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A B S T R A C T
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Supercapacitors are one of the electrical energy storage technologies whose capacity capabilities continue to be developed. Coconut shell activated carbon has great potential as the main material for supercapacitor electrodes to increase the capacity of supercapacitors. Coconut shell carbon powder is carbonized at a temperature of 400-700°C, then chemically activated with a 3M KOH activator solution for 24 hours. The activated carbon powder is filtered and rinsed with distilled water (H2O) until the pH approaches ±7 and is oven-dried at a temperature of 120°C for 4 hours. This activated carbon will be applied as an electrode in a supercapacitor. Tests of coconut shell activated carbon carried out are SEM, XRD; and FTIR tests. The morphological results of all samples have formed pores that are evenly distributed, the higher the carbonization temperature, the more the pore structure develops. The results of the XRD test showed that all samples were amorphous graphite carbon structures and the level of crystallinity increased as the carbon temperature increased. The results of the FTIR test showed that all samples had aromatic C=C groups and C-O groups.
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1. Introduction
The dwindling availability of fossil fuels has encouraged many researchers to develop energy storage systems from renewable and environmentally friendly natural resources [1]. Supercapacitors are rapidly gaining interest because they have high power density with less environmental impact [2]. In addition, supercapacitors have the advantages of fast charging in the order of seconds, large capacity with capacitance values ​​exceeding 100F, and charging cycles with a longer life compared to conventional capacitors [3][4][5]. Supercapacitors have two important material components, namely electrodes and electrolytes [6]. The composition of supercapacitors consists of two electrodes, electrolytes and separated by a separator [7]. Electrodes are very important devices in supercapacitor energy storage media because they can react directly to electrolytes [3][8]. Electrolyte ions store energy by forming an electrical layer on the surface of the active electrode material [9]. 
The material commonly used in the formation of electrodes is carbon-based material. Carbon materials are interesting to be studied as materials because of the advantages of several properties such as high electrical conductivity and surface area [10], abundant availability of materials, low prices, easily controlled pores and stable physical and chemical properties [11]. In its development, electrodes are often made with activated carbon because of its porous texture [8], has a high surface area [12], good electrochemical properties [13], high absorption capacity [14], is cost-effective, low inorganic compounds and is easy to obtain because it is made from natural materials that are certainly abundantly available [15]. Activated carbon has a porous surface structure resulting in a high surface area which is beneficial for making electrodes [5]. The high surface area of ​​activated carbon results in more electrons being absorbed on the electrode so that it will increase its capacitance [3]. The porous structure of activated carbon is important for ions to migrate and occupy the carbon pores repeatedly to form a layer at the electrode-electrolyte interface in electrochemical energy storage devices such as supercapacitors [8].
One of the materials that is widely available in nature and can be used as activated carbon with a high carbon content is coconut shell [12]. Coconut shells have a fairly high carbon content of 74.3% [16]. In addition to having a high carbon content, coconut shells are organic materials consisting of cellulose, hemicellulose, and lignin [17]. The higher the lignin, hemicellulose, and cellulose content, the better the activated carbon produced [18]. Carbonization of lignin will affect the width of the diameter and the number of pores. Increasing the carbonization temperature results in more lignin decomposition that evaporates. This lignin decomposition that evaporates will be beneficial for the manufacture of activated carbon because it opens the gaps between the aromatic charcoal sheets, thus increasing its adsorption capacity [19]. Increasing the adsorption capacity on the electrode will increase the supercapacitor capacitance.
Pore formation in activated carbon is not only influenced by the carbonization temperature, but also by the type of activator. KOH is an activator solution that can produce a larger pore diameter and surface area than other activators [20]. The nature of KOH activator which has strong basic properties, is able to absorb water vapor (hygroscopic) and is able to remove impurities in carbon is very suitable for use as a carbon activator that can produce a more porous surface [21]. This study aims to study the effect of carbonization temperature of activated carbon from coconut shells with carbonization of 400˚C - 700˚C activated by KOH on the morphology, structure, and functional groups as a candidate for supercapacitor electrodes
2. Methods
The materials used in this study were cleaned coconut shells, 3 M KOH solution, distilled water, filter paper, and pH indicator paper. The tools used were a furnace, oven, mortar & pestle, 40 mesh sieve, magnetic stirrer & hotplate, and scales. The process of making activated carbon powder as an electrode is divided into 4 stages:
a. Material Preparation Process
Coconut shells that will be used as raw materials for making activated carbon are crushed into small pieces and cleaned of dirt and coconut fibers, then dried in the sun for 3 days until dry.
b. Carbonization Process
The dried shells are then carbonized using a furnace. The coconut shells are furnaced at temperatures of 400 ˚C [22], 500 ˚C [23], 600˚C, dan 700 ˚C [18] for 2 hours.
c. Grinding Process 
The resulting carbon is then ground until crushed using a mortar and pestle and then sieved using a 40 mesh sieve. 

Table 1. Samples of Active Carbon of Coconut Shell 
	Sampel
	Suhu

	KA 400
	400˚C

	KA 500
	500˚C

	KA 600
	600˚C

	KA 700
	700˚C



d. Activation Process
To have a large surface area of ​​activated carbon, an activation process is carried out using a KOH solution with a concentration of 3M. Activated Carbon is mixed with an activator with a ratio of 1:1 and stirred at a temperature of 80 ˚C for 1 hour. Furthermore, it is heated in an oven at a temperature of 130 ˚C for 4 hours [24]. Activated Carbon is then continued with a washing process with distilled water until the pH is neutral (approaching 7). Activated Carbon is then dried using an oven at a temperature of 120˚C for 4 hours [24]. Table 1 is the name of the sample of activated carbon powder.

3. Result and Discussion
Seen from the results of the Scanning Electron Microscope (SEM) in Figure 1 shows that all samples of coconut shell activated charcoal with a carbonization temperature of 400°C - 700°C have formed pores spread throughout the surface. The formation of these pores is caused by the evaporation of lignin components in the coconut shell material, so that the evaporation of lignin changes the surface structure into a new structure that is more porous [19]. Other research also states that lignin evaporation occurs starting at a temperature of 400°C. [25][26]. The increase in pore size occurs when the carbonization temperature increases. Figure 1 shows that the pore size and number of pores increase. Using imageJ software, the number of pores can be calculated in table 2.
[bookmark: _Toc181113241]Table 2. Number and area of ​​pores use imageJ analysis
	sample
	total of pore
	total area
	%area

	KA 400
	48
	93129
	8.934

	KA 500
	77
	270112
	26.014

	KA 600
	66
	161368
	15.450

	KA 700
	54
	170154
	16.387



As seen in table 2, the increase in carbonization temperature from 400°C to 500°C shows that the number of pores increases from 48 to 77 pores. This also has an impact on the percentage of total pore area which also increases from 8.934% to 26.014%. This shows that the increase in carbonization temperature has an impact on the increasing number of substances that evaporate so that the surface of the previously closed carbon pores will open and increase the absorption capacity [27]. Increasing the carbonization temperature causes substantial transformations in the morphology of the charcoal surface due to the increase in surface roughness, which may be due to the increased rupture of the biomass structure due to the release of more volatile matter as the heating temperature increases. Therefore, there is a significant development of pores on the charcoal surface at 500°C. The presence of pores on the surface of activated charcoal is considered to be conducive to the movement of electrolyte ions and reduce the diffusion resistance [17].
The decrease in the number of pores in KA600 and KA700 compared to KA500 can be caused by more small pores than large pores based on the SEM image results. The large number of small pores makes small pores undetectable by imageJ software so that the number of pores detected is only large pores. This is what causes a decrease in the number of pores, which also has an impact on the level of roughness and surface area. The formation of these pores plays a very important role in increasing the specific area of ​​carbon. The pores formed aim to intercalate electrolyte ions into the carbon material so as to increase the capacitance of the capacitor [28]. This porous structure is very beneficial as an electrode because the more pores formed can increase the diffusion process and increase the transfer process of electrolyte ions. Many pores can increase the surface area which will attract more functional groups attached to the carbon surface, thereby increasing the adsorption properties of carbon [29].Figure 1. Morphology of active carbon of coconut shell (a) KA400 (b) KA500 (c) KA600 and (d) KA700
a
b
c
d

The FTIR spectrum results of coconut shell activated carbon in Figure 2 show the same peak at a wavelength of 1565.38 cm-1, then the wave decreases with a peak at a wavelength of 526.62 cm-1. The peak at a wavelength of 1565.38 cm-1 shows that it is in the range (1475-1600) cm-1 which is the aromatic group C=C [30]. Previous research also found the presence of aromatic C=C complex groups in the range (1400-1600) cm-1 [31]. The same thing was also found in the aromatic group at a wavelength range that was close, namely a wavelength of 1599.02 cm-1. The absorption peak at a wavelength of 1599.02 cm-1 shows the stretching vibration of the C=C bond in the benzene ring framework [17]. Aromatic compounds exhibit a number of absorption bands in the infrared spectrum, many of which have no diagnostic value. The C=C stretching band for aromatic rings typically appears between 1600 and 1450 cm−1 [30]. 
Figure 2. FTIR spectrum of active carbon coconut shell

In the KA400 and KA500 samples, there is a low band peak at a wavelength of 1158.16 cm-1 which indicates the C-O group. The C-O group based on correlation data is in the wavelength range of 1000-1300 cm-1 [30]. Previous research had results that were close to this research, which found the C-O group with a wavelength that was close, namely a wavelength of 1150 cm-1 [31]. Previous research had results that were close to this research, which found the C-O group with a wavelength that was close, namely a wavelength of 1150 cm-1 [17]. As the mass of the atoms bound to carbon increases, the reduced mass (µ) increases, and the vibration frequency decreases (the wave number becomes smaller), where at a wavelength of 1200 cm-1 it has a C-C group, then at a wavelength of 1100 cm-1 it has a C-O group [30]. The results of this study indicate that the emergence of a peak at a wavelength of 1158.16 indicates that the mass of carbon-bound atoms is increasing. The presence of C-O groups is very beneficial for supercapacitor electrodes. This is because the high content of oxygenated functional groups may be beneficial for supercapacitor electrodes by increasing the wettability of the carbon surface, and by taking part in faradaic reactions, thereby increasing the specific capacitance [10].
In this study, XRD was used to analyze the changes in crystal structure according to the carbonization process. Figure 3 shows the XRD graph of KA400-KA700 samples at a carbonization temperature of 400℃-700℃, which appears to have a peak at the same 2θ angle as the amorphous structure. It can be seen from the graph that the peak with the highest intensity is at an angle of about 24°-25° similar to the peak (002) and there is a peak with a lower intensity at an angle of about 43°-45° similar to the peak (100). Previous studies have shown similar results where the carbon peaks at peaks 002 and 100 are graphite carbon crystallites [17][32][9]. Peak 002 from the research results shows that there is a broadening of the graphite carbon crystallite (C). Peak (002) is related to the small dimensions of the crystallites which are perpendicular to the aromatic layer [32]. This peak broadening can also be caused by a transition in the polymer (non-graphite) structure to a carbon crystallite graphite structure [9]. 
The components in coconut shells consisting of hemicellulose, cellulose, and lignin are thermally decomposed at different temperature ranges. Therefore, after carbonization, some components have not decomposed into carbon. This is what affects the crystallinity of the resulting carbon. The remaining lignin components in the sample greatly contribute to the amorphous nature of the observed peaks [33]. Therefore, in this study, the XRD peaks of carbon were produced which maintained the broad amorphous peaks.
The broad peak between 20°-30° indicates the presence of amorphous carbon in the sample, which indicates that the carbonization temperature used may not be sufficient to induce crystallization of amorphous carbon or produce graphitic carbon structure. This indicates that lower crystallinity is formed due to the absence of nitrogen gas during carbonization [33]. At the wide peak between 40°-50°, as in table 3, it can be seen that as the carbonization temperature increases, the peak intensity becomes higher, marked by the high FWHM value. This situation indicates that there may be a change in the amorphous carbon structure as a function of temperature. The weak peak at an angle of 40° can be referred to as a characteristic reflection originating from the (100) plane in disordered carbon materials [33]. 

[bookmark: _Toc181113244]Tabel 3. Crystallinity of coconut shell activated carbon variation of carbonization temperature
	Sample
	2θ
	FWHM
	total area of crystalline peak
	% index crystallinity

	KA400

	24,73
	13,53
	16304,15
	49,64


	
	44,67
	0,84
	371,06
	

	KA500

	24,07
	12,78
	21545,04
	72,76


	
	44,73
	9,31
	5944,17
	

	KA600

	24,47
	14,60
	25956,85
	79,51


	
	44,71
	9,53
	6583,57
	

	KA700

	24,19
	14,77
	25679,79
	83,14


	
	44,47
	8,08
	8321,58
	



In this case, according to table 3, it can be seen that the % level of crystallinity index increases with increasing carbonization temperature. This increase in intensity indicates that it has a layered structure of aromatic graphite carbon structure with better crystallinity [32]. At a carbonization temperature of 400°C, a graphite carbon crystal structure with a crystallinity index of 49% has begun to form, then the graphite crystal structure grows with increasing carbonization temperature. The highest crystallinity of 83% was obtained with a carbonization temperature of 700℃, marked by an increase in peak intensity by forming a sharper curve, thus increasing the FWHM value and increasing its crystallinity [9]. 
Figure 3. XRD pattern of active carbon coconut shell

At higher carbonization temperatures, carbon materials tend to achieve higher crystallization rates. Increased thermal energy leads to further enhanced reactions because more energy is available to support the breaking and formation of new chemical bonds. For this reason, structural changes in amorphous coconut shell carbon as carbonization temperatures are increased result in higher crystallization rates [33]. In general, as the carbonization temperature increases, the resulting graphite carbon crystal structure grows. This shows that coconut shells contain cellulose, where cellulose has a crystalline structure. This crystalline nature is very beneficial in the manufacture of activated carbon because the ideal carbon structure generally has a relatively large degree of crystallinity [34].

4. Conclusion

Based on the results of the research that has been conducted, it can be concluded that the results of the Scanning Electron Microscope (SEM) showed that the morphology of all coconut shell activated carbon samples with a carbonization temperature of 400°C - 700°C had formed pores that were spread throughout the surface. In the KA400 sample, pores were formed that were evenly distributed. Then there was pore development when the carbonization temperature increased. This porous structure is very beneficial as an electrode because the more pores formed can increase the diffusion process and increase the transfer process of electrolyte ions. The FTIR spectrum results of coconut shell activated carbon were obtained at a wavelength of 1565.38 cm-1, then the wave decreased with a peak at a wavelength of 526.62 cm-1. The peak at a wavelength of 1565.38 cm-1 indicates the aromatic group C=C. In the KA400 and KA500 samples there is a low band peak at a wavelength of 1158.16 cm-1 indicating the C-O group. The presence of the C-O group is very beneficial for supercapacitor electrodes, because the high content of oxygenated functional groups may be beneficial for supercapacitor electrodes. KA400-KA700 samples at carbonization temperature of 400℃-700℃ appear to have peaks at the same 2θ angle as the amorphous structure. The presence of these peaks indicates the graphite structure of carbon crystallites. The intensity of the peaks (002) and (100) increases with increasing carbonization temperature. The increase in % linear crystallinity index with increasing carbonization temperature, this indicates that the higher the temperature, the more the graphite crystal structure of the resulting carbon grows.
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