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Abstract

:

In order to explore the graphitization of inertinite, this paper conducted high-temperature thermal simulation experiments (HTT) and high-temperature high-pressure simulation experiments (HTHP) on isolated samples enriched in inertinite. X-ray diffraction (XRD), Raman spectroscopy, and transmission electron microscopy (TEM) were used to analyze the graphitization process of inertinite. ① Results of HTT: the graphitization of inertinite has a “threshold condition” with the temperature threshold ranging between 2100 °C and 2400 °C. Below this threshold, the d002 value of the samples remains above 0.342 nm. ② Results of HTHP: (i) External forces have a significant positive effect on the graphitization of inertinite. Compared to the HTT, the addition of external forces significantly reduces the temperature required for inertinite graphitization. (ii) Proper combinations of temperature and pressure conditions are crucial for efficiently promoting the graphitization of inertinite. Changes in pressure, either increasing or decreasing from the optimal pressure, have a suppressive effect on the graphitization of inertinite. ③ The mechanism of external forces on the graphitization of inertinite was analyzed. Shear stress promotes the rotation and orientation of aromatic layers, while static hydrostatic pressure contributes to the contraction and reduction of interlayer spacing in carbon layers.
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1. Introduction


Coal-derived graphite is a product of the transformation of coal during the transition from the coalification stage to the graphitization stage [1]. It is the main component of natural cryptocrystalline graphite [2] and has gained attention from the academic community due to the demand in the graphite market [3,4]. Currently, compared to the abundant research results on the coalification stage, our understanding of the graphitization stage is relatively weak. Franklin (1951) was the first to explore the possibility of graphitizing anthracite coal [5], and Bonijoly (1982) and others discussed the mechanism of coal graphitization [6]. Various scholars have explored the controlling factors of coal-derived graphite formation from both internal factors and external conditions [7,8,9].



The coal maceral and minerals are internal factors that control the process of coal graphitization. Due to the strong heterogeneity of coal’s composition and structure, diverse forms of graphite components are formed under geological conditions [10,11,12]. Inertinite is one of the main organic components in coal [13], and researchers have recognized that the structure of inertinite differs from that of other components (vitrinite and liptinite) during the coalification stage [14,15], exhibiting inertness compared to other components. Whether inertinite can undergo graphitization during the graphitization stage, its trajectory and mechanism of graphitization remain topics with limited discussion among scholars, hindering a comprehensive understanding of the formation and evolution of coal-derived graphite.



Once coal enters the graphitization stage, the optical properties of its components tend to become unified, making it difficult to distinguish the original structural characteristics of coal components. Therefore, laboratory simulation experiments have become an important means to study the structural changes of coal during high-evolution stages. Temperature and tectonic stress are the main external conditions that promote coal graphitization. Simulation experiments recreate the graphitization process of coal by controlling temperature and pressure conditions. Wilks (1993) and Bustin (1995) were the first to conduct high-temperature and high-pressure simulation experiments on coal [16,17], confirming the significant role of tectonic stress in coal graphitization. The experiments used mixed samples dominated by vitrinite as the precursor, without considering the significant differences between the components of coal itself. The demanding requirements of high-temperature and high-pressure experimental conditions have led subsequent researchers to opt for low-pressure thermal simulations when studying the graphitization process of coal, abandoning the factor of stress [18,19,20].



Currently, there is limited research on high-temperature and high-pressure experiments focusing on a single component (e.g., inertinite). The effects and mechanisms of stress on the graphitization of inertinite are also scientific questions worthy of further exploration. In this study, component separation was performed on a sample with Rmax = 1.7%, obtaining a purified inertinite-rich sample with a purity of 92%. The graphitization process of inertinite was reproduced through high-temperature thermal simulations and high-temperature and high-pressure experiments, and an analysis of the graphitization process of inertinite was conducted, exploring the key role of “stress” in the graphitization process.




2. Samples and Methods


2.1. Samples


The coal samples (vitrinite Rmax = 1.7%) were collected from the Gemudi mining area in Guizhou province. In order to exclude the influence of the vitrinite in the coal on the experiment, the coal samples were hand-selected to obtain inertinite-enriched samples. According to the Chinese standard GB/T 15588-2013 and GB/T 8899-2013, the obtained samples were observed under a microscope, and the samples with 90% or higher inertinite purity were used as the precursor for the simulation experiment. Detailed industrial analysis and elemental analysis can be found in Table 1.



The influence of minerals on the graphitization process of microscopic components is highly complex, and the relative content of minerals in the microscopic components is difficult to control. Therefore, in this study, acid washing was performed to remove the random and uncertain effects of minerals on the coal graphitization process. The acid washing process is as follows:




	(1)

	
The sample was crushed and sieved through a 200-mesh (75 μm) standard sieve.




	(2)

	
Approximately 15 g of coal powder (proportional to the increase in sample weight) was placed in a plastic beaker and mixed with 80 mL of HCl solution (36% mass fraction).




	(3)

	
The mixture was stirred for 4 h at a constant temperature of 60 °C in a water bath.




	(4)

	
The HCl solution was then filtered out, and 80 mL of HF solution (40%) was added to the coal sample.




	(5)

	
The same water bath and acid washing process were repeated.









Finally, the acid-washed coal sample was washed with ultrapure water until no precipitate appeared in the filtrate, filtered using filter paper, and dried in a vacuum oven at 60 °C for 24 h to obtain the mineral-free coal sample.



Powder samples were used for HTT simulation experiments. However, HTHP simulation experiments require solid-state samples of fixed dimensions. Conventional HTHP involves drilling cylindrical samples of a certain size using hollow drill bits. However, coal samples in the high-metamorphism stage are brittle, and it is difficult to obtain enriched samples of a single component (vitrinite or inertinite). This has been a significant obstacle for previous researchers in conducting this type of experiment. In this study, a breakthrough was made by using powder compaction to prepare the required experimental samples (Figure 1). The equipment used includes tungsten carbide molds and a uniaxial hydraulic press. The samples were prepared using powder compaction, resulting in cylindrical samples with dimensions of 7 mm × 12.5 mm and a density of 1.5 g/cm3.



High-temperature thermal simulation experiments (HTT)



	(1)

	
Take a 10 g sample and place it in a crucible, then put it into an induction furnace for graphitization.




	(2)

	
Vacuum is applied to remove gas from graphitization furnace and then maintain an argon gas atmosphere throughout the process.




	(3)

	
Increase the temperature with controlled ventilation. The pressure inside the furnace is maintained at 20–30 KPa above standard atmospheric pressure.




	(4)

	
The temperature is raised from room temperature to 1000 °C at a rate of 5 °C/min. The sample is held at 1000 °C for 60 min.




	(5)

	
The temperature ramp rate is then changed to 10 °C/min until reaching the target temperature point. The sample is held at the target temperature for 90 min.




	(6)

	
Afterward, the furnace is allowed to naturally cool down.




	(7)

	
The graphitization temperature range starts at 1800 °C, with intervals of 300 °C, and the maximum temperature point is set at 3000 °C. A total of five treatment temperature points are used.







High-temperature and high-pressure simulation experiment (HTHP)



A six-faced hydraulic press is used for HTHP simulation experiments [21], which can simulate temperature and pressure conditions of up to 2000 °C and 6 GPa, respectively, meeting the requirements of this study.



The determination of experimental temperature and pressure conditions refers to relevant domestic and international research. For example, Jiang conducted high-temperature and high-pressure experiments with the highest temperature and pressure conditions of 700 °C/0.6 GPa [22,23], and Professor Bustin’s team conducted classic high-temperature and high-pressure experiments with the highest temperature and pressure conditions of 900 °C/1 GPa [17]. In this study, the lower limit of the experimental conditions is set at 600 °C/1 GPa, and the upper limit of temperature and pressure conditions is relaxed to 1200 °C/2 GPa. Eight sets of high-temperature and high-pressure simulation experiments are conducted under the following conditions: 600 °C/1 GPa, 600 °C/1.5 GPa, 600 °C/2 GPa, 900 °C/1 GPa, 900 °C/1.5 GPa, 900 °C/2 GPa, 1200 °C/1.5 GPa, and 1200 °C/2 GPa. The experiment under the 1200 °C/1 GPa condition was not conducted due to equipment limitations at high temperature and low pressure.




2.2. X-ray Diffraction


The XRD instrument selection specifications are: SmartLab-9 kW, copper target, acceleration voltage 45 kV, current 200 mA, scanning range 2θ from 5° to 70°, scanning rate 2°/min, X-ray wavelength 0.15418 nm. Two diffraction peaks on the XRD pattern (2θ ranges of 20° to 30° and 40° to 50°) correspond to the positions of the 002 and 100 peaks in the standard graphite XRD diffraction [24].



MDI Jade 6.0 software was used to process the XRD patterns and calculate the relevant lattice parameters: interlayer spacing d002, crystallite size La, and stacking height Lc, based on the Bragg equation and Scherrer formula.




2.3. Raman Spectroscopy


The experimental instrument used is the Jobin-Yvon Labram HR Evolution high-resolution micro-Raman spectrometer. The experiment measurements employed an argon ion laser as the excitation light source, with an excitation wavelength of 532 nm and laser power of 100 mW. The scanning range was from 800 cm−1 to 3500 cm−1, and the exposure time was 10 s.



The obtained Raman spectra were analyzed using Origin 8.0 software, utilizing Lorentzian functions for fitting and processing. The Raman spectrum exhibited two bands: the first-order Raman (700 cm−1 to 2000 cm−1) and the second-order Raman (2000 cm−1 to 3000 cm−1). The first-order Raman spectrum showed four types of defect peaks, namely D1 to D4 peaks, and an ordered graphite peak G. D1 represents in-plane defects caused by the incorporation of impurities or imperfect structure, which are difficult to eliminate during graphitization. D2 represents interstitial defects in the graphite lattice [25,26]. D3 and D4 are out-of-plane defects in the carbon layers and belong to active sites, which are released and eliminated during the early stages of graphitization [27]. The second-order Raman spectrum initially showed only two peaks, S1 and S2, in the low evolution stage. As the degree of evolution increased, the S1 peak gradually split into two peaks, and the S2 peak disappeared (Figure 2).



Researchers often use the ratio R2 = AD1/(A(G+D1+D2)), where AD1 represents the area under the D1 peak, to characterize the degree of structural defects or the degree of order in carbon materials [28]. This parameter can effectively represent the development of graphite structure defects in carbon materials with a high degree of evolution and a single type of defect and fewer defects. However, if the sample has a lower degree of evolution, complex defect types, and a higher proportion of defects, this parameter may not adequately evaluate the development of the sample. Therefore, in addition to using the R2 parameter, this paper proposes the R3 parameter, which represents the ratio of the total area under all types of defect peaks in the first-order Raman spectrum to the total area under all peaks (R3 = A(D1+D2+D3+D4)/A(D1+D2+D3+D4+G)).



R2 is referred to as the “in-plane defect parameter” that characterizes the proportion of in-plane defects (D1) and has good evaluation significance for samples with a high degree of evolution, fewer defects, and a dominance of D1-type defects (highly evolved graphite samples), and it can be used for cross-comparison with other relevant studies. R3 is referred to as the “overall defect parameter” that represents the proportion of all types of defects and has significant physical meaning for samples with a lower degree of evolution and more defects.




2.4. Transmission Electron Microscopy


The experiments utilized the Tecnai G2 F30 field emission transmission electron microscope (TEM) with an acceleration voltage of 300 kV. The point resolution was 0.20 nm, the line resolution was 0.10 nm, and the information resolution was 0.14 nm. The magnification ranged from 3000× to 500,000×.



The specific procedure involved grinding the sample to 300 mesh and then dispersing it in ethanol using ultrasonic treatment. The dispersed sample was then dropped onto a copper mesh. Subsequently, the sample was searched for on the holes of the copper mesh, and particles that could represent the majority of the particle characteristics within the sample were selected for multiscale observation. High-resolution images and selected area diffraction (SAD) patterns were captured during the observation process.





3. Results


3.1. X-ray Diffraction


3.1.1. Precursors


X-ray diffraction (XRD) has been widely utilized in the study of coal structure [29]. When the sample mainly consists of amorphous carbon, sharp silicon peaks can influence the shape of the carbon peaks. Therefore, silicon powder calibration is not applied to such samples. Instead, an estimation is made for the d002, La, and Lc parameters (Figure 3). The estimated values are as follows: d002 = 0.3494 nm, La = 2.822 nm, and Lc = 1.529 nm.




3.1.2. High-Temperature Thermal Simulation Experiments (HTT)


As the processing temperature increases, the carbon peak at 2θ = 26° approaches the position of the standard graphite peak at 2θ = 26.6° (Figure 4). The peak becomes sharper, and at different processing temperatures the peak shape exhibits an asymmetry, with a steeper slope on the right. The largest change in d002 occurs at the temperature intervals of initial state → 1800 °C and 2100 °C → 2400 °C. From 1800 °C to 2100 °C, d002 remains relatively stable with minimal changes (Table 2).




3.1.3. High-Temperature and High-Pressure Simulation Experiments (HTHP)


Under the condition of 600 °C, the peaks around 2θ = 26° exhibit a broad and flat shape (opposite to sharp peak shape). At 900 °C, the full width at half maximum (FWHM) of the peaks near 2θ = 26° significantly decreases. Under the condition of 1200 °C, the (002) peak becomes sharp and symmetrical, indicating the formation of perfect graphite crystals (Figure 5).



Using d002 as a measure of graphitization degree, the involvement of “force” significantly reduces the initiation temperature of sample graphitization. With the assistance of force, under the condition of 1200 °C, the graphitization degree of the inertinite exceeds that of the 3000 °C high-temperature simulated experiment (Table 3). Compared to the corresponding samples in the high-temperature simulated experiment, the symmetry of the peaks around 2θ = 26° is higher, indicating a more uniform evolution of the HTHP experimental samples.





3.2. Raman Spectroscopy


3.2.1. Precursors


The Raman spectrum of the inertinite-rich precursor (Figure 6) indicates the presence of various types of defects. The predominant defects are of D1 and D2 types, while the presence of D3 and D4 defects suggests the presence of reactive structures such as fatty structures or polyene structures [30]. The secondary Raman spectrum does not show any splitting of the S1 peak, indicating the absence of a three-dimensional structure. Peak fitting analysis yields the following values: R2 = 0.65 and R3 = 0.83.




3.2.2. High-Temperature Thermal Simulation (HTT)


With increasing treatment temperature, the G peak representing the ordered graphite structure gradually intensifies and shifts towards 1580 cm−1, while the intensity of the D peaks representing the disordered structure weakens. Among the defect peaks, the D1 peak is predominantly present, and even in samples with high degrees of graphitization, the D2 peak does not completely disappear. However, other heteroatom-related defect peaks, D3 and D4, disappear completely under high-temperature treatment conditions (Figure 7). Beyond 1800 °C, the D3 defect peak is almost undeveloped (except for a few samples that exhibit weak D4 defect peaks), and beyond 2400 °C, the D4 peak is no longer present.



As the treatment temperature increases, in the second-order Raman spectrum, the S1 peak gradually splits into S1′ and S1″ peaks, while the S2 peak gradually disappears, indicating the progressive formation of a three-dimensional structure.



Quantitative evaluation and comparison of the defect development degree in the products of HTT simulation experiments are performed using the R2 and R3 parameters (Table 4). With increasing treatment temperature, the defect degree (R2 and R3) significantly decreases, but even at a treatment temperature of 3000 °C, it is difficult to reduce the defect degree below 0.1.




3.2.3. High-Temperature and High-Pressure Simulation Experiments (HTHP)


In the HTHP simulation experiment, compared to the high-temperature-treated samples, the HTHP samples exhibit higher defect density under similar d002 conditions (Figure 8; Table 5).



In the HTHP experiment, a clear secondary Raman peak representing the development of a three-dimensional ordered structure is observed only at temperatures above 900 °C. Under the temperature condition of 600 °C, regardless of the variation in pressure, the overall changes in the peak shape of the D and G peaks are minimal.



Similar to the HTT simulation experiments, the Raman characterization parameters of the HTHP samples were calculated (Table 5). We can observe that the HTHP samples exhibit some differences compared to the HTT samples. Under the 600 °C condition, the R2 value of the samples is lower than that of the 900 °C samples. This anomalous phenomenon is caused by the relatively higher proportion of D3 and D4 type defects in the 600 °C samples, resulting in a lower relative proportion of D1 defects, which leads to an abnormal value of the in-plane defect parameter R2.





3.3. Transmission Electron Microscopy


3.3.1. Precursors


TEM reveals that the basic structural units (BSUs) in the large molecular structure of the precursor are small in size and arranged in a disordered manner (Figure 9a). The Selected Area Diffraction (SAD) pattern exhibits an amorphous diffraction ring (Figure 9b).




3.3.2. High-Temperature Thermal Treatment (HTT)


Transmission electron microscopy (TEM) observations of the products at different processing temperatures reveal a gradual increase in lattice expansion and stacking degree (Figure 10a–e). However, the morphology images show that the graphite lattice development direction varies, resulting in polycrystalline graphite (Figure 10c,d). The Selected Area Diffraction (SAD) pattern consists of concentric diffraction rings with different radii, indicating that the measured sample exhibits a polycrystalline structure (Figure 10f).




3.3.3. High-Temperature and High-Pressure Simulation Experiment (HTHP)


At 900 °C, under a pressure of 1.5 GPa/2 GPa, the formation of graphite structure begins, with carbon layers stacking to about five layers and an extended length of up to 10 nm (Figure 11a,b). Under the condition of 900 °C/2 GPa, an onion-ring concentric microtexture is formed, which is a transitional product of large-sized flat graphite structure (Figure 11b).



At 1200 °C, under the combination of 1.5 GPa/2 GPa, graphite flakes are formed (Figure 11c–e), but the graphite exhibits distinct “rough in-plane, flat interlayer” structural features (Figure 11e). At the same time, it can be observed that the stacking of carbon layers in the high-temperature high-pressure product is relatively low, generally concentrated within 10 layers, but with a significant extension and smooth stacking. The in-plane development is rough, indicating a high degree of defects. The SAD pattern shows a regular arrangement of diffraction spots, indicating that the product is mainly single crystal (Figure 11f).






4. Discussion


4.1. Threshold Conditions for Graphitization of Inertinite


The evolution of a graphite lattice involves two aspects: the construction of a three-dimensional lattice and the elimination of lattice defects. High-temperature thermal simulation experiments show that the inertinite exhibits a “inert” state between processing temperatures of 1800 °C and 2100 °C (where d002 remains above 0.3420 nm in a disordered state). Once the processing temperature exceeds 2100 °C, the inertinite undergoes a significant change. There exists a graphitization threshold (Critical Temperature) for the inertinite between 2100 °C and 2400 °C where only temperatures above this threshold can achieve rapid graphitization, and the d002 value decreases to around 0.3380 nm. From 2400 °C to 3000 °C, the rate of decrease in d002 slows down again, approaching the standard graphite lattice value of 0.3354 nm (Figure 12a).



As the processing temperature increases, the defects in the graphite lattice are uniformly eliminated, and the temperature plays an absolute control role in defect elimination. The high-temperature thermal vibration promotes the elimination of defects. At higher processing temperatures, due to the disappearance of D3 and D4 defects, the “in-plane defect parameter” R2 is almost identical to the “total defect parameter” R3 (Figure 12b).




4.2. Catalytic Effect of Structural Stress on Graphitization


In HTHP simulation experiments, the inertinite showed no significant change in d002 under all pressure conditions at 600 °C. Only at 900 °C did the d002 of the inertinite decrease significantly. Among the different pressure conditions at 900 °C, the product obtained under 900 °C/1.5 GPa exhibited the smallest d002 value, falling below 0.3420 nm (the starting point of carbon material graphitization proposed by Oberlin et al., (1984)) [31]. This indicates that the synergistic combination of suitable pressures is required for the manifestation of the temperature effect, as excessively high or low pressure is unfavorable for structural development (Figure 13).



By comparing HTHP simulation experiments with HTT simulation experiments, the importance of force in the graphitization process is demonstrated. Compared to the pure high-temperature treatment at 3000 °C in the HTT simulation experiments, the sample obtained at 1200 °C/1.5 GPa has a smaller d002 value (Table 6).



The role of stress is mainly to promote the stacking of carbon layers in the three-dimensional direction and the growth in the two-dimensional direction, while its effect on the elimination of in-plane defects is relatively small. The graphite structure formed under high temperature and high pressure conditions (1.5 GPa, 1200 °C) exhibits a better three-dimensional lattice structure (d002, La, Lc) compared to the samples simulated under high temperature (3000 °C). However, its defect level is higher than that of the high-temperature simulation (3000 °C) samples (with higher D peak) but lower than that of the pure high-temperature-treated samples at 1800 °C (Table 6). This indicates that the involvement of stress can indeed reduce the defect level of the samples, but its effect is relatively weak. TEM observations also reveal that the products of HTHP consist of flat graphite layers with significant surface defects (Figure 11d).




4.3. The Mechanism of Stress in the Graphitization Process


In this experiment, hydrostatic pressure was applied, meaning that the sample experienced the same force in all directions. If the sample is highly symmetrical, then any point inside experiences isotropic hydrostatic pressure. However, it should be noted that coal has various types of well-developed pore structures, which inherently exhibit high asymmetry and non-uniformity [32]. In this HTHP experiment, the sample was formed by powder compaction, which also resulted in the formation of numerous pores of different sizes within the sample.



In the HTHP experiment, the introduction of external forces disrupts the arching effect and causes relative movement between particles, resulting in different stress states [33,34] (Figure 14). Although the sample as a whole is subjected to hydrostatic pressure, there still exist differential stresses within the internal structure, and any contact point in the sample may have shear effects [35,36]. The internal structure of the sample responds to external forces by migration or reconstruction in order to release and eliminate shear stress, and this effect of stress can even occur at the nanoscale level [37].



Static hydrostatic pressure and shear stress play different roles in the construction of a graphite structure. Shear stress promotes the rotation and orientation of aromatic layers. Static hydrostatic pressure has a positive effect on the contraction and reduction of interlayer spacing in carbon layers (Figure 15).



It is important to note that the overall effect of applying hydrostatic pressure to the sample is weaker than the effects of axial compression and shear stress. As the asymmetry of the applied force increases, the differences in the effects of these three forces become smaller. In the case of a perfectly symmetrical object, where the force directions at any point within the sample are isotropic with no differential stress, static hydrostatic pressure will not have any positive effect.





5. Conclusions


	(1)

	
Through HTT and HTHP simulation experiments, it has been demonstrated that the inertinite in coal can undergo graphitization, but there exists a structural transformation threshold. In the HTT simulation experiments, the inertinite remains in an “inert” state (with d002 stagnant before reaching 0.3420 nm) within the temperature range of 1800 °C to 2100 °C. However, beyond 2100 °C, the inertinite undergoes transformation.




	(2)

	
The HTHP experiments indicate that at a temperature of 600 °C, the variation in pressure does not lead to any significant structural changes. However, at 900 °C/1.5 GPa, the d002 value decreases to below 0.3420 nm. There exists an optimal pressure for the development of the graphite lattice.




	(3)

	
Force has a significant promoting effect on the construction of the three-dimensional lattice, while its impact on the elimination of lattice defects is relatively minor. Compared to the high-temperature treatment at 3000 °C (atmospheric pressure), the sample obtained at 1200 °C/1.5 GPa exhibits a smaller d002 value but a higher degree of defects (as indicated by the higher D peaks), albeit lower than that of the pure high-temperature treatment at 1800 °C.




	(4)

	
A potential mechanism by which force promotes graphitization is analyzed and summarized. It involves the internal structure of the sample responding to external forces through different modes (migration or reconstruction) to release and eliminate shear and pressure effects, thereby promoting the rotation and orientation of aromatic layers and reducing the interlayer spacing (d002).
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Figure 1. High-temperature and high-pressure simulation experimental sample. 
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Figure 2. Illustration of peak assignment in Raman spectra of carbon materials. 
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Figure 3. XRD pattern of simulated experimental precursor (inertinite-rich sample). 
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Figure 4. XRD pattern for the products of HTT simulation experiments. 
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Figure 5. XRD pattern for the products of HTHP simulation experiment. 
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Figure 6. Raman spectrum of the simulated precursor (inertinite-rich sample). 
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Figure 7. Raman spectrum for the products of HTT simulation experiments. 
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Figure 8. Raman spectrum for the products of HTHP simulation experiments. 
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Figure 9. TEM characteristics of the simulated precursor. (a) Aromatic fringe morphology of samples with high magnification, (b) The selected area diffraction (SAD) pattern. 
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Figure 10. TEM characteristics for the products of HTT simulation experiment. (a–e) Aromatic fringe morphology of sample GMI treated at different temperatures, (f) The selected area diffraction (SAD) pattern of sample GMI treated at 3000 °C. 
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Figure 11. TEM features for the products of HTHP simulation experiments. (a,b) Aromatic fringe morphology of 900 °C–1.5 Gpa–GMI and 900 °C–2 Gpa–GMI with high magnification, (c) Aromatic fringe morphology of 1200 °C–1.5 Gpa–GMI with low magnification, (d) Aromatic fringe morphology of 1200 °C–1.5 Gpa–GMI with high magnification, (e) Aromatic fringe morphology of 1200 °C–2 Gpa–GMI with high magnification, (f) The selected area diffraction (SAD) pattern of 1200 °C–2 Gpa–GMI. 
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Figure 12. Evolution of structural parameters during the graphitization of inertinite. (a) The variation characteristics of d002 value with temperature, (b) The variation characteristics of R2 and R3 value with temperature. 
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Figure 13. Evolution of structural parameters during the graphitization process of the inertinite. 
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Figure 14. Depicts the displacement of powder particles under compressed conditions in the sample [38]. (a) illustrates the formation of arching effect among powder particles, (b) represents the displacement modes of powder particles. 
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Figure 15. Illustrates the influence of force on the orientation arrangement of aromatic layers and the reduction of interlayer spacing. (A) Shear force promotes the rotation and orientation of aromatic layers, (B) Pressure has a positive effect on the contraction and reduction of interlayer spacing in carbon layers. 
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Table 1. Basic information of the inertinite-rich sample.
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Sample

	
Maceral

	
Industrial Analysis

	
Elemental Analysis




	
Vitrinite

	
Inertinite

	
Liptinite

	
Mad

	
Ad

	
Vdaf

	
FCd

	
St

	
Odaf

	
Cdaf

	
Hdaf

	
Ndaf






	
GMI

	
8.4%

	
91.6%

	
0.0%

	
0.5%

	
7.3%

	
16.0%

	
81.2%

	
0.5%

	
3.2%

	
91.9%

	
3.5%

	
0.8%








M, moisture; A, ash yield; V, volatile matter; FC, fixed carbon; St, total sulfur; C, carbon; H, hydrogen; N, nitrogen; ad, air dry basis; d, dry basis; daf, dry and ash-free basis.
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Table 2. XRD lattice parameter calculations for the products of HTT simulation experiments.






Table 2. XRD lattice parameter calculations for the products of HTT simulation experiments.





	Processing Temperature
	2θ002/°
	Lc/nm
	La/nm
	d002/nm





	1800 °C
	25.93
	3.18
	10.76
	0.3433



	2100 °C
	25.92
	3.43
	12.06
	0.3434



	2400 °C
	26.21
	7.57
	17.88
	0.3398



	2700 °C
	26.25
	9.12
	17.98
	0.3393



	3000 °C
	26.29
	17.99
	19.84
	0.3387
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Table 3. XRD lattice parameter calculations for the products of HTHP simulation experiment.
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Processing Temperature/°C

	
Processing Pressure/Gpa

	
2θ002/°

	
Lc/nm

	
La/nm

	
d002/nm






	
600

	
1.0

	
25.499

	
1.62

	
3.95

	
0.3490




	
1.5

	
25.405

	
1.88

	
1.60

	
0.3503




	
2.0

	
25.483

	
1.43

	
2.70

	
0.3494




	
900

	
1.0

	
26.000

	
2.72

	
9.74

	
0.3424




	
1.5

	
26.157

	
3.11

	
10.57

	
0.3404




	
2.0

	
25.932

	
2.30

	
6.23

	
0.3433




	
1200

	
1.5

	
26.330

	
17.68

	
60.79

	
0.3382




	
2.0

	
26.421

	
20.73

	
42.33

	
0.3371
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Table 4. Raman parameter values for the products of HTT simulation experiments.
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	Processing Temperature/°C
	1800
	2100
	2400
	2700
	3000





	R2
	0.592
	0.509
	0.409
	0.277
	0.189



	R3
	0.658
	0.587
	0.473
	0.291
	0.205
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Table 5. Raman parameter values for the products of HTHP simulation experiments.
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Processing Temperature/°C

	
600

	
900

	
1200






	
Processing pressure/Gpa

	
1.0

	
1.5

	
2.0

	
1.0

	
1.5

	
2.0

	
1.5

	
2.0




	
R2

	
0.712

	
0.692

	
0.689

	
0.745

	
0.763

	
0.760

	
0.472

	
0.527




	
R3

	
0.867

	
0.871

	
0.854

	
0.826

	
0.849

	
0.845

	
0.541

	
0.642
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Table 6. Comparison of structural parameters between HTT and HTHP samples.
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Experimental Conditions

	
Sample ID

	
XRD Parameters

	
Raman




	
Temperature/°C

	
Ressure/Gpa

	
d002/nm

	
Lc/nm

	
La/nm

	
R1

	
R2

	
R3






	
1800

	
Atmospheric

	
1800 °C–GMI

	
0.3433

	
3.18

	
10.76

	
1.52

	
0.589

	
0.663




	
3000

	
3000 °C–GMI

	
0.3387

	
17.99

	
19.84

	
0.13

	
0.19

	
0.21




	
1200

	
1.5

	
1200 °C–1.5 GPa–GMI–7

	
0.3382

	
17.68

	
60.79

	
0.6

	
0.47

	
0.54
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