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Abstract

:

The choice of precursor and simple synthesis techniques have decisive roles in the viable production and commercialization of carbon products. The intense demand for developing high-purity carbon nanomaterials through inexpensive techniques has promoted the usage of fossil derivatives as a feasible source of carbon. In this study, Vietnamese-coal-derived porous carbon (PC) was used to fabricate coal-derived porous carbon nanomaterials (CDPCs) using the modified Hummers method. The resulting porous carbon nanomaterials achieved a nanoscale structure with an average pore size ranging from 3 to 10 nm. The findings indicate that CDPC exhibits well-developed micropores and mesopores. The presence of macropores and mesopores not only facilitates the complete immersion of the material in the electrolyte but also effectively shortens the ion diffusion pathways. CDPC boasts a high carbon content, constituting 80.88% by weight. Electrochemical impedance spectroscopy (EIS) Nyquist plot of electrodes made from CDPC showed good conductivity value with low charge-transfer resistance. This electrode worked well and stably with capacitance retention of 74.7% after 1000 cycles. The CDPC specific capacitance reached 236 F/g under a current density of 0.1 A using the constant current discharge method and then decreased as the current density increased. Based on the results of the electrochemical properties of the materials, the energy storage capacity of the CDPC material was good and stable. This investigation presents an eco-friendly methodology for the judicious utilization of coal in energy storage applications, specifically as electrodes for supercapacitors and anodes for Li-ion batteries.
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1. Introduction


Over the years, alongside classical carbon forms like the hardest and electrically insulating diamond and the softest and electrically conducting graphite, various novel carbon allotropes have been progressively discovered and developed, forming a new family of carbon materials. This family includes zero-dimensional fullerenes and carbon dots, one-dimensional carbon nanotubes and carbon fibers, and two-dimensional graphene, and graphyne, along with their derivatives [1,2]. Impressively, these carbon materials showcase numerous distinctive properties, such as a large specific surface area, tunable porosity, chemical surface functionality, exceptional thermal and electrical conductivity, mechanical and chemical stability, and diverse structures, rendering them highly promising materials for future applications [3,4].



While carbon nanomaterials hold great promise for various applications, the cost-effective and environmentally friendly production of these materials poses a considerable challenge. Traditional manufacturing methods for graphene, carbon nanotubes, and other nanostructured carbon materials frequently rely on expensive carbon precursors and resource-intensive processes [5,6]. Consequently, the commercial viability and widespread application of carbon materials are impeded by elevated production costs. Therefore, careful consideration must be given to the choice of carbon precursors and synthesis methods in the context of fabricating nanostructured carbon materials.



Coal, a fossil fuel originating from the remnants of ancient plants subjected to high pressure and temperature within the Earth’s crust, undergoes a series of transformations over millions of years to give rise to the coal deposits found today. Acknowledged for its high energy density, ease of storage, and cost-effectiveness, carbonaceous coal stands as a fundamental and economically viable energy source. Characterized as a naturally occurring heterogeneous macromolecular material, coal possesses a three-dimensional cross-linked architecture. The organic macromolecules within coal consist of a specific number of alicyclic and aromatic/hydroaromatic nuclei connected by short aliphatic and ether linkages [7,8,9,10,11].



Currently, within the electric industry, the stability of cycles in coke or hard carbon as an anode has been well documented, while graphite electrodes showcase high energy density and exceptional capacity. The exploration of synthesizing soft and environmentally friendly carbon materials, such as nanocarbon derived from coal and coke, stands as a promising research avenue. This is attributed to its potential to yield high-quality materials at a low cost, along with advantages like environmental friendliness, mild processing conditions, and scalability [12,13,14,15].



Several methods have been applied, depending on the desired properties of the final nanocarbon products. Zhou et al. [16] synthesized graphene and graphene-based metal materials from coal by using catalytic graphitization, chemical oxidation, and oxygen-reduction-assisted plasma dielectric barrier discharge (DBD). This method converts carbon atoms into a more graphitic form with increased strength and conductivity. Another method known as chemical oxidation was used by Nithin Joseph Panicker et al. [17] to synthesize oxidized graphene from graphite (HOG) with H2SO4 and HNO3 as the first oxidizing agents and KMnO4 as the last oxidizing agent. This process occurred within 3.5 h, producing oxygen-containing functional groups on the surface of the carbon. The as-synthesized HOG was more hydrophilic and dispersed easily in aqueous solutions, and it was more oxidized than GO prepared using the Hummers method. Yaxiong Liu [18] successfully fabricated the positive electrode in a Li-ion battery from coke activated by HF and HCl and then calcined at 600 °C and 900 °C for 1 h. Seung Eun Lee et al. [19] fabricated carbon materials from ordinary coke and calcined coke at 1300 °C. After one of these treatment methods, the material can be further processed to produce nanocarbon materials, such as graphene and carbon nanotubes using sonication, exfoliation, and hydrothermal synthesis.



Carbon is now used primarily in commercial lithium-ion battery anodes due to its advantageous properties such as widespread availability, outstanding electronic conductivity, low cost, and a favorable hierarchical arrangement for Li-ion insertion. Studies on carbon-based anode materials indicate that porous carbon has obvious advantages in providing high lithiation capability and excellent cycling stability. The existence of micropores and mesopores has exerted significant effects on the electronic structure and performance, such as the shortened transport length for Li ions and the largened electrode/electrolyte interface for the charge-transfer reaction [20]. Owing to its typical characteristic of a porous structure and its low cost, carbon is widely used for supercapacitor electrodes [21,22,23,24] and catalytic supports [25,26,27] and also possesses the potential to be used as an anode material in lithium-ion batteries (LIBs). Hao et al. [28] achieved the successful synthesis of porous carbon nanosheets (PCNS1000) from pitch and coal. PCNS1000, with a mesoporous structure featuring an average pore size of 5.7 nm, was utilized as an anode in lithium-ion batteries, showcasing a capacity of 270.0 mA h.g−1 at 0.1 A.g−1. In a recent development, Zhao et al. [29] effectively engineered a nano nanocomposite material (MoO3/CCNFs) using coal and acid-treated molybdenum. The MoO3/CCNF exhibited characteristics such as an increased specific surface area and volume of porous cavities, a result of the release of small gas molecules during the coal carbonization process. This attribute is advantageous for the movement of Li+ ions, mitigating volume stress caused by Li+ insertion during the charging process and fostering favorable conditions for electrode reaction kinetics.



Therefore, designing simple and productive approaches for the controllable synthesis of coal-based porous carbon is still a great challenge.



The coal reserves in Vietnam are estimated to be around 3.36 billion tons, comprising all types of coal: Anthracite, Fat Coal, Bituminous Coal, Brown Coal, and Peat. Vietnam is one of the three countries in Southeast Asia with the largest exploitable coal reserves. Hence, opting for an appropriate method to produce porous carbon materials from coal in Vietnam is a judicious direction, holding the promise of numerous successes at low costs while utilizing readily available resources.



Furthermore, the transition from fossil fuels to alternative energy sources necessitates the potential application of coal in more environmentally friendly domains. Moreover, although coal is a fossil fuel, the minute amount required in the energy transition sector makes this path highly feasible for a sustainable future.



This work presents the fabrication of nanoscale porous carbon materials from coal of the Coke Factory of Thai Nguyen Steel Joint Stock Company, Thai Nguyen Province, Viet Nam, using the improved Hummers method. Exploring the surface morphology, structure, composition, and surface area of the synthesized materials is essential. The electrochemical properties of the materials signify their potential for electron exchange and efficient energy storage. These preliminary findings hold promise, indicating the potential for the successful fabrication of lithium-ion batteries in Vietnam.




2. Materials and Methods


2.1. Chemicals


KOH (pellets), 98% H2SO4, 85% H3PO4, 99% KMnO4, and carbon nanotubes were purchased from Sigma Aldrich (St. Louis, MI, USA); 30% H2O2 and n-Butyl acetate were purchased from Meck (Darmstadt, Germany). Polytetrafluoroethylene was purchased from Chemours DuPont Co. (Wilmington, DE, USA), and 95% graphite powder was purchased from VCS Vietnam Technology Joint Sock Company (Ha Noi, Vietnam). Nickel foil was purchased from Gelon Lib. Co., Ltd. (Shandong, China).




2.2. Fabrication of Porous Carbon Materials


The fabrication of porous carbon nanomaterials from coal followed a previous study with few modifications [17]. Coal taken from the Coke Factory of Thai Nguyen Iron and Steel Joint Stock Company with a size of 15 mm and ash content <15% was used as a starting material to make porous carbon materials. The coal was then ground and sieved into powder, and the resulting particle size of the coal powder (CP) was <0.5 mm. In a 500 mL container, 30 mL of H2SO4 acid solution (density: 1.84 g/mL) was combined with 10 mL of H3PO4 (density: 1.685 g/mL), and the mixture was subjected to magnetic stirring at 80 °C for 30 min. Then, 1 g of CP was added to the mixture, and stirring was continued for 1.5 h. Then, the sample was transferred to a basin of ice water to cool down, and 6 g of KMnO4 was slowly added to the sample over 30 min. The solution was then stirred at 45 °C for 1 h. Subsequently, 50 mL of distilled water and 4 mL of H2O2 were added to the solution, and the temperature was increased to 90 °C for 15 min. Finally, 36% HCl solution was added to the mixture, which was centrifuged several times and rinsed with distilled water until the washing solution reached pH = 7 [17]. Finally, the material was dried at 90 °C for 24 h and designed as porous carbon nanomaterial (CDPC).




2.3. The Morphology, Element Composition, and Structures of Materials


The morphology of CP and CDPC was investigated using an MS-7001F scanning electron microscope and a JEM-2001F transmission electron microscope (Jeol, Tokyo, Japan). The fraction of the material was determined by energy-dispersive spectroscopy (EDS) coupled with SEM. The mass reduction of the material was determined using the differential thermal analysis method using a TG-DTA 8121 (Rigaku, Osaka, Japan). The material structure was determined using the X-ray diffraction (XRD) method (D8 ADVANCE; Bruker, Bremen, Germany) and Raman spectroscopy (LabRAM HR Evolution; Horiba, Kyoto, Japan). The specific surface area of the material was determined using the Brunauer–Emmett–Teller (BET) method. SEM, TEM, and EDS measurements were performed at the Institute of Materials, Vietnam Academy of Science and Technology (Hanoi, Vietnam). DTA was performed at the Key Laboratory of Advanced Materials Applied in Green Development, University of Natural Sciences, Vietnam National University (Hanoi, Vietnam). BET analysis was performed at the Department of Chemistry, Hanoi Pedagogical University. Raman spectra were measured at the Center of Experiment and Practice, Thai Nguyen University of Science, Thai Nguyen University. Thermogravimetric analysis (TGA) was conducted using a differential thermal analysis and thermogravimetric analyzer (TG-DTA), model TG-DTA 8121, at the Department of Chemistry, Faculty of Natural Sciences, Hanoi National University.




2.4. Fabrication of Electrodes from Porous Carbon Materials


Electrodes made from coal materials included a mixture of CDPC, graphite, carbon nanotubes, and polytetrafluoroethylene (PTFE) at a 70:10:10:10 ratio mixed with an agate mortar. n-butyl acetate solvent was slowly added to dissolve the PTFE until the mixture reached a paste-like consistency. The mixture was poured on both sides of the nickel foil with a diameter of 1 cm and laminated with a thin film thickness of 200 um, and then it was loaded under the pressure of 5 tons for 5 min on a hydraulic press (Center of Experiment and Practice, Thai Nguyen University of Science, Thai Nguyen University). Figure 1a shows the electrode fabrication tools, Figure 1b illustrates the electrode compression process, and Figure 1c displays the resulting electrode product with a black surface. The electrode was dried in a vacuum oven at 80–110 °C for 12 h. The electrode was then immersed in 6M KOH solution for 12 h. The electrochemical properties of CDPC were measured in a 6M KOH aqueous electrolyte with a three-electrode supercapacitor cell at room temperature using an Autolab PSGTAT100 electrochemical system (Autolab, Tokyo, Japan) at the Department of Chemistry, Thai Nguyen University of Education, Thai Nguyen University. All chemicals used in the electrode fabrication and electrochemical property studies were pure chemicals.



The capacitance of the electrode was calculated using a cyclic voltammogram (CV) as shown in Equation (1):


  C =     ∫    E   i       E   f      I   E   d E     2 m v (   E   f   −   E   i   )      



(1)




where m is the mass of the material (g), v is scan rate (mV/s), (Ef − Ei) is the potential range, and     ∫    E   i       E   f      I ( E ) d E     is the integrated charge in the graph.



The specific capacitance was calculated using the method of charging–discharging as prescribed in Equation (2):


  C =   4 I ∆ t   m ∆ V      



(2)




where I is the current density (A/g), Δt is the discharge time (s), and ΔV is the working voltage (V).





3. Results and Discussion


3.1. Physical Properties and Surface Characteristics of CP and CDPC


The thermal analysis results of the CP sample are depicted in Figure 2. As shown in Figure 2, the differential thermal analysis (DTA) curve exhibits two distinct exothermic peaks at temperatures of 318 °C and 597 °C. Simultaneously, the thermogravimetric (TG) analysis curve displays two stages of mass loss. The initial stage, occurring within the temperature range of roughly 500–650 °C and accounting for an 82.16% reduction in mass, is attributed to the combustion of constituents contained within the CP. Beyond 800 °C, the sample’s mass demonstrates a state of relative stability. It can be inferred that at this stage, the remaining components of coal oxide of low temperature at 800 °C are potentially intermixed with trace amounts of metal oxides found in the coal.



In Figure 3a,b, SEM images of CP and CDPC illustrate distinct surface morphologies between the two materials. Specifically, the CP material consists of particles with an average size of approximately 20–20 μm, while CDPC exhibits a structure characterized by small, porous pieces with a variety of mesopores and macropores.



From SEM images (Figure 3a,b), it can be observed that after oxidation, a rough surface with wrinkles and folds is formed, which was the result of deformation upon the exfoliation and restacking processes. These changes in morphology can be due to sp3 carbons and various GO structural defects like the formation of oxygen-containing functional groups in the basal planes [17]. The existence of macropores and mesopores will not only assist electrolytes in penetrating the materials in full depth but also shorten the ion diffusion paths effectively. The micropores could further provide more active sites for the insertion of lithium ions [30]. Figure 3f is a TEM image of CDPC, displaying a richer porous structure and more even pore size distribution. The sheet-like structure of graphene at a higher resolution, as shown in Figure 3g, reveals that the porous carbon material has sizes ranging from 3 to 10 nm. The well-developed pore distribution, presence of numerous active sites, and appropriate migration channels for ions enhance the electrochemical parameters necessary for the fabrication of supercapacitors, batteries, and electrochemical sensors [6,12,18,19].



The EDX analysis results (presented in Figure 3c and Table 1) reveal that the primary constituents of the CDPC material are carbon with a content of 80.88% by weight, alongside trace amounts of various impurities, including oxygen, aluminum, silicon, sulfur, and manganese (Mn).



The XRD analysis presented in Figure 3d reveals distinct diffraction peaks for CP occurring at scattering angles between 20 and 30 degrees and weaker diffraction peaks between 41 and 45 degrees, corresponding to the (002) and (100) planes of disordered carbon. The narrower and sharper diffraction peaks of (002) and (100) signify a more ordered crystal structure of the carbon sample, with a higher degree of graphitization [31]. The CDPC phase composition is mainly graphite, along with phases of MnO, MnO2, and MnS. The obtained result is consistent with the above EDX analysis results.



Figure 3e shows the G-band of 1592 cm−1, which represents a shift to a larger wavenumber than that of graphite (1570 cm−1) due to graphite oxidation. The D-band (1349 cm−1) characterizes defect formation and distortion due to the presence of in-plane heteroatoms, grain boundaries, and aliphatic chains. On the other hand, at the 2D-band (2945 cm−1), this small and obtuse peak for CDPC is due to the disruption of the stacking order layers by the oxidation reaction [32]. Thus, it can be seen that the activation of CP to form CDPC dissociated the planes of graphite to form graphene and then oxidized it to form graphene oxide. The 2D-band peak CP (2945 cm−1) has a sharp peak and a high base, which are typical for defects. It is most likely that coal has many defects and CP has a highly disordered crystalline structure similar to that of the CDPC material.



Based on the BET (Brunauer–Emmett–Teller) method, the specific surface area of CP was calculated to be 4.1704 m2/g, while the specific surface area of CDPC is determined to be 33.9601 m2/g.



The nitrogen isotherm adsorption curves of CP and CDPC are shown in Figure 4a. The isotherm of adsorption for CP is a Type III isotherm according to the IUPAC classification. Type III isotherms are commonly associated with materials with a large pore size (d > 50 nm). In contrast, the adsorption and desorption isotherms of CDPC are Type IV isotherms, featuring a hysteresis loop of type H4 according to the IUPAC classification. The presence of the H4 hysteresis loop is often encountered in adsorbents exhibiting particle sizes spanning from microcapillary to medium pore dimensions. This observation is attributed to the nitrogen isotherm adsorption curves manifested within the relative pressure (P/P0) range of 0.40 to 0.90, which are associated with the adsorption process of particles possessing medium dimensions. Conversely, the curves discerned at P/P0 > 0.90 correspond to the adsorption behavior of particles characterized by microcapillary sizes. The BJH adsorption cumulative volume of pores between 1.7 nm and 300.0 nm is 0.3143 cm3 g−1 for CDPC and 0.0148 cm3 g−1 for CP. From the BET measurement results and SEM analysis of CP and CDPC materials, it is evident that there is a coexistence of mesopores and macropores within the CDPC. The surface area and the porous volume of CDPC are higher than those of CP, indicating that the acid activation process of CP has increased its ability to form a double-layer electric charge, thus enhancing the specific capacitance of CDPC.



Pore size is also a critical factor that determines the energy storage capacity of a material. The calculated pore diameter from the BET method for CDPC is 2.5 nm, which is suitable for the formation of a double-layer electric charge because it is larger than the size of ions in the KOH electrolyte. This result is consistent with those reported for other carbon materials in previous studies [31]. The above results show that CDPC has been successfully fabricated from CP using the modified Hummers method.




3.2. Electrochemical Measurement Results of CDPC Electrode


Electrochemical impedance spectroscopy (EIS) was conducted using the Autolab PSGTAT100 instrument with an oscillation frequency ranging from 100 kHz to 100 mHz.



The impedance characteristics of the CDPC electrode are illustrated in Figure 4b. The point of intersection with the real axis indicates the resistance between the electrode and the electrolyte. The semicircle present in the high-frequency region is attributed to the charge-transfer resistance, while the low-frequency line corresponds to the diffusion impedance of ions penetrating the electrode, commonly referred to as the Warburg impedance. The absence of a semicircle is notable. This discrepancy arises from the fact that the diameter of the semicircle in the high-frequency region of the impedance measurement is typically associated with the charge-transfer resistance. This shows that the CDPC electrode conducts electricity well with small charge-transfer resistance and an obvious irreversible semicircle [33].



The results of the measurements of the electrochemical properties of the material show that the energy storage capacity of the CDPC material is good and stable.



To rapidly evaluate the electrochemical properties of the CDPC electrode, the CV multi-cycle loop potential scanning method was used. The electrode after fabrication was CV-activated with a potential scanning speed of 20, 50, 70, and 100 mV/s and a potential scanning range from −0.7 to 1.1 V/SCE in a 6M KOH solution and then activated for 50 cycles until the CDPC electrode was stable, followed by activation for up to 1000 cycles with a scanning speed of 100 mV/S and potential scanning range from −0.7 to 1.1 V/SCE in a 6M KOH solution. The results of CV spectroscopy at different scanning speeds for the CDPC electrode are shown in Figure 5a.



Figure 5a shows that as the scan rate of the CV increases from 20 to 100 mV/s, the CV curves still maintain a symmetrical leaf-like shape, with no appearance of oxidation–reduction peak positions. This indicates that the CDPC electrode operates well and remains stable. As the potential scanning speed increases, the charge current density (positive value) and discharge density (negative value) gradually increase. This shows that the CDPC electrode is highly reversible. This also suggests that the reaction mechanism of the CDPC electrode follows the double-layer capacitance mechanism, similar to carbon-based materials from previous studies [22].



Similarly, after 10, 30, and 50 CV activation cycles, the charge current density (positive value) and discharge density (negative value) also gradually increase (Figure 5b). This shows that the CDPC electrode performs stably. This issue can be explained as, at the beginning of the reaction, the CDPC electrode needs some wetting time for the electrolyte solution to penetrate the CDPC structure and activate the reaction sites, as well as to remove any remaining impurities.



However, after 50 cycles of stable electrode activation with a CV, the charge current density and discharge current density at 500 and 1000 cycles both decreased. This shows that the electrode potential of the CDPC electrode decreases with the number of charge-discharge cycles (Figure 5c). With the CV of the CDPC electrode at cycles 1, 500, and 1000 with a scan rate of 100 mV/s (Figure 5c), software was used to help calculate the specific capacitance of the electrode. After the initial cycle, the specific capacitance registers at 6083 F/g. Subsequently, after 500 cycles, it decreases to 4736 F/g, and following 1000 cycles, it further reduces to 4548 F/g. The results show that the specific capacitance after 500 and 1000 CV was 77.85% and 74.7%, respectively, compared to the original electrode’s specific capacitance. However, from 500 to 1000 CV cycles, the specific capacitance of the electrode was reduced by only 2%. This shows that the CDPC electrode works stably and efficiently.



The CDPC electrode discharge was measured by applying a constant current with a change in current density of 0.1, 0.2, and 0.3 A/g for 120 s, with voltage in the range from 0.20 V to 0.45 V (Figure 6a,b).



As depicted in Figure 6a, the charge and discharge profiles manifest as symmetrical triangles, reflecting a high degree of symmetry. Notably, no discernible voltage drop occurs at elevated current densities, implying the material’s robust electrochemical characteristics even under substantial discharge currents. Here, energy storage within the electrode primarily occurs through the formation of charged double layers via physical adsorption. This observation is in consonance with the findings deduced from the CV curve analyses. Figure 6b further illustrates that at the lowest current density (0.1 A/g) and the highest current density (0.3 A/g), the specific capacitance of the carbon-derived material is measured at 236 F/g and 156 F/g, respectively. This finding indicates a decline in specific capacitance in response to increasing current density, thus providing insights into the material’s responsiveness to various current regimes.



Table 2 demonstrates that the specific capacitance values align well with previous studies under equivalent conditions regarding electrolyte composition and charge/discharge current density.





4. Conclusions


Coal-derived CDPC has been successfully fabricated via the modified Hummers method, using Vietnamese coal as the precursor. The fabricated nanomaterials have an average size of 3–10 nm and a porous nature. The existence of macropores and mesopores will not only assist electrolytes in penetrating the materials in full depth but also shorten the ion diffusion paths effectively. When being used as the anode electrode in a supercapacitor, the CDPC electrode exhibited excellent performance. Via EIS, Nyquist plots demonstrated the superior conductivity of the CDPC electrode, characterized by minimal charge-transfer resistance. This electrode showcased remarkable stability, retaining 74.7% of its capacitance after 1000 cycles. The constant current discharge method was used to determine that the specific capacitance of CDPC was 236 F/g at a current density of 0.1 A, exhibiting the expected reduction with increasing current density. The overall electrochemical evaluation underscores the commendable and stable energy storage capacity of the CDPC material. Overall, these findings collectively emphasize the potential of CDPC as a promising candidate for energy storage applications. This study demonstrates the potential of using Vietnamese coal to produce high-performance nanomaterials for energy storage applications. Further exploration and optimization of CDPC-based devices could promote advancements in energy storage technologies, as well as the development of new energy storage devices to meet the growing energy demand.
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Figure 1. (a) Preparation of electrode fabrication tools; (b) electrode fabricated using pressing equipment; (c) formed electrode with black color. 
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Figure 2. Thermogravimetric (TG—black) and differential thermal analysis (DTA—red) of CP. 
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Figure 3. (a,b) SEM images of CP and CDPC; (c) EDX spectrum of CDPC; (d) XRD pattern of CP (black) and CDPC (red); (e) Raman spectra of CP (black) and CDPC (red); (f) TEM of CDPC with low resolution and (g) with high resolution. 
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Figure 4. (a) Nitrogen adsorption–desorption isotherms of CP and CDPC; (b) CDPC electrode impedance. 
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Figure 5. (a) CV of CDPC electrode with different scanning rates (20–100 mV/S); (b) CV of CDPC after 10, 30, and 50 cycles and 100 mV/s scan rate; and (c) CV of CDPC after 1, 500, and 1000 cycles and 100 mV/s scan rate. 
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Figure 6. (a) Galvanostatic charge–discharge curve of CDPC electrode in 6 M KOH at different current densities (0.1, 0.2, and 0.3 A/g) and (b) specific capacitance of CDPC plotted against current density. 
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Table 1. EDX analysis results of CDPC.
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	Element
	% Mass
	% Atom





	C
	80.88
	85.53



	O
	17.18
	13.64



	Al
	0.41
	0.19



	Si
	0.87
	0.39



	S
	0.51
	0.20



	Mn
	0.15
	003



	Total
	100.00
	100.00










 





Table 2. Comparing specific capacitance with prior studies.
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	Materials
	Electrolyte
	Charge/Discharge Current Density (A/g)
	Specific Capacitance (F/g)
	Reference





	Nanoporous gold
	[EMIM]BF4
	0.14
	79.1
	[34]



	NiO nanosheet assembles
	3 M KOH
	0.5
	81.67
	[35]



	Active carbon (COS)
	1 M H2SO4

6 M KOH
	0.2

0.2
	374

266
	[36]



	Porous carbon nanoparticles (PCNs)
	6 M KOH
	0.06
	309
	[37]



	Zn-HSC
	1M Zn(CF3SO3)2
	0.1
	170
	[38]



	Nitrogen-doped graphene
	6 M KOH
	0.5

5
	197

151
	[39]



	Graphene nanocapsules (from coal tar pitch using a nano-ZnO-template strategy coupled with in situ KOH activation) (GNCs)
	6 M KOH
	0.05
	277
	[40]



	Coal-derived porous

carbon fibers (CPCFs)
	6 M KOH
	1
	170
	[41]



	CDPC
	6 M KOH
	0.1

0.3
	236

156
	This work
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