distributed in the 0.3594 nm–0.3749 nm range. These indicate that, after the redox reaction, the Van der Waals force between the aromatic layers was weakened, the aromatic sheets were peeled off, and ideal graphene formed in layers. The scatter diagram of La and Lc (Figure 6) showed that La and Lc increased their zigzag, and, like the coal-based graphite, the La of coal-based graphene had a larger variation range than the Lc. The crystallite sizes La and Lc were distributed from 4.405 nm–6.243 nm and 0.804 nm–1.144 nm, respectively. The average value of La (5.508 nm) of Qinshui-coal-based graphene was close to that of GS-LT, while the value of LC was generally lower than that of GS-LT, which was due to the weak vertical stacking of the Qinshui coal structure in the previous high-temperature graphitization process. Same as coal-based graphite, there was a positive linear correlation of La and Lc of coal-based graphene with the reflectance of the raw coal according to the fitting equation in Figure 6. According to the XRD parameters, the number of layers (Nave) of the Qinshui-coal-based graphene was distributed from 3–5 (less than that of GS-LT), which classified as few layers of graphene (less than 10 layers), and the Nave was significantly less than that of coal-based graphite, indicating that the stripping effect was ideal.




3.3. Raman Characterization of Products


The structural changes in each phrase of coal-based graphene from coals are reflected in the Raman spectra. The G band (~1600 cm−1) corresponds to the first-order Raman scattering of the E2g mode attributed to the structural order of the graphite-like carbon. The D band (~1350 cm−1) is related to the structural defects or disorder (noncarbon atoms, vacancies, and amorphous structures, etc.) [82]. ID/IG represents the relative intensity between the D band and G band, and it can reflect the disorder degree and defect density of the sample [83,84]. The larger the ratio is, the worse the ordering structure of the carbon material is, and the more numerous the defects are [52,79].



The basic Raman spectra parameters of raw coal and demineralized coal are shown in Figure 7 and Table 5, and Figure 8 and Table 6, respectively. The D band and G band of raw coal and demineralized coal were all located at around 1350 cm−1 and 1600 cm−1. The ratio of ID/IG of raw coal and demineralized coal was distributed between 0.34–0.55 and 0.33–0.68, respectively, the average values were both 0.50, showing that demineralization had no significant effect on the Raman ID/IG ratio of the samples. Therefore, it is impossible to compare the structural defects of raw coal and demineralized coal with the ratio of ID/IG. From Table 5 and Table 6, the value of FWHM-G of demineralized coal (distributed in 48.50–66.66 cm−1, average value was 57.72 cm−1) was obviously larger than that of raw coal (distributed in 51.70–95.18 cm−1, average value was 72.35 cm−1), and peak position difference between band G and band D (G-D) of raw coal (distributed in 248.80–268.06 cm−1, average value was 257.83 cm−1) was obviously larger than that of demineralized coal (distributed in 221.00–272.45 cm−1, average value was 245.91 cm−1), indicating the order of the coal molecular structure was destroyed during demineralization and the defects density increased after demineralization. In addition, for both the raw coal and the demineralized coal, the G-D of the bulk samples increased with the increase in reflectance of the raw coal (Table 5 and Table 6). It can be seen from Figure 9 and Figure 10 that both the FWHM-G and ID/IG ratio of the bulk of raw coal and the demineralized coal decreased with the increase in reflectance of raw coal, and linear fitting results showing FWHM-G and ID/IG ratio of raw coal and demineralized coal had a negative linear correlation with the reflectance of raw coal.



The D band of coal-based graphite shifted at ~1350 cm−1, the G band became sharper and shifted to ~1585 cm−1 (Figure 11 and Table 7). A strong 2D peak appeared at ~2700 cm−1, which was sensitive to the stacking order of the graphene-like sheets along the c-axis [85], indicating the structure in the coal transformed well into a graphite structure. The ID/IG ratio of the coal-based graphite was distributed from 0.34 nm–0.55 nm and the FWHM-G of the coal-based graphite was distributed from 24.25 cm−1–33.57 cm−1 (Figure 11 and Table 7), both of which are significantly lower than those of raw coal and demineralized coal and had a negative linear correlation with the reflectance of raw coal. The FWHM-G and ID/IG ratio of the bulk of coal-based graphite decreases with the increase in reflectance of raw coal, as see in Figure 9 and Figure 10. The distribution of G-D of coal-based graphite (223.80 cm−1–231.79 cm−1) was more uniform than that of raw coal and demineralized coal and the G-D of the bulk of coal-based graphite were significantly lower than those of raw coal and demineralized coal (Table 7). This is because the graphitization degree of the samples reached a certain degree, which made the difference in G-D for all coal-based graphite generally smaller [86]. The above results indicate that the defect degree of coal-based graphite was reduced well after graphitization.



In Figure 12, similar to raw coal and demineralized coal, there are D and G bands near 1350 cm−1 and 1600 cm−1 for coal-based graphene. Due to the peeling of graphene sheets after redox, the 2D peak representing the stacking height of graphene layers almost disappeared, while the D peak representing lattice defects increased significantly. The intensity of the G band related to sp2 carbon decreased and the FWHM-G increased significantly, and was larger than that of coal-based graphite (Figure 12 and Table 8). Differently from raw coal, demineralized coal, and coal-based graphite, there was no linear correlation between the FWHM-G of coal-based graphene and the reflectance of raw coal (Figure 9). However, similar to raw coal, demineralized coal, and coal-based graphite, there was a negative linear correlation between the ID/IG of coal-based graphene and the reflectance of raw coal (Figure 10), indicating that the ID/IG ratio of the bulk of coal-based graphene decreased with the increase in the reflectance of raw coal; the higher the reflectance of raw coal, the lower the defect degree of the coal-based graphene prepared. In addition, the ID/IG ratio of Qinshui-coal-based graphene (distributed between 0.90–1.02) (Table 8) was higher than that of coal, demineralized coal, and coal-based graphite (Figure 10), which shows that, after redox and peeling, the ordered carbon atoms on the aromatic ring were destroyed by oxidants and reductants and the structural integrity of the aromatic layers became worse.




3.4. SEM Characterization of Products


Because of its advantages of high magnification, large depth, and high resolution, the micro-morphological characteristics of samples and products can be investigated using SEM. The SEM images of the coal-based graphene (Figure 13) show that the microstructure of the coal-based graphene was a thin layer, with many curls at the edge of the lamellar and folds inside the lamellar. This was because the thin graphene layers in the natural state maintain their thermodynamic stability in the form of curls. At the same time, due to the weak electrostatic and hydrophilic interaction between the graphene layers, the face surface and the edge surface bonding and merging between the graphene layers interweave to form a three-dimensional structure of overlapping sheets, close agglomeration, and a multi-net structure, as shown in the pictures. In addition, the SEM images also show some differences in the micro-morphology of the thirteen Qinshui-coal-based graphene products. The lower the reflectance of the raw coal, the more unstable the small aromatic molecules in the coal, so that the layers of graphene from the coal with lower reflectance are destroyed, and polycondensation occurs during the preparation process. As shown in the SEM images of GS-BZ-2#-M4, GS-KXYQ-9#-M1, GS-BZ-2#-KC, and GS-XJ-3#-M6, there were more graphene layers aggregates on the surfaces with more holes, and the stripping effect of the layers was not obvious. With a higher reflectance, more stable macromolecules are present in raw coal, so that no large area of polycondensation occurs for the prepared coal-based graphene layers. As shown in the SEM images, GS-GZ-15#-M4, GS-SJZ-15#-M4, GS-XJ-8#-M6, GS-TAHX-15#-M8, GS-WK-15#-M2, and GS-WK-15#-KC were purer and smoother, with fewer holes and more obvious peeling and curling effects than the other products.



The element composition of the products can be analyzed by EDS images (Figure 13). The element compositions of all Qinshui-coal-based graphene samples were relatively simple. The Qinshui-coal-based graphene contains only two elements, carbon and oxygen, of which carbon accounts for more than 85%, both in mass ratio and atomic ratio. GS-WK-15#-KC had the highest atomic percentage of carbon elements, up to 95.17%, with an O/C atomic ratio of 0.051, while GS-BZ-2#-M4 had the lowest atomic percentage of carbon elements (88.29%), with an O/C atomic ratio of 0.133. There was an obvious positive linear correlation between the carbon content (atomic) of the coal-based graphene and the reflectance of the raw coal (Figure 14). On the contrary, there was an obvious negative linear correlation between the O/C (atomic) of the coal-based graphene and the reflectance of the raw coal (Figure 15). During the preparation process, strong oxidants entered into the molecular layers of coals under the action of strong acids; considering the polycondensation of aromatic molecular by reducing agents, the amount of added reducing agents was not enough to carry out the reduction in these oxygen-containing functional groups. Therefore, compared with raw coals, the atomic ratios of O/C of all the Qinshui-coal-based graphene samples were clearly improved, and there was a significant negative linear correlation with the reflectance of the raw coal (Figure 13 and Figure 15).




3.5. HRTEM Characterization of Products


It can be observed from Figure 16 that the prepared Qinshui-coal-based graphene had good light transmittance and was in the shape of a thin layer. The folds and superposition inside the graphene layers are clearly visible in the image, which is consistent with the morphological characteristics of few layers of graphene (less than 10 layers) [87]. The Qinshui-coal-based GS has good integrity and no microgaps, indicating that demineralization can avoid the microgap caused by the embedding of the products of high-temperature transformation of minerals in coal into the graphene layers [57]. Generally speaking, the lower the number of Nave, the more bending is required to maintain thermodynamic stability, so graphene with fewer Nave produces more folds. Compared with the middle of the graphene layer, the interlayer spacing (d002) at the edge of the graphene sheets was large and the Nave was small (Figure 17), indicating that the peeling effect of the graphene layers at the edge was ideal.



There were still some differences in the structures of the coal-based layers prepared from the thirteen different raw coals. After fast Fourier transform (FFT) of the HRTEM images, lattice images can be obtained (as shown in Figure 18), which is convenient for measuring the Nave through line profile analysis of lattice images. In the line profile analysis, the distance between peaks represents the graphene interlayer spacing (d002). For GS-WK-15#-KC, GS-TAHX-15#-M8, and GS-WK-15#-M2, the Nave was mostly less than 5, and the d002 values were 0.457 nm, 0.433 nm, and 0.431 nm, respectively. For GS-SJZ-15#-M4, GS-XJ-8#-M6, and GS-GZ-15#-M4, the number of layers was evenly distributed, mostly 5 layers, and the d002 values were 0.514 nm, 0.422 nm, and 0.414 nm, respectively. For GS-KXYQ-15#-M5, GS-JSFH-15#-M6, GS-XJ-15#-M6, GS-XJ-3#-M6, GS-BZ-2#-KC, GS-KXYQ-9#-M1, and GS-BZ2#-M4, the number of layers was mostly distributed between 5 and 8, and the d002 values ranged from 0.392 nm–0.512 nm. Therefore, it can be concluded from the above that the higher the reflectance of the corresponding raw coal, the greater the number of coal-based graphene layers, proving that a higher reflectance is conducive to the stripping of coal-based graphene layers.



Generally speaking, in practical experiments, some samples that do not meet the target, such as non-graphene structures, are included in the XRD characterization, and the selected points cannot contain all the target samples in the HRTEM characterization. Therefore, to avoid errors, comprehensive calculation of the characterization parameters is required. It can be seen from the comparison of HRTEM and XRD parameters (Table 9) that the interlayer spacing (d002) and Nave of the coal-based GS were characterized by HRTEM, for which the collected symbolic image points were larger than those of XRD. Combining with the average values of XRD parameters and HRTEM parameters, it was calculated that the d002 value of the Qinshui-coal-based GS was about 0.401 nm, and the Nave was about 5.





4. Conclusions


Coal-based graphene was prepared from thirteen anthracites collected from Qinshui coalfield. Through the analysis of the characterization of the samples and products in the preparation process, the conclusions are as follows:



(1) After graphitization treatment, there was an obvious positive correlation between the graphitization degree and the reflectance of raw coal. In the reflectance range of the selected coal samples, the graphitization degree of coal-based graphite was positively correlated with the content of inertinite, and was negatively correlated with the content of vitrinite in the raw coal, under the conditions controlling the influence of the Ro,max variable. The graphitization degree formulas were summarized as follows: G = 29.18Ro,max − 0.27V + 10.38 (R = 0.834, P = 0.001), G = 29.63Ro,max + 0.26I − 16.36 (R = 0.810, P = 0.002), and G = 28.89Ro,max − 0.43V − 0.18I + 27.80 (R = 0.818, P = 0.004).



(2) There was a positive linear correlation of the La and Lc values of the coal-based graphite and the graphene with the reflectance of the raw coal. Moreover, the variation range of the La values of the Qinshui-coal-based graphite and the coal-based graphene was larger than that of the Lc values.



(3) Demineralization of coal has no significant effect on the ID/IG ratio but has a great influence on the FWHM-G in Raman characterization. There were negative linear correlations of the FWHM-G and ID/IG of raw coal, demineralized coal, and coal-based graphite with the reflectance of the raw coal.



(4) The higher the reflectance of the raw coal, the more ideal the micro-morphology of the coal-based graphene prepared, and the fewer the layers characterized by HRTEM. The carbon content of the produced Qinshui-coal-based graphene was more than 85% in both mass ratio and atomic ratio.



(5) In order to avoid the calculation error caused by the inclusion of non-coal-based graphene content in XRD characterization and the particularity of selected points in HRTEM characterization, the structural parameters can be calculated by combining the average values of the two. It was calculated that the interlayer spacing (d002) of the Qinshui-coal-based graphene was about 0.401 nm and, that the number of layers (Nave) was about 5.
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Figure 1. XRD patterns of coal-based graphite. 






Figure 1. XRD patterns of coal-based graphite.
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Figure 2. Scatter diagram of coal-based graphitization degree (G%) and vitrinite proportion (V%). 
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Figure 3. Scatter diagram of graphitization degree (G%), vitrinite proportion (V%), and inertinite proportion (I%). 
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Figure 4. Scatter diagram of La and Lc of coal-based graphite. 
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Figure 5. XRD patterns of coal-based graphene. 
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Figure 6. Scatter diagram of La and Lc of coal-based graphene. 
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Figure 7. Raman patterns of raw coal. 
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Figure 8. Raman patterns of demineralized coal. 
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Figure 9. Scatter diagram of FWHM-G. 
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Figure 10. Scatter diagram of ID/IG. 
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Figure 11. Raman patterns of coal-based graphite. 
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Figure 12. Raman patterns of coal-based graphene. 
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Figure 13. SEM and EDS images of coal-based graphene. 
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Figure 14. Scatter diagram of carbon content of coal-based graphene. 
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Figure 15. Scatter diagram of O/C of raw coal and coal-based GS. 
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Figure 16. HRTEM image of coal graphene at large scale. 
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Figure 17. HRTEM comparison image between the edge and middle of coal graphene layers. 
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Figure 18. HRTEM images of Qinshui-coal-based graphene. 
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Table 1. Description for all samples.






Table 1. Description for all samples.





	Sample
	Description
	Age
	Location





	WK-15#-M2
	30 cm, 2nd bench sample, semi-bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Wukuang mine



	WK-15#-KC
	channel sample
	Taiyuan Formation, Carboniferous
	No.15 coal of Wukuang mine



	BZ-2#-M4
	25 cm, 4th bench sample, semi-bright
	Shanxi Formation, Permian
	No.2 coal of Buzi mine



	BZ-2#-KC
	channel sample
	Shanxi Formation, Permian,
	No.2 coal of Buzi mine



	JSFH-15#-M6
	26 cm, 6th bench sample, semi-bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Fenhong mine



	KXYQ-9#-M1
	30 cm, 1st bench sample, semi-dull
	Taiyuan Formation, Carboniferous
	No.9 coal of Yunquan mine



	KXYQ-15#-M5
	23 cm, 5th bench sample, semi-bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Yunquan mine



	TAHX-15#-M8
	20 cm, 8th bench sample, bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Hongxiang mine,



	GZ-15#-M4
	25 cm, 4th bench sample, semi-bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Gaizhou mine



	SJZ-15#-M4
	30 cm, 4th bench sample, bright
	Taiyuan Formation, Carboniferous
	No.15 coal of Shijiahzuang mine,



	XJ-3#-M6
	25 cm, 6th bench sample, bright
	Shanxi Formation, Permian
	No.3 coal of Xingjing mine



	XJ-8#-M6
	25 cm, 6th bench sample, semi-bright
	Taiyuan Formation, Carboniferous
	No.8 coal of Xingjing mine



	XJ-15#-M6
	25 cm, 6th bench sample, semi-bright
	Taiyuan Formation, Permian
	No.15 coal of Xingjing mine
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Table 2. Basic characteristics of samples used.






Table 2. Basic characteristics of samples used.





	
Sample

	
Ro,max

(%)

	
Proximate Analysis

(wt%)

	
Ultimate Analyses

(wt%)

	
H/C

(Atom)

	
O/C

(Atom)

	
Maceral Composition

(vol%)




	
Mad

	
Ad

	
Vdaf

	
St, d

	
Cdaf

	
Hdaf

	
Ndaf

	
St, daf

	
Odaf *

	
V

	
I

	
M






	
BZ-2#-M4

	
2.25

	
1.56

	
7.84

	
11.13

	
0.45

	
91.26

	
3.68

	
1.53

	
0.49

	
3.04

	
0.484

	
0.025

	
72.8

	
25.6

	
1.6




	
KXYQ-9#-M1

	
2.29

	
0.86

	
13.34

	
9.66

	
1.99

	
90.47

	
3.74

	
2.24

	
2.30

	
1.25

	
0.496

	
0.010

	
44.4

	
54.0

	
1.6




	
BZ-2#-KC

	
2.32

	
1.77

	
10.16

	
10.41

	
0.43

	
90.80

	
3.96

	
1.56

	
0.48

	
3.20

	
0.523

	
0.026

	
74.8

	
22.8

	
2.4




	
XJ-3#-M6

	
2.42

	
1.10

	
2.09

	
8.45

	
0.57

	
91.95

	
4.00

	
1.38

	
0.58

	
2.09

	
0.522

	
0.017

	
79.2

	
15.6

	
5.2




	
XJ-15#-M6

	
2.42

	
1.10

	
4.28

	
7.30

	
1.98

	
91.43

	
3.59

	
1.25

	
2.07

	
1.66

	
0.471

	
0.014

	
74.8

	
24.4

	
0.8




	
JSFH-15#-M6

	
2.53

	
1.44

	
7.61

	
5.08

	
1.72

	
91.76

	
2.70

	
0.82

	
1.86

	
2.86

	
0.353

	
0.023

	
80.4

	
18.0

	
1.6




	
KXYQ-15#-M5

	
2.54

	
1.09

	
6.94

	
9.55

	
4.02

	
89.06

	
3.54

	
2.08

	
4.32

	
1.00

	
0.477

	
0.008

	
78.0

	
20.8

	
1.2




	
GZ-15#-M4

	
2.55

	
1.95

	
13.24

	
9.69

	
2.84

	
87.55

	
3.53

	
0.99

	
3.27

	
4.66

	
0.484

	
0.040

	
52.8

	
34.8

	
12.4




	
XJ-8#-M6

	
2.67

	
2.04

	
10.73

	
7.85

	
0.76

	
91.34

	
3.53

	
1.35

	
0.85

	
2.93

	
0.464

	
0.024

	
59.8

	
35.4

	
4.8




	
SJZ-15#-M4

	
2.67

	
1.11

	
7.24

	
10.09

	
0.79

	
91.31

	
3.73

	
1.35

	
0.85

	
2.76

	
0.490

	
0.023

	
82.0

	
15.6

	
2.4




	
TAHX-15#-M8

	
2.68

	
0.87

	
10.09

	
7.46

	
3.89

	
89.96

	
3.26

	
1.56

	
4.33

	
0.89

	
0.435

	
0.007

	
77.6

	
21.2

	
1.2




	
WK-15#-M2

	
2.71

	
2.50

	
4.90

	
6.99

	
0.87

	
92.21

	
3.08

	
1.34

	
0.91

	
2.46

	
0.401

	
0.020

	
54.8

	
44.0

	
1.2




	
WK-15#-KC

	
2.72

	
2.10

	
13.52

	
7.23

	
0.90

	
91.71

	
3.39

	
1.39

	
1.04

	
2.47

	
0.444

	
0.020

	
62.8

	
34.4

	
2.8




	
G-LT

	
-

	
2.40

	
3.62

	
1.71

	
-

	
98.25

	
0.58

	
0.21

	
-

	
-

	
-

	
-

	
-

	
-

	
-








Ro,max—mean maximum reflectance of vitrinite; O—oxygen, M—moisture; A—ash yield; V—volatile matter; ad—air-dry basis; d—dry basis; daf—dry-ash-free basis; *—by difference; V—vitrinite; I—inertinite; M—minerals.
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Table 3. XRD parameters of coal-based graphite.






Table 3. XRD parameters of coal-based graphite.





	Sample
	2θ002/(°)
	FWHM002
	2θ100/(°)
	FWHM100
	d002/nm
	La/nm
	Lc/nm
	Nave
	G





	G-BZ-2#-M4
	26.28
	0.63
	42.37
	0.99
	0.3388
	17.591
	13.522
	40.907
	60.05%



	G-KXYQ-9#-M1
	26.30
	0.59
	42.33
	0.70
	0.3386
	24.876
	14.439
	43.644
	62.99%



	G-BZ-2#-KC
	26.29
	0.75
	42.39
	0.63
	0.3387
	24.645
	11.359
	34.545
	61.52%



	G-XJ-3#-M6
	26.25
	0.65
	42.36
	0.76
	0.3392
	22.914
	13.105
	39.633
	55.62%



	G-XJ-15#-M6
	26.28
	0.43
	42.36
	0.55
	0.3388
	31.663
	19.811
	59.468
	60.05%



	G-JSFH-15#-M6
	26.26
	0.73
	42.31
	0.93
	0.3391
	18.722
	11.669
	35.413
	57.10%



	G-KXYQ-15#-M5
	26.32
	0.52
	42.39
	0.77
	0.3383
	22.619
	16.384
	49.425
	65.93%



	G-GZ-15#-M4
	26.38
	0.49
	42.37
	0.63
	0.3376
	27.643
	17.389
	52.511
	74.72%



	G-XJ-8#-M6
	26.33
	0.62
	42.35
	0.82
	0.3382
	21.237
	13.7413
	41.630
	67.40%



	G-SJZ-15#-M4
	26.34
	0.47
	42.36
	0.48
	0.3381
	36.281
	18.1272
	54.619
	68.86%



	G-TAHX-15#-M8
	26.34
	0.50
	42.39
	0.63
	0.3381
	27.645
	17.0396
	51.401
	68.86%



	G-WK-15#-M2
	26.38
	0.37
	42.36
	0.36
	0.3376
	48.374
	23.0283
	69.217
	74.72%



	G-WK-15#-KC
	26.39
	0.38
	42.33
	0.44
	0.3374
	39.575
	22.4228
	67.448
	76.18%



	G-LT
	26.24
	0.47
	43.98
	2.52
	0.3393
	6.949
	18.1235
	54.408
	54.15%
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Table 4. XRD parameters coal-based graphene.
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	Sample
	2θ002/(°)
	FWHM002
	2θ100/(°)
	FWHM100
	d002/nm
	La/nm
	Lc/nm
	Nave





	GS-BZ-2#-M4
	24.53
	10.40
	43.440
	3.51
	0.3626
	4.980
	0.816
	3.251



	GS-KXYQ-9#-M1
	24.20
	9.15
	43.520
	3.13
	0.3675
	5.586
	0.927
	3.523



	GS-BZ-2#-KC
	24.59
	9.90
	43.560
	3.82
	0.3617
	4.578
	0.858
	3.371



	GS-XJ-3#-M6
	24.72
	10.57
	43.590
	3.97
	0.3599
	4.405
	0.804
	3.233



	GS-XJ-15#-M6
	24.72
	10.38
	43.490
	3.07
	0.3599
	5.695
	0.818
	3.274



	GS-JSFH-15#-M6
	24.48
	10.50
	43.400
	3.14
	0.3633
	5.566
	0.808
	3.225



	GS-KXYQ-15#-M5
	24.42
	9.27
	43.440
	3.14
	0.3642
	5.567
	0.916
	3.514



	GS-GZ-15#-M4
	24.49
	8.45
	43.450
	3.02
	0.3632
	5.788
	1.005
	3.766



	GS-XJ-8#-M6
	24.75
	9.73
	42.470
	3.15
	0.3594
	5.531
	0.873
	3.429



	GS-SJZ-15#-M4
	23.71
	8.13
	43.410
	3.18
	0.3749
	5.496
	1.043
	3.781



	GS-TAHX-15#-M8
	24.31
	8.51
	43.480
	2.95
	0.3658
	5.926
	0.997
	3.726



	GS-WK-15#-M2
	24.66
	8.32
	43.460
	2.80
	0.3607
	6.243
	1.021
	3.829



	GS-WK-15#-KC
	24.64
	7.42
	43.430
	2.80
	0.3610
	6.242
	1.144
	4.170



	GS-LT
	25.30
	3.45
	43.16
	3.07
	0.3520
	5.680
	2.360
	7.700
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Table 5. Raman parameters of raw coal.
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Sample

	
D/cm−1

	
G/cm−1

	
G-D

(cm−1)

	
ID/IG




	
Frequency (cm−1)

	
FWHM

	
Frequency (cm−1)

	
FWHM






	
BZ-2#-M4

	
1349.17

	
256.39

	
1597.97

	
66.66

	
248.80

	
0.55




	
KXYQ-9#-M1

	
1345.69

	
248.57

	
1599.24

	
59.73

	
253.55

	
0.53




	
BZ-2#-KC

	
1347.40

	
262.60

	
1600.52

	
60.67

	
253.12

	
0.53




	
XJ-3#-M6

	
1347.02

	
257.07

	
1598.86

	
61.85

	
251.84

	
0.54




	
XJ-15#-M6

	
1341.25

	
240.43

	
1598.99

	
58.04

	
257.74

	
0.52




	
JSFH-15#-M6

	
1338.98

	
233.18

	
1601.35

	
54.32

	
262.37

	
0.50




	
KXYQ-15#-M5

	
1341.50

	
240.13

	
1600.36

	
58.25

	
258.86

	
0.51




	
GZ-15#-M4

	
1346.69

	
255.02

	
1599.75

	
59.92

	
253.06

	
0.52




	
XJ-8#-M6

	
1346.31

	
254.36

	
1600.80

	
58.42

	
254.49

	
0.52




	
SJZ-15#-M4

	
1331.53

	
210.29

	
1603.38

	
48.50

	
271.85

	
0.48




	
TAHX-15#-M8

	
1345.85

	
233.18

	
1600.26

	
59.91

	
254.41

	
0.50




	
WK-15#-M2

	
1339.78

	
226.38

	
1603.47

	
51.34

	
263.69

	
0.47




	
WK-15#-KC

	
1333.46

	
159.01

	
1601.52

	
52.73

	
268.06

	
0.34
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Table 6. Raman parameters of demineralized coal.
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Sample

	
D/cm−1

	
G/cm−1

	
G-D

(cm−1)

	
ID/IG




	
Frequency (cm−1)

	
FWHM

	
Frequency (cm-1)

	
FWHM






	
d-BZ-2#-M4

	
1360.88

	
200.56

	
1581.88

	
83.57

	
221.00

	
0.64




	
d-KXYQ-9#-M1

	
1355.99

	
194.40

	
1586.42

	
95.18

	
230.43

	
0.65




	
d-BZ-2#-KC

	
1354.23

	
279.78

	
1591.52

	
66.66

	
237.29

	
0.68




	
d-XJ-3#-M6

	
1356.57

	
202.42

	
1588.30

	
85.12

	
231.73

	
0.49




	
d-XJ-15#-M6

	
1355.13

	
215.17

	
1589.00

	
83.94

	
233.87

	
0.50




	
d-JSFH-15#-M6

	
1324.87

	
158.24

	
1597.32

	
54.13

	
272.45

	
0.47




	
d-KXYQ-15#-M5

	
1350.27

	
221.02

	
1593.00

	
74.30

	
242.73

	
0.47




	
d-GZ-15#-M4

	
1353.48

	
203.03

	
1591.21

	
84.03

	
237.73

	
0.58




	
d-XJ-8#-M6

	
1351.49

	
192.86

	
1589.12

	
84.09

	
237.63

	
0.47




	
d-SJZ-15#-M4

	
1334.65

	
186.87

	
1601.67

	
51.70

	
267.02

	
0.39




	
d-TAHX-15#-M8

	
1335.81

	
201.14

	
1592.93

	
64.78

	
257.12

	
0.43




	
d-WK-15#-M2

	
1327.86

	
164.95

	
1597.22

	
56.41

	
269.36

	
0.33




	
d-WK-15#-KC

	
1337.05

	
204.88

	
1595.56

	
60.58

	
258.51

	
0.41
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Table 7. Raman parameters of coal-based graphite.






Table 7. Raman parameters of coal-based graphite.





	
Sample

	
D/cm−1

	
G/cm−1

	
G-D

(cm−1)

	
ID/IG




	
Frequency (cm−1)

	
FWHM

	
Frequency (cm−1)

	
FWHM






	
G-BZ-2#-M4

	
1352.58

	
37.82

	
1583.40

	
30.95

	
230.82

	
0.25




	
G-KXYQ-9#-M1

	
1348.21

	
42.18

	
1579.35

	
33.57

	
231.14

	
0.29




	
G-BZ-2#-KC

	
1351.77

	
39.30

	
1583.56

	
34.24

	
231.79

	
0.33




	
G-XJ-3#-M6

	
1351.71

	
39.89

	
1581.19

	
29.32

	
229.48

	
0.19




	
G-XJ-15#-M6

	
1350.88

	
43.27

	
1582.11

	
28.08

	
231.23

	
0.19




	
G-JSFH-15#-M6

	
1350.67

	
39.93

	
1582.17

	
29.39

	
231.50

	
0.20




	
G-KXYQ-15#-M5

	
1350.47

	
36.56

	
1580.41

	
26.01

	
229.94

	
0.12




	
G-GZ-15#-M4

	
1352.27

	
38.48

	
1582.29

	
27.05

	
230.02

	
0.16




	
G-XJ-8#-M6

	
1353.73

	
33.39

	
1583.05

	
25.04

	
229.32

	
0.10




	
G-SJZ-15#-M4

	
1351.07

	
36.18

	
1580.39

	
26.56

	
229.32

	
0.09




	
G-TAHX-15#-M8

	
1350.35

	
38.47

	
1578.83

	
24.25

	
228.48

	
0.08




	
G-WK-15#-M2

	
1352.43

	
40.55

	
1576.23

	
25.39

	
223.80

	
0.06




	
G-WK-15#-KC

	
1350.50

	
34.53

	
1579.88

	
24.82

	
229.38

	
0.08
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Table 8. Raman parameters of coal-based graphene.
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Sample

	
D/cm−1

	
G/cm−1

	
G-D

(cm−1)

	
ID/IG




	
Frequency (cm−1)

	
FWHM

	
Frequency (cm−1)

	
FWHM






	
GS-BZ-2#-M4

	
1346.31

	
116.44

	
1594.26

	
78.54

	
247.95

	
1.02




	
GS-KXYQ-9#-M1

	
1342.21

	
143.89

	
1581.97

	
91.98

	
239.76

	
0.97




	
GS-BZ-2#-KC

	
1342.21

	
138.58

	
1594.26

	
84.06

	
252.05

	
0.99




	
GS-XJ-3#-M6

	
1346.31

	
140.76

	
1602.46

	
82.26

	
256.15

	
0.98




	
GS-XJ-15#-M6

	
1338.11

	
141.49

	
1598.36

	
84.78

	
260.25

	
1.00




	
GS-JSFH-15#-M6

	
1346.31

	
153.07

	
1598.36

	
87.14

	
252.05

	
1.00




	
GS-KXYQ-15#-M5

	
1338.11

	
123.16

	
1598.36

	
79.01

	
260.25

	
0.98




	
GS-GZ-15#-M4

	
1346.31

	
149.51

	
1586.07

	
92.83

	
247.95

	
0.94




	
GS-XJ-8#-M6

	
1346.31

	
166.67

	
1594.26

	
90.36

	
247.95

	
0.93




	
GS-SJZ-15#-M4

	
1342.21

	
165.46

	
1594.26

	
85.43

	
252.05

	
0.91




	
GS-TAHX-15#-M8

	
1346.31

	
154.62

	
1598.36

	
87.15

	
252.05

	
0.91




	
GS-WK-15#-KC

	
1350.41

	
158.96

	
1598.36

	
83.48

	
247.95

	
0.90




	
GS-WK-15#-M2

	
1354.51

	
156.69

	
1598.36

	
84.82

	
243.85

	
0.90
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Table 9. Comparison of XRD and HRTEM characterization parameters.
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Sample

	
d002 (nm)

	
Nave




	
XRD

	
HRTEM

	
XRD

	
HRTEM






	
GS-BZ-2#-M4

	
0.363

	
0.433

	
3.25

	
3.00




	
GS-KXYQ-9#-M1

	
0.368

	
0.457

	
3.52

	
4.00




	
GS-BZ-2#-KC

	
0.362

	
0.413

	
3.37

	
4.00




	
GS-XJ-3#-M6

	
0.360

	
0.514
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