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Abstract

:

Activated carbons play an essential role in developing new electrodes for renewable energy devices due to their electrochemical and physical properties. They have been the subject of much research due to their prominent surface areas, porosity, light weight, and excellent conductivity. The performance of electric double-layer capacitors (EDLCs) is highly related to the morphology of porous carbon electrodes, where high surface area and pore size distribution are proportional to capacitance to a significant extent. In this work, we designed and synthesized several activated carbons based on lignin for both supercapacitors and Li-S batteries. Our most favorable synthesized carbon material had a very high specific surface area (1832 m2·g−1) and excellent pore diameter (3.6 nm), delivering a specific capacitance of 131 F·g−1 in our EDLC for the initial cycle. This translates to an energy density of the supercapacitor cell at 55.6 Wh·kg−1. Using this material for Li-S cells, composited with a nickel-rich phosphide and sulfur, showed good retention of soluble lithium polysulfide intermediates by maintaining a specific capacity of 545 mA·h·g−1 for more than 180 cycles at 0.2 C.
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1. Introduction


Lignin is the second most abundant renewable bio-resource in nature, after cellulose. It is an amorphous high molecular weight complex biopolymer with heterogeneous aromatic structure, derived mainly from p-coumaryl, coniferyl and sinapyl alcohols, with a total worldwide production of approximately 26 million tons per year. Unlike cellulose, which consists of single intermonomeric linkages, lignin has no structural regularity within its polymeric framework. In lignin macromolecules, the monomeric units p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) are linked by a variety of carbon–oxygen and carbon–carbon bonds (Figure 1). Lignin is manufactured from low-cost natural precursors, such as woody plants and paper mill wastes. The use of lignin as a precursor to carbonaceous materials has gained interest due to its high percentage of aromatic residues, low cost, and high availability [1,2,3,4].



Due to lignin’s high carbon content and functionalized phenolic structure, it can be considered one of the ideal precursors for activated carbons, albeit the activation of lignin produces mostly micropores. The control of pore sizes during carbon synthesis is challenging, primarily due to mass shrinking upon pyrolysis and the resulting collapse of pore walls [5]. However, notable efforts have been made to produce porous carbons from lignin because of their high aromatic contents. Recently, lignin-containing nanocomposites have been developed with enhanced functionality for energy storage, such as lignin-polypyrrole and lignin-graphene hybrid electrodes [6].



Electric double-layer capacitors (EDLCs), the most studied class of supercapacitors, have matured technologically and served a good segment of the electrical energy storage market where Li-ion batteries (LIBs) are not applicable. EDLCs are vital for memory backup systems, instantaneous electricity compensators, auxiliary power units, electric vehicle starters, and many other energy storage devices owing to their ability to provide high specific power (or power density) (Ps > 10 kW·kg−1), high-speed charge/discharge capability (within seconds), a high safety rating, a broad range of operating temperatures (−40 to 80 °C), and outstanding cycling stability (>100,000 cycles) compared to batteries [7,8,9,10,11,12]. However, one significant drawback of EDLCs limiting their broad-range application is specific energy (Es) or energy density, which harbors ~10–25 Wh·kg−1. That means this value is at least an order of magnitude lower than LIBs (Es ~200–250 Wh·kg−1) [13]. Supercapacitors capable of delivering high Es without sacrificing power density and cycle life are critically needed for numerous practical applications, viz., hybrid electric vehicles, mobile electronics, fuel cells, industrial forks, wind turbine energy storage, regenerative braking and uninterrupted power supply devices [14,15,16,17,18,19,20].



EDLCs store and release electrical energy through ion adsorption and desorption on the electrode–electrolyte interface. While their specific capacitance (C) is proportional to the specific surface area of the electrodes, the specific energy has a square relationship with the maximum safe operating voltage (V) of the electrolyte system, where Es = 0.5 CV2. Thus, the preparation of high surface area electrodes and electrochemically stable electrolytes is critical to fabricating superior EDLCs. In the past decade, extensive research studies have been conducted worldwide to achieve levels of specific energy for EDLCs similar to those of batteries. Towards this effort, only a few research groups have been able to pass the specific energy barrier of 100 Wh·kg−1, either by creating very high surface area electrode materials (for high C) or by designing new electrolytes with high electrochemical stability (for high V) [21,22,23].



Up to now, a variety of carbon-based electrode materials, viz., activated carbons, carbon aerogels, carbon nanotubes, carbon nanofibers, graphene sheets, carbide-derived carbons, and composite materials containing metal oxides have been investigated [24,25,26,27,28,29,30]. Among these, activated carbons (ACs) have been widely employed as the primary electrode material in EDLCs because of their highly porous structure, cost-effectiveness, and high cycling durability. Recently, environmental issues have been pushing the preparation of ACs towards exploiting renewable resources or bio-wastes, including wood sawdust, dead neem leaves, coconut shells, bamboo, seaweed and others [31,32,33,34,35,36].



The energy density of EDLCs is strongly correlated to the morphology of the porous carbon electrodes, where high surface area and pore size distribution are proportional to capacitance to a significant extent. However, according to Barbieri et al., carbon-specific surface areas with values above 1200 m2·g−1 show a plateau with respect to capacitance, where it stops increasing linearly due to a saturation of charge [37]. Nonetheless, carbon materials have been the subject of much research due to their high surface area, porosity, light weight, and excellent conductivity in EDLCs and batteries, such as Li-S batteries (LSB). The most used conductive material to decrease resistance is active carbon black with high surface area and abundant micropores [37]. In the case of LSBs, porous carbon materials with high surface area well dispersed with sulfur ensure sufficient S loading, electron transport between the electrical conductor and the active materials, and the utilization of active materials [37,38]. Besides high surface area, which enables high sulfur loading, wrapping the cathode structure with a polysulfide absorbing material is essential. This will significantly enhance the retention of polysulfide intermediates in the cathode structure, leading to superior capacity retention [39]. Since S is not conductive but rather an insulator, the use of active carbon is the solution to electrical resistance. In addition to carbon black, other carbon materials, as already mentioned, are being researched for Li-S technology as they offer specific architectures and functionalities based on their morphologies, many of which can apply to EDLCs as well [40].



In this project, we selected lignin as the carbon precursor to prepare high surface area porous carbon (Void@C) materials for use in both EDLC and LSB (S@C@Ni12P5) electrodes due to the presence of a large number of aromatic rings in its chemical structure, which should lead to more graphitic structure and high yield. For the sulfur cathode host, the higher the surface area, the higher the contact of carbon with the active material, which means more active material utilization, especially when sulfur is an insulator. Similarly, for EDLC, the higher the surface area, the higher the ion adsorption on the surface, meaning high specific capacitance. Another important aspect of this research work was the use of more environmentally benign activation agents (Na2S2O3 and KCl vs. harsh/corrosive reagents such as KOH and ZnCl2). The work-up was also very simple (only water wash to remove all water-soluble salts). We also compared our research work with an industry standard activated carbon, Ketjen black (KB), which possesses surface area ~1450 m2·g−1; pore volume ~2.5 cm3·g−1 and pore diameter ~6.27 nm [41].




2. Experimental Section


2.1. Materials


Lignin (TCI), sodium thiosulfate (Na2S2O3, 99.9%, Fisher), and potassium chloride (KCl, 99.7%, Fisher) were used for the synthesis of high surface area carbons. Ethanol (EtOH, 99.5%), ammonium molybdate ((NH4)6Mo7O24·4H2O, ~83%), and urea (99.6%) were purchased from Fisher Scientific Chemicals, Waltham, MA, USA. Nickel(II) acetate tetrahydrate (Ni(Ac)2·4H2O, 98%), carboxymethyl cellulose binder (CMC), 1,3-dioxolane (DOL, 99.5%), polyacrylic acid (PAA, Mw ~450,000), sublimed sulfur (~100 mesh, 99.5%), and carbon black (Super-P carbon) were purchased from Alfa Aesar, Haverhill, MA, USA. Melamine (99%), dimethoxyethane (DME, 99.5%), lithium bis(trifluoromethanesulfonic)imide (LiTFSI, ≥99.0%) and lithium methoxide (LiOMe, 1.0 solution in methanol) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Ionic liquid [1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonic)imide, 98.0%] was purchased from Tokyo Chemical Industry (TCI, Portland, OR, USA). All reagents were used as received. High purity nitrogen gas (99.998%) and argon gas (99.998%) were supplied by Wisco, Chicago, IL, USA.




2.2. Preparation of Void@C


Table 1 summarizes standard formulations and critical components for the preparation of high surface area carbons (HSACs). Void@C was prepared by modifying the method reported by Xiao-Fei Yu et al. [42]. An amount of 5.00 g of lignin was dissolved in 30 mL of deionized water, and an appropriate amount of Na2S2O3 and KCl was dissolved separately in 30 mL of deionized water. After stirring for 0.5 h, the two solutions were mixed and stirred for another 0.5 h. The mixed solution was placed in −70 °C for a day and then lyophilized for 3 days, resulting in a completely dehydrated and brittle material. The mixture was carbonized in a horizontal tube furnace at 800 °C for 1 h with a heating rate of 5.0 °C·min−1 under continuous nitrogen flow. The carbonized material was washed with water for 2 h at room temperature and centrifuged. After further filtration with ethanol and acetone, the sample was dried overnight in a 90 °C oven.




2.3. Preparation of C@Ni12P5


A 150 mg amount of an HSAC sample was ground and dispersed into 50 mL of ethanol solution, to which 500 mg of nickel(II) acetate tetrahydrate (Ni(OAc)2·4H2O) and 1.00 g of triphenyl phosphine were added under stirring. Then, melamine (250 mg) was added into the slurry. After 0.5 h of stirring, ethanol was removed in a rotary evaporator, leaving behind a greenish-brown powder. The mixture was then carbonized in a tube furnace at 850 °C in an argon atmosphere for 2 h at a heating rate of 5 °C·min−1 to obtain C@Ni/Ni12P5 composite. After the carbonization, the sample was treated with 3 M hydrochloric acid under stirring for 24 h at room temperature to remove reduced nickel particles. The solution was centrifuged and washed with water 5 times. After further filtration with ethanol and acetone, the sample was dried in a 90 °C oven overnight.




2.4. Preparation of S@C/Ni12P5


A 300 mg amount of C@Ni12P5 sample was ground with 470 mg of sulfur powder, forming a 4:6 mixture. The resulting fine powdery sample was placed in a Teflon-lined autoclave and heated at 155 °C for 12 h for sulfur infiltration to take place via the melt-diffusion process. A total of 720 mg of S@C/Ni12P5 was obtained after the sulfur infiltration.




2.5. Preparation of Polyacrylic Acid Lithium Salt (LiPAA)


LiPAA was prepared by partial neutralization of PAA using LiOMe. A 1 g amount of PAA was dissolved in 40 mL of 1:1 aqueous methanol. Then, 10 mL of LiOMe (0.5 eq. with respect to the PAA repeating unit) solution was added slowly under vigorous stirring for 1 h at room temperature. The solution was completely evaporated in a 50 °C oven and then a 70 °C oven to obtain dry LiPAA binder material.




2.6. Material Characterization


X-ray diffraction analysis (XRD) of Void@C/Ni12P5 and S@C/Ni12P5 samples was performed using a Bruker D2 Phaser X-ray diffractometer (Billerica, MA, USA) with an X-ray wavelength of 1.5406 Å. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Phenom ProX, Phoenix, AZ, USA) were used to capture images and evaluate the nano-structure of the electrode materials. Nitrogen adsorption isotherms were measured at 77.4 K with a NOVA220e analyzer (Quantachrome 2014). The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were used to calculate the surface area and pore size distribution of the HSACs. Thermogravimetric analysis (TGA) of sulfur cathode materials was accomplished under the nitrogen environment in the range of 25–600 °C at a heating rate of 10 °C·min−1 using a Thermogravimetric Analyzer (Mettler Toledo TGA2, Columbus, OH, USA).




2.7. Electrochemical Measurements


A slurry was prepared prior to the casting of supercapacitor electrodes. A 10 mg amount of carboxymethyl cellulose binder (CMC) was dissolved in 700 mg of H2O:EtOH (1:1) solution and dispersed in a Beadbug microtube homogenizer. Then, 80 mg of the selected HSAC sample (active material) and 10 mg of conductive carbon black (Super P) were added to the solution. After further mixing in the homogenizer for 0.5 h, the slurry microtube was vortexed for 12 h to obtain a smooth ink-like slurry. For the LSB cathode, S@C/Ni12P5 was used as the active material. LiPAA was added to 750 mg of water. After mixing in the homogenizer for 10 min, 80 mg of S@C/Ni12P5 and 10 mg of Super P were added to the solution in the same way as for the supercapacitor slurry preparation.



The prepared slurry was then painted on stainless steel spacers. The loading of the active material for both supercapacitor and LSB electrodes was in the range of 0.8 mg to 1.3 mg. 1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide (BDMI), imidazolium ionic liquid was used as the electrolyte for the supercapacitor cells. For the LSB, 1 M LiTFSI in DME/DOL (1:1 v/v) containing 2 wt.% of LiNO3 solution was used as the electrolyte. CR2032-type coin cells were fabricated to evaluate the electrochemical performance using a lithium metal foil as the anode and a polypropylene separator in an argon-protected glove box. Cyclic voltammetry (CV) was performed using a scan rate of 0.0001 V/s. Electrochemical impedance spectroscopy (EIS) was performed in the range of 100,000 Hz to 0.01 Hz.





3. Results and Discussion


The control of pore size of a porous carbon material depends on many parameters and is very important in designing a host for both EDLCs and sulfur cathodes. The most important parameters are: temperature of activation, type of activating agents, rate of heating, carbon sources and preparation of samples (freeze-drying vs. thermal drying). While a variety of activating agents, such as KOH and ZnCl2, are available [43], we chose potassium chloride (KCl) and sodium thiosulfate (Na2S2O3)-based activating reagents, primarily due to environmentally friendly aqueous work-up after the carbonization step. During carbonization at around 800 °C, KCl melts into smaller particles and functions as a pore creating agent.



It is well known that sulfate can also oxidize carbon at high temperatures. At temperatures over 340 °C, oxidation of carbon by sodium sulfate to CO2 can occur. Then, at over 520 °C, carbon oxidizes sulfate ions to form CO. In this study, we used sodium thiosulfate rather than sodium sulfate because it gives higher carbon yields and better textural properties. Sodium thiosulfate decomposes to sodium sulfate at ~250 °C [44]. Since both KCl and Na2S2O3 are soluble in water, the workup to remove the by-products is very simple, requiring only water. The yield of the carbonization reaction was very good compared to that of most non-aromatic natural precursors, such as glucose (22 wt.% vs. 15 wt.% for glucose) [44].


4Na2S2O3 → 3Na2SO4 + Na2S5










Na2SO4 + 2C → Na2S + 2CO2










Na2SO4 + 4C → Na2S + 4CO











Figure 2 depicts the total synthetic scheme for the S@C/Ni12P5 cathode material. Nickel-rich phosphides are polar and show conductivity similar to that of metals (>5000 S·cm−1) [45]. As a result, they can bond with polysulfides, relieve the shuttle effect, and amplify redox reactions. In this study, we decided to synthesize Ni12P5 rather than Ni2P because the higher Ni content was expected to have a higher conductivity [46]. During the synthetic reaction, Ni2+ was reduced to metallic nickel as a catalyst, leading to the growth of N-doped HSACs and phosphorus released from triphenylphosphine combined with Ni to generate Ni12P5 nanoparticles. We selected melamine because it is known to disintegrate into intermediate C2N2+, C3N2+ or C3N3+ species as carbon and nitrogen sources [47]. HCl was used to etch away Ni metal formed during the phosphinylation process, leading to the formation of Void@C/N12P5. The S@C/Ni12P5 cathode was obtained by sulfur infiltration of Void@C/N12P5.



Figure 3 shows the result of the TGA analysis used to quantify the amount of infiltrated sulfur in the cathode. We targeted ~60 wt.% of sulfur loading because if too much sulfur was added, it could cover the outer surface of the carbon host and block the flow of Li+ ions through the cathode structure [48]. TGA showed that sulfur was completely evaporated from the sample in the range of 150–400 °C in the amount of 63.4% of the mass of the sulfur–carbon composite.



Figure 4a displays the BET absorption and desorption characteristics of the carbon host (Void@C). The sample possessed a very high SSA (1832 m2·g−1), high pore volume (0.738 cm3·g−1), and suitable pore diameter (3.608 nm) (Table 1). These numbers are far superior compared to the industry standard, KB (vide supra). Especially, low pore diameter is very important for high depth of discharge of sulfur, which is an insulator. The HSAC sample displayed a sorption type IV isotherm shape with low adsorption at low relative pressures and a significant rise at P/P0 > 0.8. This isotherm is common in many mesoporous industrial adsorbents, where the mono-layered surface coverage of the pore walls is followed by capillary condensation or pore-filling [49]. The data demonstrated that the carbon material possessed both micro and meso pores (Figure 4b). A higher surface area gives a higher contact interface between the sulfur and the carbon matrix, leading to good electron transport properties. A higher pore volume is also an essential factor because it gives the housing space needed for sulfur impregnation. This prevents the coating of sulfur on the surface when the pore size is not of adequate size and/or sulfur exceeds 60 wt.% [48].



Figure 5 displays SEM images where Figure 5a,b reveal the morphology of the selected high surface area carbon material. This type of agglomerated structure is common to high surface area carbons. The strong and dense collectives of nanoparticles denote particle aggregation, where the loosely joined agglomeration may be caused by mechanical stresses [50]. The images in Figure 5c,d belong to the product after phosphinylation of HSAC (i.e., Void@C/Ni12P5), which showed similar structures of carbon material after the application of the Ni12P5 coating. It is important to note that a large number of nanoparticles were deposited on the carbon surface. According to the EDS analysis shown in Figure 5e, these nanoparticles were concluded to be a mixture of metallic nickel and Ni12P5. The EDS analysis also confirmed the presence of >60 atomic wt.% of sulfur in the final sulfur-infiltrated cathode material.



Figure 6 presents XRD patterns showing the existence of nickel-rich metal in the product. Compared with Ni metal, our product’s peak composition was very close to the one of Ni12P5. The peaks at 38.4°, 41.8°, 44.4°, 47.0° and 49.0° can be identified as characteristic planes of Ni12P5. For the final product, the strong peaks at 23.1°, 25.9°, 26.7°, 27.7° and 31.4° demonstrated the existence of sulfur when compared to the XRD reference database.



Figure 7 presents the CV results of the performance of both the supercapacitor (Void@C) and Li-S (S@C/Ni12P5) cell samples. The supercapacitor cell was measured in three different voltage windows: 0 to 3.0 V, 3.25 V and 3.5 V at a scan rate of 1 mV·s−1. All of the CV profiles maintained a near-rectangular shape in the middle, indicating ideal reversible capacitive behavior. As the voltage increased, however, it caused the shape of the curves to distort slightly. This is due to oxidation or reduction reactions involving charge transfer across the electrolyte–electrode interfaces, displaying sharp increases or well-defined peaks in the current [51]. The specific capacitance (Cp) with respect to the integral CV area was calculated using the following equation:


   C p  =  A  mk ∆ V    








where A is the integral area of the CV curve, k is the scan rate (V·s−1), m is the mass of the active material (g), and ∆V is the potential discharge window [52]. The maximum specific capacitance of our cell was calculated at 130.8 F·g−1 in the 0–3.5 V range. This value translates to an energy density of the supercapacitor cell at 55.63 Wh·kg−1. Recently, our research group published another work on supercapacitors in which the Void@C was derived from KOH activation of melamine-formaldehyde resin (another highly concentrated aromatic ring-based carbon precursor). This study led to an energy density of 47.9 Wh·kg−1 [53].



The CV of the Li-S cells was measured in the voltage window of 1.7–2.8 V. The oxidation peak at near 2.5 V indicates the typical delithiation of Li cells during the charging process. The reduction peak at 2.3 V corresponds to the conversion from elemental sulfur to the long-chain polysulfide (Li2Sn, 4 ≤ n ≤ 8) in the discharging process. The broad reduction peak between 1.7 V to 2.1 V is most likely due to the reduction of soluble, long-chain polysulfides to Li2S. As the cycle number increased, all three oxidation and reduction peaks increased, as more of the sulfur was engaged in the redox process.



Figure 8 shows the Nyquist plots of both of the energy storage devices. The supercapacitor (Figure 8a) shows a single semicircle with an ohmic resistance (R0, Z’ intercept) of 12 Ω and a charge transfer resistance (Rct, semicircle radius) of 12 Ω. The inclined line of NN degrees at low frequencies (high Z’) indicates the electrical double layer capacitive properties and fast ion transport through the electrolyte to the inner pores [54]. A typical impedance plot for an Li-S cell is composed of one or more flattened semicircles at the high and middle-frequency regions and one linear diffusion drift at the low-frequency region. The semicircles in the high-frequency (HF) and middle-frequency (MF) regions are related to charge-transfer resistance and the formation of a solid film of Li2S and Li2S2, respectively [55]. However, some literature suggests that the MF semicircles may be caused by polysulfide generation, and the inclined line in the low-frequency region is indicative of inner diffusion processes [54,56]. For the Li-S cell (Figure 8b), the HF resistances, R0 and Rct, are 16 Ω and 48 Ω, respectively. The beginnings of a second semicircle are visible but cut off by the diffusion response at low frequencies. Furthermore, both EIS plots can be fitted with an equivalent circuit as in the inset in Figure 8b, where CPE is the constant phase element, R0 represents the electrolyte ohmic resistance displayed by the semicircle in the high-frequency region, Rct corresponds to the charge transfer resistance as well as the diameter of the semicircle, and W0 denotes the Warburg impedance and is displayed by the inclined line (dotted) in the low-frequency region [57,58].



Figure 9 and Figure 10 give the step-cycling performance of the supercapacitor and Li-S cells at different current densities and cycling rates, respectively. Measuring cycling performance is essential since it shows optimal charge/discharge rates for the most efficient capacity. Reasonable cycling parameters can minimize capacity fading, which leads to long cycling life of the energy storage system [59]. Figure 9a shows the performance of the HSAC material under various current densities, from 0.1 to 3.0 A·g−1. Although the specific capacitance decreases with increasing current density, the capacitance retention remains very good for all different charge-discharge conditions. The capacitance of the sample did not show any significant decrease at low current densities after achieving high current charge-discharge, indicating that the electrochemical performance of the capacitor is reasonably stable. The difference in specific capacitance of all samples becomes more distinct with increased current density (Figure 9b). The Cp with respect to current can be calculated with the following equation:


   C p  =   I ∆ t   m ∆ V    








in which I is the current (A), t is the discharge time (s), m is the mass of active materials (g) (0.78 mg in this sample), and ∆V is the potential window of discharge (V) [60]. The device delivered a specific capacitance of 161 F·g−1 at a current density of 0.1 A·g−1. The value decreased to 92.3 F·g−1 at a current density of 3.0 A·g−1, still indicating favorable performance during a drastic current density change.



Figure 10a displays the step-cycling discharge capacity of the Li-S cell for 8 cycles at each designated current density. A dramatic decrease in the discharge capacity occurred when the rate switched from 1.0 C to 2.0 C. The specific capacity of the 5th cycle at 1.0 C was measured to be 538 mA·h·g−1, whereas the specific capacity was only 192 mA·h·g−1 at 2.0 C. In addition, during the current density change from 1.0 C to 2.0 C, it took 4 cycles to stabilize the cell. The reason for the drastic drop might be due to stagnant electrode kinetics. When the current density was switched back to 0.2 C, the specific capacity of the cathode recovered to ~90% of its previous capacity (644 and 582 mA·h·g−1).



The galvanostatic charge-discharge curves of the Li-S cell at the 5th cycle of each current density are depicted in (Figure 10b). As indicated in the cycling performance, a noticeable capacity difference was observed when the current density changed to 2.0 C. In addition, the two typical discharge plateaus were barely observed after 0.2 C. The likely cause is the occurrence of sluggish redox kinetics and deleterious effects of soluble lithium polysulfides on the electrolyte, which resulted in a limited cell charge-discharge rate and poor response to high current density.



Figure 11 exhibits the long-term cycling stability of the supercapacitor (Figure 11a) and Li-S cells (Figure 11b). For the supercapacitor, the long-term cycling was performed at a current density of 0.2·A·g−1. After about 60 cycles, slight capacity fading began to occur (65 to 56 mA·h·g−1); however, the supercapacitor cell displayed excellent cycling stability beyond 2000 cycles. The coulombic efficiency also showed good stability (93 to 96%) at 2000 cycles. The 10% CMC binder composition allowed the carbon to adhere to the current collectors effectively and thus adequately support the active materials. In general, the supercapacitor properties of our material were very good (both energy density and long-term stability) compared to KB, which displayed energy density near 22 Wh·kg−1 [61].



The long-term cycling of the S@C/Ni12P5 cathode was also studied at 0.2 C for ~200 cycles (Figure 11b). During this period, the capacity gradually faded from 660 to 545 mA·h·g−1. The cathode displayed good reversibility, following a rapid capacity decay during the first 40 cycles (from 660 to 541 mA·h·g−1, i.e., 18% capacity fading); the capacity increased back to 652 mA·h·g−1 and then faintly reduced. Stable electrochemical reactions can be attained as long as the lower plateau region controls the charge capacity. By contrast, as reported by Wu et al., the capacity fading was very rapid for S/KB cathode (fails around 100 cycles with a capacity of 300 mA·h·g−1) [62]. In this study, our sample capacity was almost double that of the control after 100 cycles. We believe that our material with high surface area and low pore diameter played a role in achieving better electrochemical performance.




4. Conclusions


We designed and synthesized several high surface area carbons in this work and selected the one with the most favorable parameters (1832.2 m2·g−1 SSA, 0.738 cm3·g−1 PV, and 3.608 nm PD) for EDLCs and Li-S cells. The specific capacity performance of our HSAC (Void@C) was recorded at 130.79 F·g−1 in the 0–3.5 V window at 1 m·V·s−1 scan rate. An energy density of 55.6 Wh·kg−1 was recorded for the supercapacitor cell. The cycling performance of Void@C demonstrated very stable capacity, maintaining high coulombic efficiency for >2000 cycles and robust properties during cycling at various current densities. Our new sulfur cathode structure (S@C/Ni12P5) displayed good electrochemical cycling properties (545 mA·h·g−1 for more than 180 cycles at 0.2 C). These respectable cycling properties compared to KB, especially after and beyond 100 cycles, are believed to derive from the supporting polysulfide anchoring ability of Ni12P5. We believe that there might be difficulty in Ni12P5 capturing soluble lithium polysulfide intermediates at higher current rates. Further structural optimization and/or design is necessary to address this issue.
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Figure 1. Aromatic structural moieties and common chemical bonds in lignin. 
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Figure 2. Synthetic steps for developing LSB sulfur cathodes from a lignin-derived HSAC. 
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Figure 3. Thermogravimetric curve of S@C/Ni12P5. 
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Figure 4. (a) Nitrogen adsorption-desorption isotherm curves and (b) pore size distribution of HSAC (Void@C). 
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Figure 5. SEM images of (a) and (b): HSAC; (c) and (d): Void@C/Ni12P5; (e) EDS analysis of S@C/Ni12P5. 
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Figure 6. XRD analysis of (a) Void@C/Ni12P5 and (b) S@C/Ni12P5. 
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Figure 7. CV analysis of (a) supercapacitor and (b) Li-S cells. 
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Figure 8. EIS analysis of (a) supercapacitor and (b) Li-S cells. 
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Figure 9. (a) Step-cycling data of supercapacitor in different current densities. (b) The initial charging–discharging curves at different current rates. 
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Figure 10. Electrochemical properties of the Li-S cell: (a) Step-cycling data and (b) voltage profiles. 
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Figure 11. Long-term cycling of (a) supercapacitor (b) Li-S cells. 
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Table 1. HSAC key components and formulations.






Table 1. HSAC key components and formulations.





	
HSAC No.

	
Formulation

(g)

	
Method a

	
Carbonization

	
Yield

(%)

	
Surface

Area

(m2 g−1)

	
Pore

Volume

(cm3 g−1)

	
Pore

Diameter

(nm)

	
Comments






	
1

	
Lignin (5)

	
M/F

	
800 °C, 1 h

5 °C·min−1

	
21.9

	
1832.2

	
0.783

	
3.608

	
Used in this project




	
KCl (15)




	
Na2S2O3 (15)




	
2

	
Lignin (5)

	
M/F

	
800 °C, 4 h

5 °C·min−1

	
12.3

	
1735.2

	
1.246

	
3.609

	
-




	
KCl (15)




	
Na2S2O3 (15)




	
CaCO₃ (15)




	
Triton X100 (1.5)




	
3

	
Lignin (10)

	
M/T

	
800 °C, 4 h

2.5 °C·min−1

	
6.4

	
1677.2

	
1.499

	
0.614

	
B-doped




	
KCl (30)




	
Na2S2O3 (20)




	
CaCO₃ (3)




	
H₃BO₃ (1.5)




	
4

	
Lignin (10)

	
M/T

	
800 °C, 4 h

2.5 °C·min−1

	
9.4

	
1734.7

	
1.138

	
0.785

	
N-doped




	
KCl (30)




	
Na2S2O3 (20)




	
CaCO₃ (3)




	
Urea (4)




	
5

	
Lignin (5)

	
M/F

	
800 °C, 4 h

5 °C·min−1

	
20.3

	
1892.4

	
0.944

	
3.605

	
B-doped




	
KCl (15)




	
Na2S2O3 (15)




	
H₃BO₃ (0.5)




	
6

	
Lignin (5)

	
M/F

	
800 °C, 4 h

5 °C·min−1

	
17.8

	
2112.3

	
0.667

	
3.61

	
N-doped




	
KCl (15)




	
Na2S2O3 (15)




	
Urea (7)








a M/F = Solution mixing followed by freeze-drying; M/T = Solution mixing followed by thermal evaporation at 80 °C.
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