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Abstract

:

With the worldwide awareness of sustainability, biomass-derived carbon electrode materials for supercapacitors have attracted growing attention. In this research, for the first time, we explored the feasibility of making use of the carbon byproduct from hydrothermal liquefaction (HTL) of microalgae, termed herein as algae-derived carbon (ADC), to prepare sustainable carbon electrode materials for high-performance supercapacitor development. Specifically, we investigated carbon activation with a variety of activating reagents as well as N- and Fe-doping of the obtained ADC with the intention to enhance its electrochemical performance. We characterized the structure of the activated and doped ADCs using scanning electron microscope (SEM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and BET surface area and pore analysis, and correlated the ADCs’ structure with their electrochemical performance as evaluated using cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), impedance, and cycle stability through an assembled symmetric two-electrode cell with 1 M H2SO4 as electrolyte. It was found that the ADC that is activated using KOH (KOH-ADC) showed the best electrochemical performance, and its specific capacitance was 14.1-fold larger with respect to that of the raw ADC and reached 234.5 F/g in the GCD test at a current density of 0.5 A/g. The KOH-ADC also demonstrated excellent capacitance retention (97% after 10,000 cycles at a high current density of 10 A/g) for stable long-term operations. This research pointed out a promising direction to develop sustainable electrode materials for supercapacitors from the carbon byproduct produced after HTL processing of algae.
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1. Introduction


With the awareness of sustainable development, increasing research efforts have been channeled towards developing clean, efficient, and sustainable sources of energy and energy storage devices to meet the energy demand of the human society in the 21st century [1]. Among the various energy storage devices that are being explored, supercapacitors have attracted great attention owing to their high power density, cycle stability, and fast charge and discharge rates [2]. Supercapacitors can be broadly classified into two main categories: electrochemical double layer capacitors (EDLC) and pseudocapacitors. The mechanism of charge storage in EDLC is based on a non-faradaic reversible electrical charge transfer and storage at the electrode–electrolyte interface, while that of the pseudocapacitor is based on a faradaic redox reaction process [3]. Although the latter shows good electrochemical performance, it often suffers from issues of high manufacturing costs and toxicity [4]. On the contrary, EDLC supercapacitors have relatively lower manufacturing cost and environmental benignity. Additionally, EDLC supercapacitors exhibit a high cycle stability and can maintain their electrochemical performance even up to 106 cycles or more [5].



A wide range of electrode materials have been suggested for the development of supercapacitors. Carbon has been widely used for supercapacitor electrode materials because of its low cost, excellent electrical conductivity, and high chemical stability. Due to the drive towards sustainability, biomass-derived carbon electrode materials have become a direction of current research [6]. Hydrothermal liquefaction (HTL) is an important thermochemical process that generates bio-crude oil from biomass [7]. Along with the bio-crude oil product, it is noteworthy that the HTL processing of biomass also generates a significant amount of solid carbon residue (2–70 wt.% of the total product depending on feedstock) [8]. Up to date, these carbon residue byproducts are mostly being utilized for the purpose of carbon sequestering and wastewater treatment [9,10,11]. In a recent report, Shell et al. (2021) utilized the HTL process to develop carbon electrode materials from corn stover and obtained a specific capacitance of 242 F/g at 5 mV/s in the cyclic voltammetry test and an energy density of 9.9 W h/kg in 2 M KOH [12]. The findings from this study indicated the possibility of acquiring carbon electrode materials from the HTL processing of biomass for supercapacitor applications. However, current studies in developing sustainable carbon electrode materials for supercapacitor use lie in plant and animal biomass [13] and little attention has been given to algae, which represent a distinctive class of biomass. There is no report yet to employ carbon residue particles from the HTL processing of algae (termed as algae-derived carbon (ADC) herein) as a value-added product for supercapacitor electrodes, even though HTL is an important thermochemical process to generate bio-crude oil from algal biomass [14]. It is well known that carbon sources and processing techniques impact the quality of carbon electrode materials for supercapacitors [12,15,16,17]. The ADC could possess a rich supply of heteroatoms like nitrogen which comes from the protein component of algae and thus could contribute to pseudocapacitance as an electrode material for supercapacitors.



In this research, for the first time, we seek to specifically explore the potential of ADC as an electrode material for supercapacitor application. With the intention to enhance the electrochemical performance of the obtained ADC, we further performed carbon activation and doping studies, which are popular ways to improve the electrochemical performance of carbon electrode materials and has been proved in our previous research [18,19]. For the carbon activation study, we investigated H2SO4, H3PO4, HNO3, and KOH according to their different activation mechanisms. Specifically, H2SO4 and HNO3 can improve the amount of functional groups on the surface of ADC through the oxidation and nitration of aromatic rings in the ADC [20]; H3PO4 can perform a depolymerization, dehydration, and redistribution of constituent biopolymers to develop porous structures in biochar [21]; KOH can etch the carbon surface to create a porous carbon structure using a decarburization mechanism. It is well known that introducing heteroatoms, especially N, can improve the electrochemical performance of carbon electrode materials [22] and melamine is a good N source for doping purposes [23], while iron-doped carbon electrode materials also demonstrated enhanced electrochemical performance [24]. For the carbon doping study, we thus investigated the N-doping effect using melamine and the Fe-doping effect using iron (III) chloride. Overall, we correlated the electrochemical performance of our ADC electrode materials with the ADC structure from various activations and doping processes and revealed a feasible way to make use of the ADC from HTL processing as a value-added product for energy storage applications.




2. Materials and Methods


2.1. Materials


Algal biomass (Chrollela vulgaris) was acquired from nuts.com (Cranford, NJ, USA). Potassium hydroxide (85%), sulfuric acid (98%), carbon black, iron (III) chloride hexahydrate (99+%), melamine, N-methyl-2-pyrrolidone (NMP), and polyvinylidene fluoride (PVDF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphoric acid (pure, 85+%) was purchased from Cole-Parmer (Vernon Hills, IL, USA) and nitric acid was bought from Thermo Fisher Scientific (Waltham, MA, USA). All the chemicals were used as purchased without any further purification.




2.2. Preparation of Algae-Derived Carbon (ADC)


In a typical HTL process to prepare ADC, 73 mg of raw algae was mixed with 700 mL DI water and placed in a pressure Parr reactor (model: 4843). The algae system was subjected to a reaction temperature of 300 °C at a pressure of 1500 psi for 30 min. After the reaction, the solid residue, i.e., ADC particles, was separated from the HTL product, washed, and dried in an oven at 60 °C.



To prepare activated and doped ADCs, in the case of H2SO4, H3PO4, and HNO3, the raw ADC particles were immersed in the corresponding acid overnight and then the particles were filtered, washed, and dried for heat treatment; in the case of melamine (N source), iron (III) chloride hexahydrate (Fe source), and KOH, the raw ADC particles were mixed with these chemicals at a mixing ratio of 1:1 (w/w), respectively. All the ADCs were subsequently heated in a furnace at 800 °C for 1 h in a nitrogen environment. The obtained respective activated and doped ADCs were washed with deionized water until neutrality and then dried in oven at 60 °C. The as-prepared ADCs were then used for electrode preparation, respectively. In the following part, individual ADC samples are correspondingly labeled as Raw-ADC, H2SO4-ADC, H3PO4-ADC, HNO3-ADC, N-ADC, Fe-ADC, and KOH-ADC, respectively.




2.3. Material Characterization


The surface morphology of all the ADC materials was revealed by using a field emission SEM (Zeiss Auriga FIB FESEM, White Plains, NY, USA). Raman spectroscopy was performed to characterize the carbon structure of the ADCs using a Horiba Raman confocal microscope (Piscataway, NJ, USA) with an excitation wavelength of 532 nm. FTIR spectroscopy was carried out by employing an Agilent 670 FTIR spectrometer w/ATR (Santa Clara, CA, USA) to identify functional groups and covalent bonds that are present in ADCs. Specific surface area and porosity characteristics of the ADCs were investigated using a Micrometrics ASAP 2020 surface area and porosity system analyzer (Norcross, GA, USA). Surface elemental information of the ADCs was characterized using a Thermo Scientific Escalab Xi+ X-ray photon spectrometer (XPS, Waltham, MA, USA). In the XPS measurements, surface charge effects were minimized and all XPS spectra were charge-corrected using C1s binding energy of 284.8 eV.




2.4. Electrode Preparation and Characterization


The supercapacitor electrodes were prepared by mixing respective as-prepared ADC particles, carbon black, and polyvinylidene fluoride (PVDF) at a mixing ratio of 80:10:10. A few drops of N-methyl-2-pyrrolidone (NMP) solution were added to the ADC mixture to form a slurry. The slurry was cast onto a stainless steel mesh and dried in an oven at 60 °C overnight. This dried paste was then pressed using a 1.5 metric ton load to obtain a flat electrode for the supercapacitor test. A symmetric two-electrode cell, which consisted of the respective electrode material, the separator (filter paper), and 1 M H2SO4 electrolyte, was used to carry out electrochemical analyses including cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), impedance, and cycle stability tests using a CHI660E electrochemical workstation to evaluate the electrochemical performance of the respective electrode materials. The impedances of the cell were carried out in the frequency range of 100 kHz and 0.1 Hz.



The specific capacitance was computed using Equations (1) and (2).


  From   the   CV   test :   C =   1   m v     V   b   −   V   a         ∫    V   a       V   b      I d V    



(1)






  From   the   GCD   test :   C =   2 × I × ∆ t   m × ∆ V    



(2)







In Equation (1), C (F/g) is the specific capacitance; m (g) is the mass of active material loaded in the working electrode; v (V/s) is the scan rate; I (A) is the current; Vb and Va (V) are the upper and lower potential limits of the chosen potential window. In Equation (2), I (A) is the discharge current; ∆t (s) is the discharge time; ∆V (V) is the potential window; and m (g) is the active mass of a single electrode.



The energy density of the cell (E, W h/kg) was computed using Equation (3):


  E =   1   8 × 3.6   × C ×   ∆ V   2          



(3)




where C is the specific capacitance of the electrode material from the GCD test and ΔV is the potential window.



The power density of the cell (P, W/kg) was computed using Equation (4):


  P =   3600 × E   t    



(4)




where E is the energy density of the cell and t is the discharge time.





3. Results and Discussion


3.1. Morphology


The obtained Raw-ADC comprised of particles with sizes from a few micrometers to hundreds of micrometers (Figure 1A). The surface of the Raw-ADC particles was relatively smooth (Figure 1B). All the activated and doped ADCs showed a relatively rough surface with broken and finer particles (Figure 1C–H). It is noteworthy that KOH-ADC presented the most surface roughness with well-developed porosity (Figure 1H). This is a result of the high carbon etching effect that is associated with KOH.




3.2. Structure


Raman spectroscopy was used to study the carbon structure of all the ADC samples (Figure 2). In Raman spectroscopy, the band between 1598 and 1575 cm−1 (G-band) is attributed to the organized carbon structure, while the band between 1355 and 1330 cm−1 (D-band) is attributed to the disordered carbon structure. Thus, a higher intensity ratio of IG/ID indicates more sp2 hybridized ordered carbon structures in corresponding carbon materials. Among all the studied ADCs, the Raw-ADC exhibited the highest IG/ID ratio of 1.47, implying the presence of the highest level of the ordered graphitic phase in the Raw-ADC. Compared to the Raw-ADC, the activation and doping resulted in reduced IG/ID ratios, i.e., more defective carbon structures, with N-ADC having the lowest IG/ID ratio of 0.85, showing the most defective carbon structure. Basically, the defective carbon structure is a result of carbon etching caused by activation and doping.



FTIR analysis was carried out to study the chemical functional groups of the as-synthesized ADC (Raw-ADC in Figure 3). The Raw-ADC showed a broad and strong IR peak around 3375 cm−1, which can be attributed to the stretching vibrations of O–H and/or N–H. The peaks observed between 2800 and 3000 cm−1, as well as 1460 and 1380 cm−1, represent C–H vibrations. The relative broad peaks observed around 1630 cm−1 and 1560 cm−1 could be attributed to Amide I and II and/or aromatic C=C stretching vibrations. The peaks in the range of 1100 and 1170 cm−1 could be attributed to C–O–C and/or C–O stretching vibrations. The peaks in the range of 1300 and 1350 cm−1 could be attributed to aromatic C–N stretching and/or O–H bending. After activation and doping, except for Fe-ADC, all the ADC materials showed new peaks in the range of 1950–2200 cm−1 (Figure 3), indicating oxidized functional groups like C≡C, C=C=C, C=C=O, and C=C=N, as well as aromatic compounds. This could be attributed to the oxidation and removal of amorphous carbon structures.



XPS was further carried out to analyze the surface element composition and bonding of all the ADC materials (Figure 4 and Table 1). The full XPS survey indicated that Raw-ADC already contained a significant amount of the N element. Activation and doping generally increased the amount of the N element, except for HNO3 and KOH. Interestingly, Fe doping resulted in the largest amount of the N element. Particularly, KOH activation led to the smallest amount of the N element, the largest amount of the O element, and the smallest amount of the C element. Since N bonding, including pyridinic N, pyrrolic N, quaternary N, and oxidized N, can have significant effects on the electrochemical performance of the carbon electrode material in supercapacitors [18], high-resolution N1s XPS spectra were obtained and analyzed (Table 2 and Figure S1). The N1s peak of ADCs can be deconvoluted into four peaks at 398.5 ± 0.5, 399.5 ± 0.5, 400.5 ± 0.5, and 403 ± 0.5 eV, which correspond to pyridinic N, pyrrolic N, quaternary N, and oxidized N, respectively [18]. It was found that the Raw-ADC did not contain any pyrrolic N, while KOH-ADC demonstrated the highest relative proportion of pyrrolic-N (85%), followed by HNO3-ADC.



The specific surface area and porosity characteristics of all the ADCs were obtained from the BET surface area analysis (Figure 5 and Table 3). All the ADCs displayed type H4 hysteresis loops, implying the existence of micro- and meso-porous structures. The Raw-ADC, however, did not contain any micropores and showed a low specific surface area of 5.85 m2/g, indicating limited porous structure. Compared to the Raw-ADC, the processes of activation and doping increased micropore and mesopore volumes, as well as the specific surface area, which is consistent with the break of particles and surface roughness as observed from SEM. Among all the ADC materials, H3PO4 activation and melamine treatment for N doping resulted in the least pore development, while KOH-ADC exhibited a marvelous pore structure development with the smallest average pore size (2.20 nm), the largest pore volume (0.1716 cm3/g), and the largest specific surface area (1418 m2/g), indicating the most efficient carbon etching and consequent pore formation. The largest micropore and mesopore volume from KOH activation could be attributed to the CO or CO2 generation [25], as well as the intercalation mechanism by metallic K within the carbon framework, leading to the widening of pores during the high temperature decomposition process [26].




3.3. Electrochemical Properties


Electrochemical studies including CV and GCD were carried out to assess the performance of the prepared ADC materials as electrodes for supercapacitor uses (Figure 6). The quasi-rectangular CV curves as well as the isosceles shape of the charge/discharge profile of the device indicated good capacitive performance of the ADC materials. The specific capacitances of these ADC electrode materials from the CV test and the GCD test matched each other, which decreased with the increase of the scan rate in the CV test and with the increase of current density in the GCD test.



The Raw-ADC showed relatively poor electrochemical performance as supercapacitor electrode material. It showed a specific capacitance of 24.4 F/g in the CV test at a scan rate of 5 mV/s and a specific capacitance of 16.6 F/g in the GCD test at a current density of 0.5 A/g. All the activation and doping processing resulted in ADCs with larger specific capacitances, but the N-doping and Fe-doping processing led to less improvement than that of the activation. Compared to the Raw-ADC, the Fe-ADC and N-ADC exhibited 2.3-fold and 3.9-fold specific capacitances, respectively, while the H2SO4-ADC, H3PO4-ADC, and HNO3-ADC demonstrated 7.1-fold, 8.1-fold, and 10.9-fold specific capacitances, respectively. Particularly, the KOH-ADC presented the greatest improvement in specific capacitance, which reached 234.5 F/g during the GCD test at a current density of 0.5 A/g, i.e., 14.1-fold specific capacitance with respect to that of Raw-ADC. This result is better than the reported electrochemical performance of related carbon electrode materials from hydrothermal liquefaction processing of other biomass such as corn stover [12], pine wood [16], and larch wood [17]. It is noteworthy that the KOH-ADC exhibited 50% more specific capacitance than that of the carbon electrode materials from pyrolysis of the same microalgae [15].



To further characterize the electrochemical behavior of the ADC electrode materials, electrochemical impedance spectroscopy (EIS) was performed (Figure 7). The diameter of the semi-circle of the Nyquist plot in the high frequency region can be ascribed to electrolyte resistance, while the intercept of the Nyquist plot at the axis of the real part of complex impedance in the high frequency region is associated with the electrode resistance, which together make up the internal resistance of the electrode [27]. The angle between the straight line of the Nyquist plot and the axis of the real part of complex impedance indicates capacitive behavior of the electrode material. According to the Nyquist plots of all the ADC electrode materials, KOH-ADC showed the least electrolyte resistance, the second least electrode resistance, and the best capacitive behavior among all the ADC electrode materials, which is consistent with its best electrochemical performance.




3.4. Discussion


The electrochemical performance of all the ADC electrode materials can be correlated with their structure including specific surface area, pore structure, carbon structure, and surface properties. The final electrochemical performance of ADC electrode materials is a combination of all these factors.



KOH-ADC demonstrated the best electrochemical performance, which can be first attributed to its well-developed pore structure and consequently large specific surface area. The presence of the largest specific surface area (1418 m2/g) and the biggest micropore volume (0.0587 cm3/g) may have created the largest active sites for electrochemical activity to take place. In the meantime, the biggest mesopore volume has not only contributed to the specific surface area, but also created more accessible channels for the transport of ions to those micropore sites [28]. Overall, KOH-ADC electrode materials possessed the greatest capability for charge transport paths and storage sites.



Furthermore, KOH-ADC had the smallest average pore size (~2.2 nm) among all the ADC electrode materials, which is closest to the average SO42− electrolytic ionic radius (~0.258 ± 0.004 nm) [29]. Research has shown that a smaller average pore size allows for maximal ion interaction with pore walls, resulting in an increase in the EDL charge capacity without impeding the electro- adsorption and desorption kinetics [30,31,32].



The degree of ordered carbon structures in electrode materials influences the final supercapacitor performance. A relatively high degree of IG/ID implies a high level of graphitization in the electrode material, which can improve its electrical conductivity by reducing the charge transfer resistance to electrolyte ions [33], whereas a high level of a defective phase (low IG/ID) results in a high degree of electrolyte wetting of the electrode surface, which can lead to an enhancement in the electrochemical activity. The final electrochemical performance of carbon electrode materials for supercapacitors is a composite effect of both defective and graphitic phases that are present in the electrode material. From the Raman spectroscopy, KOH-ADC possessed a moderate IG/ID ratio (1.02) and therefore benefitted from the composite effect of both wetting and graphitization, resulting in the best electrochemical performance.



Additionally, KOH-ADC exhibited the largest atomic percentage of pyrrolic-N (85.13% from the XPS analysis), as well as the largest amount of O-containing functional groups (Table 2). It is established that pyrrolic-N improves electrochemical performance by enhancing the surface wettability properties of the carbon electrode as well as improving its pseudocapacitance [34]. Pyrrolic-N sites are located at the edge of carbon structure, and they consist of five-member rings that are bonded to the adjacent carbon atoms from the phenolic/carbonyl groups. The pyrrolic-N could contribute two π electrons to the aromatic system. The high proportion of pyrrolic-N on the surface of KOH-ADC may improve electrolyte wetting and facilitate the diffusion of electrolyte ions through the pores of the electrode material, as well as induce pseudocapacitive effects. The surface O-containing functional groups of KOH-ADC may further improve the electrolyte wetting properties. Overall, the well-developed porous structure and surface properties of KOH-ADC, in turn, resulted in a very low electrode resistance, rapid electrolyte diffusion, and good accessibility of the electrolyte ions to the electrode as evidenced by the Nyquist plot. The best specific capacitance 234.5 F/g among all the ADC electrode materials was thus acquired from KOH-ADC.



For comparison, the Raw-ADC performs poorly as an electrode material for supercapacitors (specific capacitance, 16.6 F/g) due to its poor porous structure, i.e., the largest average pore size of 33.51 nm, no micropores, and the lowest specific surface area. Fe-doping and N-doping did not significantly improve the electrochemical performance as anticipated, which could be contributed to the not-well-developed porous structure as evidenced by the lowest total pore volumes among all the prepared ADC electrode materials. Furthermore, their not-so-good electrochemical performance could also be ascribed to the relatively low amount of Fe atoms (Table 1) in the case of Fe-ADC and the 100% pyridinic-N structure in the case of N-ADC.




3.5. Practical Evaluation


The cycle stability test of a supercapacitor device is of prime importance as it provides the ground information for the practical use of the device. An outstanding capacitance retention of about 97% was attained for the high-performance KOH-ADC electrode material after 10,000 cycles at a current density of 10 A/g (Figure 8). The high capacitance retention of this electrode material could be attributed to the superior structural advantages of KOH-ADC, i.e., the large mesopore volume that created easily accessible channels to the micropores as well as its ultra-large specific surface area and abundant open pores on the surface for EDL formation. In addition, the device showed a stable coulombic efficiency (~55%) for stable long-term operation. The KOH-ADC electrode material also possessed an energy density of 5.1 W h/kg and a power density of 97.6 W/kg, indicating an overall good electrode material for supercapacitor use.





4. Conclusions


In this research, we demonstrated a successful attempt to acquire sustainable carbon electrode materials for supercapacitor use from the carbon byproduct after hydrothermal liquefaction processing of renewable algal biomass. With the intention to enhance the electrochemical performance of the obtained algae-derived carbon (ADC), we performed carbon activation with H2SO4, H3PO4, HNO3, and KOH according to their different activation mechanisms, as well as N-doping with melamine and Fe-doping with iron (III) chloride. Compared to the original Raw-ADC, all the activation and doping processing resulted in ADCs with greater specific capacitances, but the N-doping and Fe-doping processing led to less improvement than that of the activation. Among all the activated and doped ADC electrode materials, KOH-ADC showed the best electrochemical performance and its specific capacitance reached 234.5 F/g through the galvanostatic charge-discharge (GCD) test at a current density of 0.5 A/g, which is a 14.1-fold increase with respect to that of the Raw-ADC. The electrochemical performance of KOH-ADC is better than that of the reported carbon electrode materials from the hydrothermal liquefaction processing of other biomass. This excellent electrochemical performance was supported by the least electrolyte resistance, the second least electrode resistance, and the best capacitive behavior among all the ADC electrode materials from the results of electrochemical impedance spectroscopy (EIS) test. The best electrochemical performance of the KOH-ADC can be attributed first to its well-developed pore structure with the smallest average pore size (2.2 nm), the biggest micropore volume (0.0587 cm3/g), and the largest specific surface area (1418 m2/g). Furthermore, the moderate IG/ID ratio of KOH-ADC warranted both good electrolyte wetting and electrical conductivity, while the largest atomic percentage of pyrrolic-N (88.13% from XPS) and the largest amount of O-containing functional groups in KOH-ADC also improved electrolyte wetting and diffusion of the electrolyte ions and facilitated pseudocapacitive effect. KOH-ADC further showed an outstanding capacitance retention (97%) after 10,000 cycles at a high current density of 10 A/g and a stable coulombic efficiency (~55%) for stable long-term operation. The KOH-ADC electrode material possessed an energy density of 5.1 W h/kg and a power density of 97.6 W/kg. This research points out a promising direction to expand use and add value to the carbon byproduct from the hydrothermal liquefaction of algae. In the meantime, this carbon byproduct is a sustainable carbon source, and its use will facilitate the sustainable development of supercapacitor electrode materials.
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Figure 1. SEM images of Raw-ADC (low magnification (A) and high magnification (B)), H2SO4-ADC (C), H3PO4-ADC (D), HNO3-ADC (E), N-ADC (F), Fe-ADC (G), and KOH-ADC (H). 
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[image: Carbon 10 00051 g001a][image: Carbon 10 00051 g001b]







[image: Carbon 10 00051 g002] 





Figure 2. Raman spectroscopy of all the ADC materials. 






Figure 2. Raman spectroscopy of all the ADC materials.



[image: Carbon 10 00051 g002]







[image: Carbon 10 00051 g003] 





Figure 3. FTIR spectroscopy of all the ADC materials. 
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Figure 4. XPS spectra of all the ADC materials. 
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Figure 5. N2 adsorption/desorption isotherms (A) and pore size distribution (B) of all the ADC materials. 
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Figure 6. CV curves at scan rate of 5 mV/s (A), GCD profiles at current density of 0.5 A/g (B), specific capacitances from CV at various scan rates (C), and specific capacitances from GCD at various current densities (D) of all the ADC electrode materials. 
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Figure 7. Nyquist plots of all the ADC electrode materials (A) and their views in a high frequency region (B). 
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Figure 8. Cycle stability and coulomb efficiency of KOH-ADC electrode material up to 10,000 cycles of charging-discharging at current density of 10 A/g. 
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Table 1. Relative atomic percentage of selected elements present in the ADC materials.






Table 1. Relative atomic percentage of selected elements present in the ADC materials.





	ADC Materials
	C (Atom%)
	O (Atom%)
	N (Atom%)
	Fe (Atom%)
	C/N





	Raw-ADC
	84.03
	12.21
	3.76
	-
	22.34



	H2SO4-ADC
	85.7
	9.12
	5.19
	-
	16.51



	H3PO4-ADC
	73.1
	21.7
	5.2
	-
	14.06



	HNO3-ADC
	81.82
	15.1
	3.08
	-
	26.56



	N-ADC
	83.93
	11.01
	5.06
	-
	16.59



	Fe-ADC
	79.33
	13.35
	6.98
	0.33
	11.37



	KOH-ADC
	63.43
	35.05
	1.52
	-
	41.73










 





Table 2. Area percentage of the deconvoluted high-resolution XPS N1s peaks of the ADC materials.
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	ADC Materials
	Pyridinic-N (%)
	Pyrrolic-N (%)
	Quaternary-N (%)
	Oxidized-N (%)





	Raw-ADC
	100
	
	
	



	H2SO4-ADC
	41.35
	6.72
	51.93
	



	H3PO4-ADC
	100
	
	
	



	HNO3-ADC
	27.91
	51.83
	8.84
	11.43



	N-ADC
	100
	
	
	



	Fe-ADC
	74.23
	
	17.58
	8.18



	KOH-ADC
	
	85.13
	
	14.87










 





Table 3. BET surface area and porosity of all the ADC materials.
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ADC Materials

	
BET SSA

	
Vmicro

	
Vmeso

	
Vtotal

	
Average Pore Size




	

	
(m2/g)

	
(cm3/g)

	
(cm3/g)

	
(cm3/g)

	
(nm)






	
Raw-ADC

	
5.85

	
0.0000

	
0.0065

	
0.0487

	
33.51




	
H2SO4-ADC

	
166.21

	
0.0001

	
0.0234

	
0.0484

	
3.10




	
H3PO4-ADC

	
71.98

	
0.0048

	
0.0338

	
0.0593

	
4.27




	
HNO3-ADC

	
152.69

	
0.0047

	
0.0315

	
0.0586

	
3.17




	
N-ADC

	
65.81

	
0.0027

	
0.0174

	
0.03003

	
3.37




	
Fe-ADC

	
174.66

	
0.0037

	
0.0173

	
0.0282

	
2.45




	
KOH-ADC

	
1417.92

	
0.0587

	
0.0975

	
0.1716

	
2.20








SSA—specific surface area; Vmicro—micropore volume; Vmeso—mesopore volume; Vtotal—total pore volume.
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