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Abstract

:

Coconut shells, low-cost and renewable agro-wastes, were used as a starting material in the synthesis of hierarchical activated carbons via hydrothermal, KOH-activation, and carbonization techniques. The ratio of KOH to hydrochar was varied in a systemic manner to study how it influences the texture and electrochemical behavior of the capacitor. Coconut shell-based carbon coated on nickel foams presented a surface area of 1567 m2 g−1, with micropores as well as mesopores widely distributed. The sample showed superior electrochemical performance, attaining 449 F g−1 at 1 A g−1 in 6 M LiNO3 aqueous solution. The solid-state symmetric supercapacitor device delivered a specific capacitance of 88 F g−1 at 1 A g−1 and a high energy density of 48.9 Whkg−1 at a power density of 1 kW kg−1. At a wide voltage window of 2.0 V, the sample was highly stable during the cycle test, showing a 92% capacitance retention at 2 A g−1 after cycling for 5000 times. The superior performance is due to the sample possessing great BET surface area, a good distribution of pores, and the usage of a suitable electrolyte. This facilitates an electrical double layer that can be deployed for applications to store energy.






Keywords:


coconut shell; activated carbon; hydrothermal synthesis; solid state supercapacitor












1. Introduction


With greater power densities, as well as being more sustainable compared to secondary batteries, supercapacitors have found wide applications in industrial processes, hybrid electric vehicles, and portable electronics [1,2]. With regards to the charge storage mechanism, supercapacitors generally exist in the form of electrical double-layer capacitances (EDLCs), pseudocapacitors, and hybrid supercapacitors [3]. In general, EDLCs are considered to be promising supercapacitors due to their rapid charge and discharge rate, extended life-cycle, excellent chemical stability, as well as low-cost. Nevertheless, EDLC has unsatisfactory energy densities, thereby restricting its real world broad usage.



The primary ways to optimize the energy density of EDLCs are to increase the specific capacitance of the electrode materials and to widen the voltage window. Firstly, the specific capacitance of the electrode materials is closely related to their presented pore surface areas and distributions [4]. Secondly, the voltage window is usually limited by the electrolytes. What constitutes the electrode usually controls how the EDLC performs. In recent times, electrodes in EDLCs are commonly made of activated carbons [5,6,7,8]. Compared with conventional activated carbon precursors, such as charcoal and petroleum coke, these eco-friendly and renewable resources are more suitable. A recent widespread trend is to utilise bio-waste from agriculture (agro-wastes) as a source to manufacture activated carbon sustainably [9].



Recently, agro-wastes are broadly used to manufacture activated carbons sustainably. Agro-waste disposal has often been eliminated by disposing into landfills or by incinerating in open fields, resulting in severe air pollution. Using lignocellulosic agro-wastes for production of activated carbons has many benefits such as low-cost, high availability, renewability, and decreased costs of waste disposal. There are, however, some drawbacks to using agro-wastes to manufacture activated carbons that need to be eliminated. For instance, agro-wastes are extremely moist, heterogeneous, and highly contaminated.



Earlier investigations show that typical methods of agro-waste utilization are biological conversion, pyrolysis, and hydrothermal carbonization processes [10]. Hydrothermal carbonization (HTC) can be performed at relatively low temperatures (180−250 °C) compared with the other conventional biomass processes such as pyrolysis. The HTC process is especially novel in the field of agro-waste utilization, which carbonizes wet biomass to circumvent energy required for the pre-drying process [11]. With its low energy requirements and no need for pre-drying biomass, HTC is a promising process for the preparation of carbon-based electrode materials for EDLCs [12,13].



Coconut shells are low-cost and renewable agro-wastes with an average composition of 25% hemicellulose, 36% cellulose, and 28% lignin, which makes them ideal candidates for activated carbon resources [14]. The coconut shell-based activated carbons have been widely used as adsorbents for water and air treatments [15,16], reduced graphenes [17], and electrodes [18,19]. As a result of a large surface area, a hierarchical porosity, as well as high conductivity, these activated carbons have been reported as better, compared with other agro-waste materials used as electrodes for supercapacitors [20,21,22,23].



In this study, a series of KOH-treated, coconut shell-based carbons (CSCKs) were prepared for utilisation in electrodes for efficient and high energy EDLCs. In particular, CSCKs were obtained by hydrothermal carbonization, KOH-activation, and carbonization of coconut shells. The ratio of KOH to hydrochar was varied to systematically study how it influences the texture and electrochemical behavior of the capacitor. To increase the voltage window, a carboxymethyl cellulose–lithium nitrate (CMC-LiNO3) electrolyte was applied. The solid state supercapacitor (SSC) device delivered an excellent specific energy of 48.9 Wh kg−1. The parameters involved to obtain the result were: Power density = 1.0 kW kg−1, current density = 2 A g−1, and a voltage window of 0–2.0 V. Furthermore, the outstanding capacitance retention of 92% was obtained after a test cycle involving 5000 cycles. Overall, this study illustrates that the combination of the hydrothermal carbonization and chemical activation, with appropriate electrolytes, can produce low-cost supercapacitors sustainably for widespread application.




2. Materials and Methods


2.1. Coconut Shell Carbons Preparation


Coconut shells were obtained from the farmer’s market in Tainan, Taiwan. The starting materials, washed with deionized water, were dried at 110 °C and 24 h. Then, they were chopped into small pieces and ground into a powdered form. Afterwards, 6 g of coconut shell powder and 150 mL of distilled water were placed into a 250 mL Teflon-lined, stainless-steel autoclave followed by hydrothermal carbonization. The autoclave was sealed and heated to 180 °C for 12 h at a heating rate of 5 °C/min and then cooled to ambient conditions. Synthesized hydrochars were dried at 90 °C overnight for KOH chemical activation. To determine the influence of KOH concentration, the dried hydrochars were impregnated at a ratio of hydrochar to KOH at 1:1, 1:2, and 1:3 (w/w), while treating with KOH. Forty milliliters of deionized water was used to disperse the mixture, while stirring continuously at 90 °C, lasting for 2 h. Next, the samples were dried at 110 °C, lasting for 24 h. Subsequently, the carbonization procedure for all KOH treated samples was carried out under N2 flow at 800 °C at 5 °C/min, lasting for 4 h. After that, cooling was carried out to ambient conditions and the samples were cleaned using 0.2 M HCl. The cleaning step is terminated when the pH of the cleaning water reached 6–7. Lastly, the synthesized coconut shell carbon (CSC) was dried in a vacuum at 80 °C for over 12 h and the dried materials were labelled CSCK1, CSCK2, and CSCK3, according to their respective KOH concentrations. For comparison, a hydrothermal carbonization without KOH chemical activation of the raw coconut shells was carried out and named as CSC.




2.2. Material Characterizations


SEM images were obtained using a JEOL, JSM-6700F instrument. Textural properties of the carbon samples were measured using a Micromeritics, ASAP 2020A. The BET surface areas of the samples were obtained via the adsorption branch at P/P0 < 0.3. Pore volumes (Vt) were determined through the quantity of adsorbed nitrogen with a relative pressure (P/P0) of 0.995. The t-plot method was used to ascertain the micropore volumes (Vmicro). Using a slit-shaped pore model, the distribution of the pore sizes were ascertained through the non-local density functional theory.




2.3. Electrochemical Tests


Electrochemical measurements of symmetric supercapacitors were carried out using a two- and three-electrode arrangements. The former contains a counter electrode made of Pt foil, a saturated calomel reference, a nickel foam working electrode, and a 6.0 M LiNO3 electrolyte. The preparation procedure for the working electrode, CSC/Ni, was as follows: a 75 wt% CSC, a 5 wt% KS-6, a 15 wt% Super P, and a 5 wt% polyvinylidene fluoride binder were highly dispersed in N-methyl-2-pyrrolidinone solvent under an ultrasonic, and then coated on the nickel foams (3.0 × 2.0 cm2) [24]. The working electrodes contain approximately 1.8 mg cm−2 of active materials. A pair of similar CSCK/Ni electrodes, a polymer electrolyte CMC–LiNO3, a piece of polypropylene as a separator and an anti-static Al foil as the package material were used to fabricate the symmetric supercapacitors. To prepare the polymer electrolyte, dissolve 1 g of CMC was dissolved in agitated deionized water at 45 °C. Then, 2 g of LiNO3 was added and stired to obtain a viscous mixture [25].



Galvanostatic charge and discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) were carried out at room temperature (−25 °C) using a 6273E (CHI) electrochemical workstation. The frequency range used to measure the EIS was 10 mHz–100 kHz, while the AC perturbation was 5 mV. The voltage window is from −1.0 to 0.0 V vs. SCE for the CSCK/Ni electrodes and thus 0–2.0 V for the symmetric CSCK/Ni//CSCK/Ni supercapacitors. A 580 Battery Test System (Scribner Associates, Inc.) was used to measure the cyclic stability of the symmetric supercapacitor, where the voltage window was 0–2.0 V at 2 A·g−1.



From the GCD curves, the specific capacitances(Cm, F g−1) of the electrodes and symmetric supercapacitors were calculated using Equation (1):


   C m  =   I × Δ t   m × V    



(1)




where I, ∆t, m, and V are the discharging current (A), the discharging time (s), the mass of the electroactive materials or total active materials in the positive and negative electrodes (g), and the voltage change (V), respectively.



Specific energy densities (E, Wh·kg−1) and specific power densities (P, W·kg−1) for the symmetric supercapacitors were acquired via Equations (2) and (3):


  E =   0.5 C  V 2    3.6    



(2)






  P =   3600 × E  t   



(3)




where C (F g−1) is the specific capacitance, V (V) is the operating voltage window, and t (s) is the discharge time.





3. Results


3.1. Structural and Textural Properties


Microstructural properties of the carbon samples were characterised using SEM. Micrographs of CSC and CSCK1 – CSCK3 samples are shown in Figure 1. Significant differences between the surface morphology of CSC (HTC treated) and CSCKs (HTC plus KOH treated) were observed. As shown in Figure 1a, the surface of CSC was rough and with no pores available on the surface. During HTC, the amorphous hemicellulose, cellulose, and lignin are postulated to have undergone liquefaction. Following that, leaching might have occurred, causing the materials to vacate the coconut shells, resulting in the random plane volumes as shown. In contrast, the structure was severely destroyed by KOH with the formation of porous and tattered surfaces for CSCK1 – CSCK3 (Figure 1b–d). The surface of CSCK1 was composed of small conchoidal cavities. With the increase in KOH amount, a highly porous, three-dimensional network structure was observed for CSCK2, while CSCK3 was quite irregular and full of micrometer-scale large pores on the skeleton. In this case, a high KOH concentration might have caused the formation of pores by altering the structures of the samples.



The textural properties of the carbon electrodes could significantly affect the performance of EDLCs in terms of their supercapacitance. Nitrogen physisorption experiments carried out were used to investigate the carbon materials’ porous nature, with the isotherm curves of all samples given in Figure 2a. The non-porous structure of CSC was further confirmed, since a horizontal line with low adsorbed volume was observed. After the KOH treatment, the isotherm curves of CSCKs were quite different from the CSC. As shown in Figure 2a, the CSCK range adsorbed a relatively high amount of N2 when P/P0 < 0.1, indicating the abundance of micropores. Over the relative pressure of 0.8, the multilayer adsorption of N2 occurred on activated carbon, resulting in the isotherms not reaching a horizontal plateau and indicating a tendency of the sample to have a macropore size distribution. The isotherms may be considered an intermediate between types I and II In accordance with the Brunauer–Deming–Deming–Teller (BDDB) classification [26], the isotherms appear to be a hybrid of Types I and II. This is due to the observable nitrogen absorption at low P/P0, indicating the Type I isotherm, as well as nitrogen absorption at high P/P0, indicating the Type II isotherm. In addition, unlike the other samples, the CSCK1 sample demonstrated a mixture of Type I and II isotherms, also showing hysteresis of the H2 type due to capillary condensation at P/P0 = 0.45–0.89, signifying that it has high mesoporosity, and further suggesting that micro-, meso-, and macropores co-exist [27]. Such hierarchical micro/mesoporous texture for the CSCK samples was intuitively disclosed by their corresponding pore size distribution diagrams, depicted in Figure 2b. CSCK1 had a broad pore size of up to 50 nm and high ratio of mesopore volume. Using KOH in activating CSCK2 and CSCK3, the enlargement of their pores ensured, resulting in a drop in their mesoporous volume.



Table 1 demonstrates the textural properties of the samples. The bulk CSC exhibits a low surface area (287 m2 g−1), whereas the porous CSCK samples exhibit much higher surface areas (1178–1567 m2/g). Compared with CSC, there is a significant increase of SBET, Smicro, Vt, and Vmicro of CSCK1 with the addition of KOH. A further rise of KOH from the impregnation ratio of 1:2 to 1:3 would result in textural property that is worse than that of CSCK2. The result reveals that the amount of KOH has a significant effect on the textural quality of the sample. Based on the report of El-Hendawy [28], the KOH chemical activation leads to the formation of K2CO3, CO2, CO, and H2 at a relatively low temperature (~400 °C) and K2CO3 contributes to the development of micropore structures. During the high temperatures between 700 and 800 °C, the K2CO3 decomposes and results in the formation of the elemental K, which intercalated to the carbon matrix and produced more wide pore structures. An excess amount of KOH results in the reduction of the BET surface area in CSCK3, which was a result of the existence of K2CO3. The formed pores were disrupted by the carbonates and brought about a decrease in surface area [29].



Raman spectroscopy was carried out to investigate how the structures of the materials evolved as KOH was added in different concentrations while the materials were being activated. Results for the spectroscopy are shown in Figure 3. Two apparent bands are detected approximately at the wavenumbers of 1350 and 1580 cm−1. At about 1350 cm−1, band ‘D’ appears as a result of the existence of imperfections or defects for the material. On the other hand, band ‘G’ ca. 1580 cm−1 corresponds to the basal planes of graphene vibrating in the stretching mode. The ratios of ID to IG are representations of structural defects and disorders of the graphitic structures. In this study, the aforementioned ratio for the samples descend according to: CSCK3 (1.21) > CSCK2(1.00) > CSCK1(0.99) > CSC (0.95). The ID/IG ratio for CSC was relatively low, which is attributed to its porous structure that are underdeveloped. Meanwhile, the aforesaid ratio for all CSCK samples was higher than 1, indicating the presence defect-rich structures in CSCKs. This indicated that KOH activation brings about considerable defect formation, resulting in the material’s increased surface area and porosity (Table 1).




3.2. Electrochemical Performance of the Electrode


Previous investigations suggest that an increased BET surface area is beneficial for enhancement of electrochemical performance of EDLCs [4,30,31]. Since the surface area of CSC was much lower than that of CSCKs, the CSCKs were chosen as the CSCKs/Ni composites electrodes. Further experiments were carried out to ascertain the performance of the aforementioned composite when it is used for the electrodes of EDLCs. In particular, GCD tests, in the three-electrode configuration, were executed using the LiNO3 aqueous electrolyte at a concentration of 6 M. GCD curves of CSCK1, CSCK2, and CSCK3 are shown in Figure 4a. According to the figure, the curves exhibited negligible voltage drops and quasi-triangular patterns, signifying model capacitor behavior. The GCD curves were also used to obtain the specific capacitances of the material. The obtained values were 365, 387, and 292 F g−1, respective of CSCK1/Ni, CSCK2/Ni, and CSCK3/Ni.



Figure 4b demonstrates the CSCKs/Ni electrodes and their rate capabilities. Among them, CSCK2/Ni always displayed the largest specific capacitance when the current density was 1–10 A g−1, owing to its pore structure that is aptly hierarchical, thus advantageous in improving the ion diffusivity and charge transfer. At the capacitance = 449 F g−1, with a current density of 1 A g−1, the capacitance registered by CSCK2/Ni remained to be as 329 F g−1 at 10 A g−1, indicating a decent rate capability. Therefore, a series of CV and GCD measurements of the CSCK2/Ni electrode were further investigated. As exhibited in Figure 4a,c,d, a quasi-rectangular shape was still retained for the graphs when the scanning rate was 5–100 mV s−1. In addition, all the GCD curves were nearly isosceles, with a minimal deviation from its linear shape, demonstrating the ideal supercapacitive behaviors. In this case, the CSCK2/Ni electrode, with a KOH ratio of 1:2, was found to be optimum, as the sample had the best-performing specific capacitance.



It is suggested that the pores with hierarchical properties in CSCK2/Ni enabled it to have an outstanding electrochemical performance. Demonstrating microporosity with pores > 0.40 nm in size, the material allows the easy penetration of ions from the LiNO3 electrolyte. To illustrate, Li+ ions have diameters of 0.38 nm, while NO3− have diameters of 0.34 nm [32]. Furthermore, CSCK2 presented an enhanced specific surface area, highest microporosity (microporous surface area and microporous volume), and optimal mesoporosity. These porous properties in turn allow the material to exhibit highly effective surface areas, which enhances ion diffusivity, ultimately greatly improving material capacitance. Several studies have suggested that the presence of optimal mesopores (usually 2 nm–8 nm) in the EDLC are crucial to facilitate accelerated ion diffusivity, which increases the power density of the material [33,34,35,36].




3.3. Evaluation of Symmetric Supercapacitor Electrochemical Performance


Pertaining to the results from evaluating a single electrode, a pair of CSCK2/Ni electrodes were utilised to construct a SSC device — CSCK2/Ni//CSCK2/Ni. The device was present in a solid-state CMC–LiNO3 gel electrolyte. CV curves obtained for the device are exhibited in Figure 5a. As envisioned, the shapes of the curves are close to rectangular, without obvious distortions. In addition, at increasing scan rates, the shape of the curves remained unchanged. This finding denotes that the device exhibits high rates of charge and discharge, as well as being less resistant to an equivalent series. On the other hand, Figure 5b shows results of GCD tests at varied current densities. According to the figure, it can be seen that the curves exhibited good symmetry during charge and discharge, which signifies a model EDLC behaviour for the charge and discharge procedure. Next, Figure 5c demonstrates how the applied current density affects the capacitance of the device. Taking into account the entire mass of active materials present in the electrodes, the mass loading was approximately 3.8 mg cm−2. Capacitance retention was up to 89.7% when 10 A g−1 was applied, denoting that it possesses a prominent rate capability. Next, Figure 5d depicts the life-cycle study executed for the SS, appraised using a galvanostatic time-extended test cycle, with tested parameters of 2 A g−1 and 0–2.0 V, for the current density and voltage window, respectively. After a charge and discharge cycle of 5000 rounds, the evaluation showed that the SSC also possessed 92% capacitance retention, indicating its excellent electrochemical durability. Furthermore, to study the variation in conductivity, charge-transfer properties, and diffusion properties after the cycling test, an EIS test was applied. Figure 5e presents the EIS measurements before and after the charge/discharge for 5000 cycles. At the region of high-frequency, intercepting the x-axis is the electrolyte resistance, substrate intrinsic resistance, and contact resistance (Rs). From the inset of Figure 5e, the respective estimated Rs values were 1.33 and 1.26 Ω for the after and before stability test. For the area of medium-high frequencies, the resistance of charge transfer (Rct) separating the electrode and electrolyte is represented by the semicircle diameter. As shown, the semicircles are insignificant, thus signifying that the faradaic charge transfer resistance is low. Whereas for the area of low-frequency, the Warburg resistance (Ws) parameter is defined by the straight line of the graph. This parameter represents the resistance arising from ion diffusion or transport when it travels across the surface of the electrode from the electrolyte. The Warburg lines were steep, approximately 45°, before and after the charge/discharge for 5000 cycles and they were roughly overlapped, reflecting that the device contained electrolytic ions possessing low resistance to diffusion. Based on the EIS measurements, it once again confirms that the device is extremely stable.



In this study, power densities (P) and energy densities (E) of the SSC device in this study were acquired in accordance with Equations (2) and (3). The values were used to plot the Ragone plot, as seen in Figure 5f. According to the graph, at the voltage window of 2 V, a value of 48.9 Wh kg−1 was registered as the energy density, when the power density was 1 kW kg−1. Moreover, the exceptional capabilities of the device are observed when a high power density of 10 kW kg−1 was applied, in which 44.0 Wh kg−1 was still registered as the energy density, showing a minimal drop, which is superior to those of reported coconut shell-based supercapacitors such as CS-800-0.12-60 with 38.5 Wh kg−1 [36], AC4//AC4 with 35.2 Wh kg−1 [37], CS with 46.9 Wh kg−1 [38], and CH with 30.0 Wh kg−1 [39] In this study, the remarkable performance shown by CSCK2/Ni//CSCK2/Ni SS is due to the integration of improved surface area as well as apt pore distribution to the device. In addition, the proper selection of electrolyte allowed the charge to accumulate efficiently due to the presence of rich sites, while improving ion transportation and extending the operating voltage.





4. Conclusions


CSCKs were synthesized using coconut shells via the hydrothermal method, after activating with KOH and carbonizing. The material synthesized showed an enhanced BET surface area and the presence of micro-, meso-, and macropores. It was shown that the ratio of the KOH to the hydrochar used during synthesis greatly affected the textural properties of the materials. In particular, the CSCK2/Ni electrode showed an enhanced capacitance, at 449 F g−1 for the current density of 1 A g−1, a result better compared to literature values for coconut shell-derived electrodes. These exceptional results are accredited to the material presenting an enhanced surface area and apt distribution in pore sizes. Furthermore, the CSCK2/Ni electrode with CMC–LiNO3 as the gel electrolyte was shown to exhibit a remarkable energy density of 49.9 Wh kg−1 when the power density used was 1 kW kg−1, while operating at a high voltage window of 2.0 V. In the stability test, the material also demonstrated high cyclability, with a 92% retention after 5000 cycles. In conclusion, the positive results from this present study have established the feasibility of employing a green synthesis technique to transform bio-waste to useful porous carbons, which can be employed as EDLCs due to their high BET surface areas and structural advantages in terms of porosity.
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Figure 1. Micrographs obtained via SEM: (a) CSC, (b) CSCK1, (c) SCSK2, and (d) CSCK3. 
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Figure 2. (a) N2 physisorption curves; and (b) pore size distribution of CSC and CSCKs. 
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Figure 3. Raman spectra for the as-prepared CSC and CSCKs. 
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Figure 4. Electrochemical characteristics of CSCKs/Ni electrodes in 6 M LiNO3 aqueous electrolyte in a three-electrode system: (a) GCD curves at 2 A g−1 for CSCKs/Ni electrodes; (b) specific capacitances of CSCKs/Ni electrodes at various current densities; (c) CV curves of CSCK2/Ni electrode at various scan rates; and (d) GCD curves of CSCK2/Ni electrode at various current densities. 
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Figure 5. Electrochemical characteristics of a single as-prepared symmetric supercapacitor device of CSCK2/Ni//CSCK2/Ni: (a) CV curves at different sweep rates and a voltage window of 2 V; (b) GCD curves at various current densities; (c) plot of Cdevice versus current density; (d) cycling performance at a current density of 2 A g−1; (e) Nyquist plots obtained for 5000 cycles; and (f) Ragone plot acquired for the device. 
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Table 1. Textrual properties of CSC and CSCKs.
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Sample

	
Textural Properties




	
SBET 1

(m2 g−1)

	
Smicro 2

(m2 g−1)

	
Vt 3

(cm3 g−1)

	
Vmicro 4

(cm3 g−1)

	
Dave 5

(nm)






	
CSC

	
287

	
271

	
0.11

	
0.10

	
1.60




	
CSCK1

	
1178

	
1020

	
0.68

	
0.40

	
2.32




	
CSCK2

	
1567

	
1343

	
0.69

	
0.53

	
1.77




	
CSCK3

	
1336

	
1079

	
0.61

	
0.43

	
1.82








1 Total BET specific surface area; 2 microporous surface area; 3 total pore volume; 4 microporous volume; 5 average pore size.
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