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Abstract

:

Linking to the S element hybrid strategies, S-doped carbon materials having different macrostructures and defect concentrations are prepared by using sulfur and coal-tar-pitch as raw materials in a carbonization temperature range of 700–1000 °C. The evaluations of macrostructure and surface characteristics are performed through XRD, TEM, Raman and XPS measurements. Through the linear fitting among the Na+ storage capacity with ID/IG and d002 values, the correlations of Na+ storage capacity with macrostructures and defects are respectively investigated in detail. It is observed that S-doped carbon materials exhibit storage capacity at 120 mAh/g after the charge-discharge is being carried out 2000 cycles at 2.0 A/g. Studies have shown that adsorptions of introduced defects on graphene-like carbon sheets mainly play the role to enhance the storage capacity, and the expanded carbonaceous lamellar spaces of highly disordered and pseudo-graphitic macrostructures provide the channels for fast transfer of Na+. Our studies are able to provide references for designs and fabrications of coal tar pitch based soft carbon materials as sodium-ion batteries (SIBs) anodes when using heteroatoms doping methods.
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1. Introduction


On the basis of the fact that Na element shows tremendous reserves, sodium-ion batteries (SIBs) are becoming the preferred storage system used to construct energy storage systems (ESSs) more than ever before [1,2,3]. In contrast to the developments of studies about positive electrodes, the studies about anode materials are relatively slow, which dominates commercialization processes of SIBs.



It is already found that a lot of materials such as titanate, alloys, metal oxides, sulfides and carbon materials are suitable as anode materials to assemble SIBs. Thereinto, carbon materials have attracted more attention than other options because of they have desirable characteristics such as low cost, environmental friendliness, facile fabrication and so on [4,5,6,7,8].



In general, the carbon materials are classified into hard carbon and soft carbon materials, respectively. Among them, hard carbon materials are generally constructed from carbonaceous sheets having unordered structures. As anode materials hard carbon materials display excellent characteristics in that the most of their high storage capacity is shown at low potential plateaus, leading to the fact that the assembled SIBs manifest a high energy density. The sodium storage mechanism of hard carbon was systematically summarized by Guo et al. [9,10]. The many storage mechanism models such as ‘‘insertion–absorption’’, adsorption–insertion’’, ‘‘adsorption–nanopore filling’’, ‘‘adsorption–insertion and nanopore filling’’ are introduced in detail. The proposal of storage mechanisms exhibits the guiding significance for development of hard carbons as electrode materials.



Nevertheless, this high storage capacity disappears almost completely at big current density, resulting in the observation that their rate performances are unsatisfactory in actual applications. Additionally, when the cells run at high-rate performance and low temperature, sodium dendrites usually form in the potential plateaus area, causing a hidden danger the unavoidably appears. These problems restrict the actual applications of hard carbon materials in the fabrication of SIBs [11].



In comparison with hard carbons, the carbon layers in soft carbon materials manifest ordered structures, and their capacity-voltage curves show a tilting behavior. Meanwhile, the conductivity of soft carbons is better than that of hard carbons. The aforementioned excellent properties lead to soft carbons having tremendous rate performances. Therefore, soft carbons are considered to be suitable carbon materials to fabricate SIB anode materials. Wang pointed out that pitches are fabulous materials to fabricate SIB anodes as pitches made up of polycyclic aromatic hydrocarbons (PAHs) easily become carbons having abundant graphite-like crystallites, when carbonization processes are being performed [12]. Nevertheless, the Na+ ions insert with difficulty into microcrystalline graphites, restricting in an increase of storage capacity. Thus, how to regulate the structures of microcrystalline graphites is becoming the hot research topic to enhance the storage capacity of soft carbons. Some methods are developed and utilized to fabricate SIB electrodes. For instance, the template methods are the one of most effective methods to construct suitable structures to store Na+ ions [13,14,15]. Besides, heteroatom doping is another effective way to construct structures to store Na+, which is a topic also studied by a lot of research groups.



In our studies, to effectively design and develop the carbon materials to store Na+, we have attempted to explore the essential factors that influence the construction of carbon material structures for storing Na+. Thus, we choose the S-doping case to investigate the correlations between the structures and Na+ storage capacity in detail [16]. This is different from the approach reported by He et al [16], in that we pay more attention to the research about structure-activity relationships that are produced by doping the S element into coal tar pitch-based carbons. In other words, through detailed analyses of the relationship between the Na+ storage capacity and structures, we attempt to deeply understand the storage mechanism of S-doped soft carbon materials. As a result, it is observed that cooperative effects which are the expansion of Na+ transfer channels and introduced defects play the main role to enhance the Na+ storage capacity. These observations from our studies probably provide a useful reference to design and develop carbon anode materials for the fabrication of SIBs.




2. Materials and Methods


2.1. Characteristics


The measurements of X-ray diffraction (XRD) used an X’pert Powder instrument from PANalytical (Almelo, Overijssel, The Netherlands). The X-ray photoelectron spectroscopy (XPS) measurements were carried out on a K-Alpha instrument from Thermo Fisher Scientific, (Waltham, MA, USA). Nitrogen adsorption and desorption isotherms was measured by a Quadrasorb autosorb-iQ surface analyzer which was purchased from Quantachrome Instruments (Boynton Beach, FL, USA). Specific surface areas were determined in detail, according to the Brunauer-Emmett-Teller (BET) method. The pore size distribution was assessed by a DFT model for slit pores. Morphologies were evaluated by scanning electron microscopy (SEM) using an instrument produced by Carl Zeiss AG, (Oberkochen, Badensko-wuertembersko, Germany). TEM measurements were carried out on a HF-3300 system (Hitachi Co. Ltd., Tokyo, Japan). The FT-IR measurements were performed on an ALPHA II spectrophotometer (Bruker Co. Ltd., Karlsruhe, Badensko-wuertembersko, Germany). The elemental analyses were carried out by using a UNICUBE (Elementar Analysensysteme GmbH, Langenselbold, Hesse-Darmstadt, Germany). Electrochemical measurements were performed by a CHI660E electrochemical system (ChenHua, Shanghai, China). Thermogravimetric analysis (TGA) measurements were carried out by using a TG209F3 (NETZSCH, Selb, Bayern, Germany).




2.2. Preparations of Coal-Tar-Pitch-Based Carbon Materials


The coal tar pitches were ground to under 100 µm, and then they were placed in a tube furnace with a heating rate of 3 °C/min and carbonized at 700, 800, 900 and 1000 °C, respectively, for 2 h in a N2 atmosphere. According to the different carbonization temperatures, the obtained materials were identified as 700-PC, 800-PC, 900-PC and 1000-PC, respectively.




2.3. Preparation of S-Modified Coal-Tar-Pitches


The coal tar pitches were mixed with elemental S in a weight ratio of 1:1, and then they were ground under 100 µm. The obtained mixtures were placed in reactors and stirred for 2 h in a N2 atmosphere at 200 °C. After cooling the reactor to room temperature, the S-modified coal-tar-pitch was obtained.




2.4. Preparations of S-Modified Coal-Tar-Pitch-Based Carbon Materials


The prepared S-modified coal-tar-pitches were placed in the oven and carbonized for 2 h in a flow of N2 (100 mL/min) at temperatures of 700, 800, 900 and 1000 °C, respectively. According to the carbonization temperatures, the finally obtained S-doped materials were named as 700-SPC, 800-SPC, 900-SPC and 1000-SPC, respectively.




2.5. Electrochemical Measurements


The electrochemical cells were assembled by using the prepared composite materials. Firstly, active materials (0.08 g) mixed with acetylene black (0.01 g) and polyvinylidine fluoride (PVDF) binder (0.01 g) in a weight ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP) solution. The prepared slurry was placed on a Cu foil and dried in a vacuum drying oven at 80 °C for 1 h to remove the solvent. The Cu foils with the active materials (1.2 mg/cm2) were continuously dried at 120 °C for 12 h in the same vacuum drying oven and cut into round shaped strips of φ 11 mm in size. The cells were assembled with sodium of φ 11 mm size, as active materials for the negative electrode and electrolyte of a mixed solution of 1M NaClO4 with EC and DMC (1:1). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were carried out using the CHI 660E, ChenHua, Shanghai, China). The CV curves were recorded in the voltage region of 0.01–3.00 V.





3. Results


Before carbonization, the structures of S-modifying pitches were firstly investigated by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD, Almelo, Overijssel, The Netherlands) and thermogravimetric analysis (TGA, NETZSCH, Selb, Bayern, Germany) measurements. As per Figure 1a, it is clear that the pristine pitch materials are made up of the elements C and O. By contrast, the element S was distinctly observed in the S-modified pitches. After the peak of S2p had been fitted, the existence of –C–Sx–C– bonding type was observed clearly in S-modified pitches (Figure 1b) [17]. Meanwhile, as shown in Figure 1c, comparing the characteristic curves of sulfur, the fact that free sulfur did not exist in S-modified pitches was observed, indicating that elemental S element of a bound type mainly exists in the S-modified pitches.



The evidence that S element exists in the S-modified pitches was further supported by the TGA measurements (Figure 1d). In the treatment case of pristine pitch materials, the quick weight loss appearing at 200–555 °C is attributed to the pyrolysis process occurring during carbonization [11]. After the temperature rose to the 555 °C, the rate of weight loss became slow because of the content of low molecular weight compounds in pristine pitches was very small. Comparatively, a quick weight loss at 200–340 °C was observed in the S-modified pitches. The relatively low final temperature of 340 °C can probably be ascribed to the fact that the S is present in bound form in S-modified pitches. The phenomenon that the two curves of sulfur and S-modifed pitches overlapped approximately in the temperature rage (25–260 °C) is also suggestive of the fact elemental S exists in the S-modified pitches. In addition, when the temperature was increased to 555 °C, the weight retention of S-modifying pitches was 51.4% which was higher than that of pristine pitch materials (34.4%) which also revealed that elemental S was successfully doped in the S-modified pitches.



The obtained S-modified pitches next underwent a carbonization process to fabricate S-doped pitch-based carbon materials (SPC). To better understand the structural conversions of SPC, investigations on the pitch-based carbon materials (PC) were also conducted in detail. Because of the defect concentrations in structures generally influence the Na+ storage capacity, the chemical states were explored by XPS measurements in detail [11,18,19]. As shown in Figure S1, the PC materials are mainly constructed by the element C and O. Furthermore, the changes of O contents in PC materials were also analyzed through XPS measurements (Figure S1a). The O contents of 700-PC, 800-PC, 900-PC and 1000-PC were calculated at 11%, 9.7%, 8.3% and 6.9%, exhibiting and obvious decreasing tendency (Figure S1b). Meanwhile, the O 1s peak can be fitted to three 531.6, 532.6 and 533.8 eV peaks, corresponding to C=O, C–O and –COOH groups, respectively [17,20]. In particular it is observed that the contents of –COOH remarkably diminished, compared with the C=O and C–O groups (Figure S1c–f, Table S1).



SPC materials are mainly made of the elements C, O, S, which can be observed in Figure 2. It is notable that cross-linked forms such as C–Sx–C, C–SOx–C and C=S also exist in our prepared carbon materials (Figure 2c–f) [16,20,21]. It is observed that the C=S peaks do not appear in the 700-SPC (Figure 2c), but their characteristic peaks appeared with increasing carbonization temperature, and their peak intensities show an obvious increasing tendency (Figure 2d–f). In contrast, the contents of –C–S–C–, –S–O groups manifest a diminishing tendency.



The concentration of O and S elements in SPC materials are calculated and illustrated as shown in Table S2. As a result, it is observed that SPC-800 possesses a higher contents of O and S elements than other materials, indicating the defect concentrations of 800-SPC are more than in the other materials (Table S2). Figure 2b exhibits that 800-SPC possesses a higher S content than other SPC materials. In addition, the elemental analysis results also indicate that 800-SPC possesses a higher content of S element than other materials (Table S3).



On the other hand, the FT-IR results can describe in detail the conversions of groups containing S element (Figure S2). Compared with the peak intensities (around 1580 cm−1) of aromatic groups, the peak intensities of S–O (1067 cm−1) and C–S (667 cm−1) groups in SPC materials are remarkably stronger than those in PC materials, indicating that S–O and –C–S–C– groups increased in SPC materials (Figure S2).



The structural characteristics of PC and SPC materials are investigated by XRD measurements in detail (Figure 3). The fact that the characteristic peaks sulfur are not observed in SPC materials leads us to consider that the elemental S which was added into carbon materials exists in chemically bonded form, which indicates that doping the element S in carbon materials is not simply a mixing process (Figure S3b). Generally, the two characteristic peaks around 24° and 43° correspond to disordered carbon and microcrystalline carbon, respectively. In the case of PC materials, increasing the carbonization temperature, the peaks around 24° in PC materials are shifted to higher degrees, which indicates that the structures of PC materials became ordered (Figure S3a). However, the same phenomenon was not observed in the SPC materials, which also indicated that introducing S in pitches caused their structures to become disordered, although the carbonization temperature was increased (Figure S3b). Furthermore, as shown in Figure 3, compared with PC materials, the peaks around 24° of SPC materials shifted to smaller degrees, indicating that the S doping method caused the structures of SPC materials to become disordered.



In addition, R values (obtained by calculation according to the XRD measurement results) are generally used to describe the degree of disorder [22,23]. Namely, low R values reflect that carbon materials possess a disordered structure. Like the report of Liu et al., and based on the XRD results (Figure 3e–i), the R values were calculated in detail [22]. As shown in Figure 4, the R values of PC and SPC materials show similar tendencies whereby the R values decrease with decreasing carbonization temperature. In addition, compared with the PC materials, it is seen that the SPC materials exhibit more disordered structures (Table S4). In particular, the 800-SPC material showed the smallest R value of all materials, which is ascribed to the fact that 800-SPC possesses more S contents than other SPC materials (Figure 4, Table S4).



To investigate the structures of PC and SPC materials further, Gaussian fitting is used to analyze their structures in detail. In general, the microstructures are classified into three types [24,25]: (1) is the highly disordered type. It leads to the diffusion barrier approaching zero, when the d002,a is bigger than 0.4 nm [25]. (2) d002,a is a pseudo-graphitic type, generally shown at 0.35–0.4 nm, which is satisfy to necessity of Na+ storage [26]. (3) d002,a of graphite-like microstructures is generally smaller than the 0.35 nm, leading to difficulty for Na+ to insert into carbon sheets. Thus, as shown in Table 1, the fact that PC carbon materials are mainly constructed by pseudo-graphitic and graphite-like microcrystalline forms was distinctly observed. Meanwhile, in PC materials, it is noticeable that the pseudo-graphitic ratio diminished from 29.1% to 19.8%, however, the contents of graphite-like carbons increased from 70.9% to the 80.2%. Meanwhile, the fact that Lc,a expanded from 1.71 to 1.95 nm was also determined obviously (Table 1). These results reveal that the structures become ordered and the stacking height among the (002) crystal phase grows slowly.



Likewise, a similar tendency was also observed in the SPC materials. Interestingly, the d002,a of 1000-SPC was smaller than that of the other SPC materials, however, this value was significantly higher than that of all of PC materials, which was strongly supportive of the notion that S causes a significant ordering of microcrystallines during carbonization processes.



The aforementioned evaluations were also verified by the TEM measurements. As shown in Figure S4, the phenomenon that the selected area electron diffraction (SAED) patterns display tendencies which range from blurry to clear is also suggestive of the fact that the structures of microcrystallites become ordered with increasing carbonization temperature [27,28]. On the other hand, with the introduction of elemental S the SAED patterns became indistinct (Figure S5). Especially, compared with the local zoom, we can observe that the 800-PC materials have obvious parallel lamellar structures, and the 800-SPC materials show obvious turbine-like structures, which can probably be ascribed to the doped S element influencing the growth along the parallel direction of the carbon sheets (Figure 5).



Nevertheless, no obvious differences in SEM morphologies of PC and SPC materials were clearly observed (Figure S4). Namely, the PC and SPC materials both displayed sheet-like morphologies. Additionally, the SEM-EDS measurement results provide clear evidence that the elements O and S are homogenously dispersed on the surface of SPC-800, which enables to facilitate the SPC materials to enhance the Na+ storage capacity (Figure S4i–j).



The porosities of PC and SPC materials were evaluated by the BET method. It is found that the SPC materials showed a bigger specific surface area and more complex porous structures than PC materials (Figure S7 and Table S5). This naturally leads us to consider that the aforementioned phenomena can be attributed to the introduction of elemental S into coal tar pitch-based carbons.



To prop up the abovementioned analyses, Raman measurements were performed in detail (Figure S8). It is acknowledged that ID/IG can reflect the degree of disorder of carbon materials [29,30]. As shown in Table S6, the 800-SPC possesses a more disordered structure than the other forms. Meanwhile, the 800-SPC exhibited a La value calculated by Raman results at 6.72 nm, which is smaller than that of the other materials, again confirming resulting in has a more disordered structure than other materials (Table S6).



The general electrochemical evaluations were used to understand the correlations between the structures and Na+ storage capacity. As shown in Figure S9a,c, the sodium storage abilities of PC and SPC materials were respectively shown at 104 mAh/g (1000-PC), 120 mAh/g (900-PC), 131 mAh/g (800-PC), 135 mAh/g (700-PC), 151 mAh/g (1000-SPC), 216 mAh/g (900-SPC), 333 mAh/g (800-SPC), 284 mAh/g (700-SPC) at a current density of 0.1 A/g on the first cycle. In addition, the materials of 1000-PC, 900-PC, 800-PC, 700-PC, 1000-SPC, 900-SPC, 800-SPC and 700-SPC exhibited a storage capacity of 57 mAh/g, 68 mAh/g, 88 mAh/g, 91 mAh/g, 82 mAh/g, 115 mAh/g, 210 mAh/g and 169 mAh/g, respectively, after performing 100 charge-discharge cycles at 0.5 A/g (Figure S9a,c). It is worth paying attention to the fact that the SPC materials showed more excellent storage capacity than PC materials (Figure S9b,d). Considering fact that PC materials possessed more ordered structures than the SPC materials, we naturally think that the increased degree of order is not beneficial to storing the Na+.



In particular, 800-SPC exhibits a higher reversible capacity at 333 mAh/g and a Coulombic efficiency of 61.2% in the first cycle. The relatively low Coulombic efficiency is generally attributed to the formation of a solid electrolyte interphase (SEI) [31,32,33]. As shown in Figure S9d, the 800-SPC displayed much better rate performances than other SPC materials. Namely, 800-SPC manifested a more excellent Na+ storage capacity than other SPC materials at different current densities which were changed from 0.1 A/g to 2.0 A/g, and then recovered to 0.1 A/g (Figure S9d).



Based on the fact that 800-SPC possesses better cycling performance and rate performance than other PC and SPC materials (Figure S9), an evaluation of the long cycling performance of 800-SPC at a big current density (2 A/g) was performed. After charge-discharge had been performed for 2000 cycles, 800-SPC still exhibited a storage capacity at 120 mAh/g when the current densities were set at 2.0 A/g (Figure 6), so in comparison with the other reported materials, 800-SPC also exhibited excellent storage capacity (Table S7).



The electrochemical behaviors were evaluated by CV measurements (Figure S10). Compared with the PC materials, the oxidation peaks at 1.7 V and reduction peaks at 1.0 V ascribed to the doped S element in SPC materials is notable. Besides, all of samples exhibited reductive peaks at 0.5 V that can probably be attributed to the reduction of O element in 800-SPC materials [32,34,35]. The reductive peaks around 0.01 V were considered to be indicative of the impact of Na+ on carbon layers [36,37]. Similar to general carbon materials, obvious charge-discharge plateaus were also not observed in any of the charge-discharge profiles of PC and SPC materials (Figure S8).



The linear fitting method was used to investigate the correlations among the structures and storage capacity (Figure S11). It is generally acknowledged that ID/IG values reflect the structural disorder and defect conditions. Therefore, a linear fitting of ID/IG values with storage capacity was conducted, and distinct linear relationships were clearly observed. This result also can indicate that the structural disorder and defects enhance the storage capacity. On the other hand, as shown in Figure S11b, the linear fitting relationships between the d002 and storage capacity indicated the expanded space can enhance the storage capacity. Therefore, the above analyses also explain the reasons that 800-SPC possessed more excellent storage capacity than other materials. In other words, these results verified that cooperative efforts of structural disorder, defects concentrations and d002 space play the main role to enhance the Na+ storage capacity.



Furthermore, similar to a report by Zhou et al. [38]., we adopt the ex situ method to evaluate the Na+ storage contributions of different groups containing S element in the 800-SPC materials. After 800-SPC was subjected to a fully discharged status of 0.01 V, compared with the 800-SPC without discharge, the characteristic binding energies (163.8 and 165.0 eV) of –C–Sx–C groups shifted to 160.5 and 162.1 eV, respectively. Meanwhile, it is observed that the binding energies of –C–SOx–C were shifted from 167.5 to 167.0 eV. Considering the fact that SEI formed in the fully discharged case, we assume that the new fitting peak (159.3 eV) can probably be ascribed to the S contents in SEI (Figure S12).



On the other hand, after the 800-SPC was fully charged to 3.0 V, the binding energies of –C–Sx–C groups recovered to 163.3 and 164.8 eV, respectively. Meanwhile, the binding energies of –C–SOx–C recovered to 166.4 eV. According to the descriptions by Zhou et al. [38], analogous conversion tendencies on the binding energies of S-containing groups were also observed in our studies (Table S8), indicating that partly irreversible reaction between Na and S also exist in 800-SPC materials. Because of the fact that the peak of the –C=S binding energy was covered by the SEI peak, the detailed storage contribution of -C=S groups cannot be clarified completely.



Together with the FT-IR results, we can infer that doping S element in coal tar pitch-based carbon causes an increase of the contents of –C–Sx–C and –C–SOx–C groups in the obtained carbon materials (Figure S2). The increased –C–Sx–C and –C–SOx–C groups assist in the Na+ storage processes and formation of SEI. However, a quantitative evaluation of the Na+ storage capacity of –C–Sx–C and –C–SOx–C groups cannot be carried out at the present stage. After searching for a more suitable evaluation method, we will investigate this topic in the future.



Finally, in accordance with the report by Wang et al., the storage mechanism was studied from the kinetics perspective [39,40,41,42]. As shown in Figure 7, compared with the 800-PC, the 800-SPC possessed a remarkable capacitive contribution, which was ascribed to the fact 800-SPC has a more suitable structure to enhance the capacitive contributions [43,44,45]. Combined with the above analyses, the increased capacitive contributions of 800-SPC can be facilely explained. Namely, as shown in Figure 8, the expanded distances of carbon layers provide fast channels to remove Na+, and defects produced by S-doping provide the active sites which are beneficial to enhancing the capacitive effects [46,47].




4. Conclusions


The factors that influence the Na+ storage capacity of S-doped carbon materials were amply investigated through XPS, TEM and XRD measurements. Based on detailed investigations of the correlations between structures and Na+ storage capacity, it is observed that the structural disorder, carbon layer spacing and defect concentrations are the pivotal factors which influence the Na+ storage capacity of carbon materials. Therefore, controlling the carbonization temperature and using the S doping method made the 800-SPC material fabricated in our studies show an excellent storage capacity. The 800-SPC exhibits a storage capacity at 120 mAh/g after 2000 charge-discharge cycles were applied, when the current density was set at 2.0 A/g. We think that our studies can provide a useful reference for readers who are considering ideas to improve the Na+ storage capacity of soft carbon materials.
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Figure 1. XPS results of pristine pitch and S-modifying coal-tar-pitches (a), Fitting result of the XPS data of S-modifying coal-tar-pitches (b). XRD results of S-modified coal-tar-pitch and sulfur (c). TGA results of pristine pitch, S-modified coal-tar-pitch and sulfur (d). 
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Figure 2. XPS results of SPC materials (a). (b) are the S contents calculated according to the XPS results. (c–f) are the fitting results of SPC materials. 
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Figure 3. XRD results (a–d) and their fitting results of PC and SPC materials (e–l). 
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Figure 4. R values of PC and SPC materials. 
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Figure 5. TEM images of PC (a) and SPC (b) materials. Selected area electron diffraction (SAED) patterns of PC (c) and SPC (d) materials. 
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Figure 6. Cycling performance of 800-SPC material at current density of 2.0 A/g. 
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Figure 7. Capacitive contributions for storage capacity of 800-PC and 800-SPC materials. (a,b) respectively show the CV measurement results of 800-PC and 800-SPC materials at different scan rates. (c) shows the bar charts showing the capacitive contribution of 800-SPC at scan rate of 3.0 mV/s. (d) illustrates the capacitive contribution ratio of 800-PC and 800-SPC materials at different scan rates. 
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Figure 8. Images explaining the Na+ storage mechanism. 
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Table 1. Physical Parameters of Different Samples.
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Samples

	
Highly Disordered

	
Pseudo-Grphitic

	
Graphite-Like

	
d002,a

(nm)

	
Lc,a

(nm)




	
2θ [°]

	
d002 [nm]

	
Area [%]

	
2θ [°]

	
d002 [nm]

	
Area [%]

	
2θ [°]

	
d002 [nm]

	
Area [%]






	
1000-PC

	
-

	
-

	
-

	
22.59

	
0.394

	
19.80

	
26.01

	
0.343

	
80.20

	
0.353

	
1.95




	
900-PC

	
-

	
-

	
-

	
22.57

	
0.394

	
25.84

	
25.82

	
0.345

	
74.16

	
0.358

	
1.85




	
800-PC

	
-

	
-

	
-

	
22.50

	
0.395

	
28.50

	
25.77

	
0.346

	
71.50

	
0.360

	
1.80




	
700-PC

	
-

	
-

	
-

	
22.42

	
0.396

	
29.14

	
25.67

	
0.347

	
70.86

	
0.361

	
1.71




	
1000-SPC

	
22.11

	
0.402

	
17.75

	
25.01

	
0.356

	
82.25

	
-

	
-

	
-

	
0.364

	
1.58




	
900-SPC

	
21.84

	
0.407

	
20.82

	
24.99

	
0.356

	
79.18

	
-

	
-

	
-

	
0.367

	
1.50




	
800-SPC

	
21.43

	
0.415

	
24.31

	
24.95

	
0.357

	
75.69

	
-

	
-

	
-

	
0.371

	
1.44




	
700-SPC

	
21.43

	
0.415

	
22.19

	
24.95

	
0.357

	
77.81

	
-

	
-

	
-

	
0.369

	
1.47








d002,a: is the value of the average interplanar spacing; Lc,a are the values of average stacking heights of coal chars.
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