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Abstract. This paper presents the utilization of bamboo residue from the chopstick industry as 

modified carbon (AC) for supercapacitor application.  Bamboo activated carbon (BAC) was activated 

using Potassium hydroxide (KOH) and assisted with microwave ultrasonic (Mw-U) irradiation to 

enhance the properties of bamboo activated carbon (BAC). Different microwave (Mw) power in-

tensities of 100 W, 300 W, and 500 W at 30 minutes of retention time have been applied on acti-

vation and the carbonization process was conducted at temperature 800°C. The BAC was analyzed 

for the morphology using a scanning electron microscope and proximate and ultimate analysis. 

Then BAC with the higher surface area was subjected to the electrochemical analysis to determine 

the electrochemical properties. The study indicated Mw-U irradiation improved the morphology of 

the BAC, eliminated the impurity of the sample, and gave higher carbon content of BAC. The find-

ings show that lower Mw-U irradiation power provided a higher surface area of BAC. The surface 

area of 646.87 m2/g and total pore volume of 2.8x10-1 cm3/g was obtained with a power intensity 

of Mw-U activation at 100 W. While, electrochemical properties, the specific capacitance (Cs) of 

BAC was 77 Fg-1 at 25 mVs-1 in 1 mol/L KOH of electrolyte for cyclic voltammetry (CV) which indi-

cates the ability of the prepared BAC to be used as an electrode in supercapacitor application. This 

study determined that Mw-U irradiation can improve the properties of the bamboo during chem-

ical activation and formed BAC that consists of supercapacitor properties. 
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INTRODUCTION 

 

Activated carbon (AC) derived from a car-

bon precursor gave an amorphous structure 

to exhibit an extended interparticle surface 

area and a high degree of porosity. Besides, 

having a large internal pore structure is com-

mon terminology for a group of adsorbing 

substances. Activated carbon is also known as 

activated charcoal produced from carbona-

ceous material with a unique characteristic 

leading to high adsorptive capacity, porosity, 

greater strength and carbon content (Cukier-

man, 2013). It is a non-graphitic carbon and 

microcrystalline structure that develops an 

internal porosity. The porosity yield provides 

a higher surface area to adsorb gases and va-

pors from gases and assimilate dispersed or 

dissolved substances from the liquid. In the 
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adsorption process, the impurities are 

trapped within the porous structure of AC by 

a strong physical bond (Itodo et al., 2012). 

The tenable porosity and surface chemistry of 

AC greatly impact AC applications. Adsorbent 

AC has been widely used in industrial appli-

cations such as purification of gases, liquid 

phase recovery, catalyst support, water treat-

ment, electronic and solution purification 

(Çeçen, 2014). In 2016, the demand for acti-

vated carbon increased up to 1.9 million met-

ric tons, with an increment of more than ten 

per cent per year. Based on market analysis 

by Mordor Intelligence, in 2020, the activated 

carbon market was valued at around 1,666 

kiloton, and it was projected that the Com-

pound Annual Growth Rate (CAGR) for acti-

vated carbon from 2021 – 2026 is more than 

3% due to the current industrial demand es-

pecially in wastewater. The application of AC 

keeps increasing yearly due to the societal 

demand and the unique characteristics of AC. 

Commercial activated carbon is pro-

cessed starting with non-renewable precur-

sors such as pitch, coke and coal-based feed-

stock with high carbon and low inorganic 

content. However, this precursor has contrib-

uted to high processing pricing. Agricultural 

and agro-based by-products or waste have 

been recently attempted for usage to reduce 

the cost of the AC. Biomass precursors also 

have been explored as a cheap source in the 

formation of powder activated carbon. It is 

due to the chemical, physical and electro-

chemical properties of the derived AC. The 

common biomass used in AC production is 

oil-palm stone, pistachio nutshells, candlenut 

shell, teak sawdust, fir wood, rice bran, coffee 

endocarp, rubberwood sawdust (Kalyani and 

Anitha, 2013) and mangosteen shell carbon 

(Prasetyo et al., 2018). Another potential bio-

mass precursor which is available plentifully 

in Malaysia is bamboo. Bamboo is a cellulose 

and lignose biomass that grows faster and 

can be harvested in high quantities in Malay-

sia (Jiang et al., 2012). Bamboo is a plant that 

has low-density materials and low material 

cost yet yields high mechanical strength, stiff-

ness and growth rate. As reported by Peng et 

al., 2018, bamboo has moderate-high carbon 

content (48.64%) and a low amount of nitro-

gen (0.14%), sulfur (0.11%) and hydrogen 

(6.75%). Thus, bamboo is selected as the AC 

precursor in the present study with these cri-

teria.  

AC has been widely used as electrode 

material in the electrochemical industry. 

Some of the AC derived from corn grains, 

waste coffee beans, seaweed biopolymers, fir 

wood, sugarcane bagasse, and banana fibers 

have been extensively explored in superca-

pacitor application due to the microstructure 

absorptive capacity of the derived AC. AC as 

an electrode for supercapacitor application 

must be possed the criteria such as stable 

material, high energy storage, and reversible 

electrical energy storage capacity, which can 

be achieved by using AC with a large surface 

area, high conductivity, and long-term cycle. 

By considering these factors, bamboo AC can 

be further explored as an electrode in super-

capacitor due to its porous microstructure 

and high absorptive capacity. These proper-

ties make it suitable for adsorption and de-

sorption of electrolyte ions without chemical 

reactions, and with the high conductive prop-

erties of bamboo AC, the rapid charging pro-

cess can occur (Taer et al., 2011). The electro-

chemical performance such as electrical con-

ductivity, pore-size distribution, carbon sur-

face area, and the presence of electrochemi-

cally active surface functional groups that af-

fect the double layer capacitance of AC elec-

trodes depends on the activation process of 

AC. To produce high specific capacitance for 

supercapacitor within the range 70 Fg-1 to 



N. Mohd Zawawi, F. Hamzah, H. Veny, M. N. Mohd Rodhi, M. Sarif  213 
 

200 Fg-1 or above, good performance of AC 

properties based on the high surface area 

which is exceeding than 500 m2/g and devel-

opment of pores structures under mesopores 

(2-50 nm) or micropores (< 2 nm) must be 

prioritized. AC interface, which appeared as a 

double layer, influenced the effect of the ca-

pacitor due to the specific surface area and 

pore size in capacitance value. 

The activation process plays an essential 

role in producing provided AC to obtain a 

higher specific surface area of AC. Chemical 

activation has been preferred in bulk produc-

tion of AC because of the simple process, 

shorter activation time, produce higher yield, 

use a lower temperature and provide better 

development of the porous structure. As re-

ported by Yang et al. (2014) and Zhang et al. 

(2018) in their study on KOH activation of 

bamboo as a precursor in AC, the higher sur-

face area of AC more than 2000 m2 g−1 has 

been synthesized, which has contributed to a 

large capacitance (>290 Fg-1) material. The 

activation process implemented in their study 

involved chemical soaking only.   

Recently integration of the physical and 

chemical method has been introduced as a 

viable alternative in the production of AC 

such as microwave (MW) – chemical activa-

tion or ultrasonic – chemical activation due to 

the fast, selective, uniform and volumetric 

heating process, instant and accurate control, 

and non-direct contact between the heating 

source and heated materials (Salanne et al., 

2016; Taer et al., 2011). As reported by Wang 

et al. (2012), AC can be further treated using 

various activation processes such as chemical 

activation and microwave irradiation. 

Ultrasonic activation is alternative for en-

hancing the surface properties. Fu et al. 

(2020) indicated that a combination of physi-

cal-chemical treatment such as ultrasonic 

with hydrochloric acid in AC activation gave 

the optimum approach in getting higher total 

pore size, specific surface area, micropore 

volume, and low average pore size.  However, 

integration between ultrasonic and micro-

wave heating in the activation process of AC 

has not been explored yet. It is believed that 

power characteristics and cavitation will sig-

nificantly change the physical and chemical 

properties of the AC. Hence, this study was 

conducted to elucidate the chemical and 

electrochemical characteristics of the pre-

pared Microwave Ultrasonic Activation (Mw-

U) of Bamboo Activated Carbon (BAC). 

 

MATERIALS AND METHODS 

Materials 

Semantan bamboo or Gigantochloa scor-

techinii provided by Forest Research Institute 

Malaysia (FRIM) was washed and dried in the 

oven at 110ºC for 6 hr. Then, the bamboo 

sample was ground and sieved into less than 

710 µm particles size. The Semantan bamboo 

samples were kept in sealed plastic contain-

ers before further processing. 

 

Bamboo Activated Carbon (BAC) Prepara-

tion 

Activated carbon was prepared using Se-

mantan bamboo precursor and chemically 

activated with potassium hydroxide (KOH) 

(R&M Chemical, Inc).  In the activation pro-

cess, dried Semantan bamboo (50g) was 

placed into the crucible, and the KOH was 

added into the bamboo sample, with the vol-

ume ratio of KOH was set at 1:4. The experi-

mental setup is tabulated in Table 1. The sam-

ple was stirred to ensure complete mixing 

and then underwent ultrasonic activation. 

The ultrasonic was set at 45ºC in 80 Hz of ul-

trasonic frequency. Then, the soaked bamboo 

was irradiated with microwave activation in 

different microwave power of 100 W, 300 W 

and 500 W for 30 min. Activated samples 
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were cooled and washed with distilled water 

until pH 6-7. Then, the sample was dried in 

the oven at 110ºC for 24 h (Mahanim et al., 

2011). Next, the samples were carbonized in 

the VT Furnace (Carbolite, Keison) for two h 

at 800°C. After the carbonization process, the 

temperature of BAC was reduced to the am-

bient temperature for further analysis. The 

prepared BAC was analyzed for the chemical 

functioning group using FTIR – Fourier trans-

forms infrared spectroscopy, morphology 

analysis using FESEM – Field Emission Scan-

ning Electron Microscope and constituent 

composition using ultimate and proximate 

analysis. 

 

Table 1. Experimental Set Up BAC 

Sample 

Ultrasonic 

Soaking 

(time, min) 

Microwave 

Power Inten-

sity (watt) 

Carboniza-

tion tem-

pera-

ture, °C 

BAC A 60 100 800 

BAC B 60 300 800 

BAC C 60 500 800 

 

 

Electrochemical Analysis 

The electrode was prepared by 70 wt.% of 

dried BAC, 15 wt.% of conducting carbon (Su-

per P), and 15 wt.% of polyvinylidene fluoride 

were mixed with N-methyl pyrrolidinone, 

stirred overnight to form a slurry. Then, the 

slurry was coated onto a substrate (nickel 

foam). The coated electrode was annealed at 

60°C in an oven for 24 h. Hydraulic press at 

5MPa was used to press the annealed sample. 

Cyclic voltammetry (CV), galvanostatic charge 

and discharge (CDC), and electrochemical im-

pedance spectroscopy (EIS) analysis were 

used to determine the electrochemical prop-

erties of the developed electrode. The poten-

tiostat galvanostat (Autolab PGSTAT 30, Eco 

Chemie BV) was configurated at -1.0 – 0.0 V, 

different scan rates and in three electrodes 

setting to determine the CV of the electrode. 

For stability of the electrode, galvanostatic 

CDC was determined by cycling the potential 

from -1.0 to 0.0 V at the current densities 

range of 10 – 0.5 Ag-1. The performance of the 

chemical and physically AC electrodes was 

tested with 1 mol/L KOH electrolyte. Electro-

chemical Impedance Spectroscopy (EIS) in 

the frequency range of 10kHz to 10 MHz was 

used to determine the alternating current 

(a.c) response of the electrical double-layer 

capacitor (EDLC) for the produced electrode. 

The analysis was conducted using the Au-

tolab potentiostat with platinum (Pt) as the 

counter electrode and Ag/AgCl as the refer-

ence electrode.   

   

Elemental Analysis 

The Elemental Analyzer (EA) (Thermo, 

Flash EA-1112, (United States)) with helium 

gas as a carrier was used to determine the 

percentages of Carbon (C), Nitrogen (N) and 

Sulphur (S) in the BAC. The BAC samples were 

loaded in the sample loading chamber, and 

the sample was held until the dose of oxygen 

was released. The helium carrier carried out 

the analysis, and the results were displayed as 

weight per cent of C, H, N and S elements. 

  

Functioning Group Analysis 

The FTIR (Spectrum One, Perkin Elmer, 

United States) analysis was used to determine 

the chemical bonds in BAC molecules by 

functioning group spectrum. The sample was 

placed into the diamond mold and operated 

using FTIR software. FTIR spectra of func-

tional group peaks were recorded between 

4000 cm-1 and 500 cm-1 using AVATAR 360 

Spectrophotometer. 
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Surface Morphology Analysis 

The morphology of the samples, the com-

position, distribution and phase structure 

were analyzed using Field Emission Scanning 

Electron Microscope (FESEM) (Supra 40VP, 

Zeiss, Germany). In FESEM analyses, BAC 

samples were coated with gold to prevent the 

increase of electrostatic charge at the surface 

of the samples. The magnificent FESEM anal-

yses were undergone 500x and 1K in getting 

a clear morphology image of BAC. 

 

Pore size and Surface area analysis 

BAC samples were characterized under the 

BET analyses software and instrument to de-

termine the surface area and pore size of 

bamboo AC The BET analyzer was set at the 

ambient temperature of 22ºC using 

Quantachrome (Autosorb-1) from the USA. 

The gas adsorption, N2 was measured in vac-

uum for 12 h with automatic degassed. The 

BET surface area was measured employing a 

standard BET equation applied in the relative 

pressure of P/Po = 0. The equilibration inter-

vals for BET analyses was 5 s with a BAC 

weight mass of 0.05 g, and the analyses of 

BET was completed within 10 h. 

 

RESULTS AND DISCUSSION 

 

Chemical properties and Morphology of 

the Prepared BAC 

Proximate and ultimate analyses of BAC 

were conducted. The chemical constituent for 

each of the BAC is summarized in Table 2. The 

result indicates that BAC A provided a high 

carbon content with a value of 83.42%. In 

contrast, BAC B and C gave 77.50% and 

63.52% carbon content. On the other hand, 

raw bamboo consists of 47 % carbon. BAC B 

gives the lowest value for volatile matter and 

ash content, 6.7% and 27.5%, respectively. In-

crement of the carbon content and decre-

ment of other constituents in this process 

were indicators of the process's effectiveness. 

According to Rodriquez and Mazzoco (2010), 

solid yield in the carbonization stage will be 

reduced if the carbon sample consists of high 

volatile matter. On the other hand, low inor-

ganic content is required to produce low ash 

and high fixed carbon content. 

 

Table 2. Proximate and Ultimate Analysis of BAC 

 

Sample 

Proximate analyses (dry basis) Ultimate analyses 

Moisture 

content 

Volatile 

matter 

Ash 

content 

Fixed 

carbon 

C N H S O 

Raw 

Bamboo 

7.08  43.76 35.38 13.76 47.26 0.20 0.31 0 52.07 

BAC A 0.4 7.2 46.8 45.6 83.42 0 3.05 0 13.53 

BAC B 4.0 6.7 27.5 61.8 77.50 0 3.65 0 18.85 

BAC C 12.4 6.9 26.9 53.8 63.52 0 1.12 0 35.36 
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Fig. 1. Functioning Group Analysis of the BAC at Different Microwave Irradiation Power 

 

High ash content in the sample indicates the 

amount of inorganic material presented from 

the activation process and the number of 

treatments that might require (Anisuzzaman 

et al., 2016). In biomass materials, C, H and O 

are the main components, and during com-

bustion, C and H will be oxidized by exother-

mic reactions (Jayaraman and Gokalp. 2015). 

In the current study, raw bamboo initially 

consists of moderately carbon content 

(48.64%) and low nitrogen (0.14%), sulfur 

(0.11%) and hydrogen (6.75%) content. With 

the irradiation treatment, N content was elim-

inated, and O content was reduced. The study 

indicated that 100W is sufficient to be used in 

the treatment to eliminate unwanted compo-

nents in the BAC. By increasing the irradiation 

power, the temperature and energy supply to 

the system might also increase, but an insig-

nificant impact on the composition of BAC 

has been observed. 

Functional group analysis of BAC was an-

alyzed using FTIR, and the spectrum was re-

vealed in Figure 1. The functioning group 

profile for the three-sample showed a similar 

spectrum profile based on the results. The 

BAC was produced broad hydrogen-bonded 

O-H stretching bands centred between 3400 

and 3450 cm-1. C-O stretch bond also ap-

peared at wavenumber 1300-1000 cm-1 and 

grouped as an ester. The prepared AC 

showed the carboxylic acid (-COOH) func-

tional group at a broad peak. The C=C 

stretching bands for aromatic rings appeared 

around 1650-1300 cm-1 outside the usual 

range. The possible group that occurred at 

2850-3000 cm-1 were the alkane C-H group. 

While at wavenumbers between 600 – 900 

cm-1, weak bands appeared to belong to the 

C-H or O-H group. 

 From the results, a shifting of functional 

group was occurred between activation pro-

cesses of MW-ultrasonic due to the adsorp-

tion of a chemical activating agent. Horikawa 

et al. (2010) claimed that increasing activation 

temperature had decreased the functional 

group of activated carbon. Besides, many 

peaks were appeared at 2920 cm-1 and 2850 

cm-1 in BAC, indicating that BAC was the most 

aromatized. Lactones, ketones, carboxylic, 
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anhydrides and aromatic rings  are the main 

possible surface functional groups in biomass 

material available in BAC (Sumanatraku et al., 

2015). Some of the functional group that ap-

peared from this result is similar to the func-

tional group as reported by Ahmad and 

Hameed (2010), Wang et al. (2012) and Rui, 

Amano and Machida (2013). 

 

Table 3. Surface Area and Total Pore Vol-

ume of BAC 

Sample 

code 

Surface 

area (m2/g) 

Total pore 

volume 

(cm3/g) 

BAC A 646.87 2.8x10-1 

BAC B 612.52 3.9x10-1 

BAC C 607.41 2.6x10-1 

 

The BET surface areas corresponding to 

the chemical activation with different Mw-ul-

trasonic power is shown in Table 3. The BET 

surface area of activated carbon is essential 

because, like other physical-chemical proper-

ties, it may vigorously affect the behavior and 

reactivity of the activated carbon. The current 

results, as tabulated in Table 3 suggested that 

the modified BAC possess greater surface 

area as well as pore volume.  In this study, 

BAC A gave a high surface area value, which 

is 646.87 m²/g. The higher surface areas 

might be due to the opening of the restricted 

pores during irradiation and ultrasonic expo-

sure, and higher carbonization temperature.  

The presence of the pore structure on the 

surface of the BAC in this study was revealed 

by scanning electron microscope analysis as 

depicted in Figure 2. According to the results 

in Figure 2, a large surface area and porous 

structure of the activated carbon have been 

obtained due to the well-developed pores 

during Mw- ultrasonic activation process. 

During the activation process, thermal expan-

sion will generate the breakdown of precur-

sor material and pore will be developed. Ex-

posure to the high temperature and the pres-

ence of the activating agent (KOH) will in-

crease the reaction rate, and thus this will 

lead to the formation of well-developed 

pores (Sajab et al., 2011). After carbonization, 

more pore structures are developed, followed 

by some cavities and crack formation.  

 

 

 

 

 

 

 

 

 

Fig. 2. Morphology of BAC after Mw-U 

Activation and Carbonization at 800oC 

 

Besides, the cavities on the rough surfaces 

of carbons were aggressively attacked by the 

chemical agent (KOH) during the activation 

process. Thus, the interior of the holes cre-

ated from the reaction expanded uniformly. 

Besides, cellulose in carbonaceous material is 

converted to porous solid carbon, which 

leads to an open pores structure, thus devel-

oping the cavities of AC through the process 

(Jain et al., 2015). The bamboo precursor 

clearly showed an excellent texture of AC by 

the presence of the canal structure, which is 

associated with cellulose fibers. In addition, 

the external surface of BAC with full of cavities 

BAC A BAC B 

BAC C 

BAC C 
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and irregularity indicates that the enhance-

ment of temperature influenced the develop-

ment of porosity material. Moreover, KOH 

used in the study can easily be diffused into 

the carbon microspore and provided a large 

surface area of BAC. 

 

Electrochemical Properties of BAC 

BAC A with a higher Brunauer–Emmett–

Teller (BET) surface area of 646.87 m2/g and 

C/O ratio was used to determine the specific 

capacitance (Cs). According to Jiuli et al. 

(2016), access to the capacitive performance 

of AC in specific capacitance value has been 

contributed by the porous texture of carbon 

with high BET surface area value, moderate 

pore size and reinforce hydrophilicity. Cyclic 

voltammetry (CV) was conducted using the 

electrode made from the AC A.  The high po-

rous electrode with the high surface area was 

an important criterion for a supercapacitor.  

However, some researchers had pro-

duced moderate BET surface area within the 

range of 600-900 m2/g but gave a higher spe-

cific capacitance, Cs values between 50-200 

Fg-1. Another study by Iqbaldin et al. (2013) 

also claimed that the porous structure devel-

oped during the activation process influences 

supercapacitor performance. The electrode 

developed from porous structure carbon has 

provided a high storage capacity and can 

withstand high current density. Hence, the 

pore development was crucial for the migra-

tion of electrolyte ions and occupied the 

available pores in carbon material. It repeti-

tively forms a layer at the interface of electro-

lytes in the supercapacitor. 

In this work, the BAC CV curve was con-

ducted at a scan rate from 10 to 150 mVs-1 

and a potential range of -1.0 to 0.0 V in 1 

mol/L KOH electrolyte. The aqueous electro-

lyte has been selected in this study because it 

can provide higher specific capacitance and 

better capacitance stability with potential or 

current increase. Zhang, Xiao and Qiang 

(2014) reported that AC is a highly capacitive 

material and electrochemical reversible with 

good stability can be performed well in the 

alkaline or aqueous KOH electrolyte. Figure 3 

showed the value of Cs in different types of 

scan rates (10, 25, 50, 75, 100 and 150 mVs-1).  

 

 

Fig.3. Specific Capacitance of BAC A at Dif-

ferent Scan Rate for CV 

 

The results revealed that the scan rate of 

25 mVs-1 gave higher values of Cs for CV, 

which is 77 Fg-1. The capacitance was 

dropped as the scan rate ascended. The de-

scending value of Cs was started at scan rate 

of 50 mVs-1 (76 Fg-1) followed by 75 mVs-1 (74 

Fg-1), 100 mVs-1 (71 Fg-1) and 150 mVs-1 with 

67 Fg-1. The distorted CV curve might be due 

to poor rate performance, indicating the nar-

row mesopores that will limit the fast transfer 

of electrolyte ions (Ruan, Ai and Lu, 2014). 

With the increment of scan rate, the penetra-

tion of electrolyte ions into mesopores of ac-

tive carbon can be kinetically limited and im-

pact the charge build-up of the process.  
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Fig. 4. CV Curve of BAC A in 1 mol/L KOH at 

Different Scan Rate 

 

The cyclic voltammogram of the BAC A is 

illustrated in Figure 4. The obtained curve was 

the quasi-rectangular shape of carbon mate-

rial and symmetric to the horizontal axis, in-

dicative of capacitive behavior.  From the re-

sult, a rectangular shape was formed at a 

higher scan rate, which is ascribed to the re-

sistance of ion migration in micropores. Be-

sides, the increase of the scan rate aggravates 

the delay of the current to reach a horizontal 

value after reversal of the potential scan. The 

dependency pattern of voltammetry currents 

to scan rate has been used to evaluate the re-

versibility of electrode material. The reversi-

ble curve profile was observed in this study, 

representing the mechanism of electrostatic 

charge separation at the electrode-electro-

lyte interface. 

At scan rates of 150 mVs-1 and -0.6 V, the 

BAC electrode has a higher peak due to the 

oxidative - reduction of the functional group 

with oxygen. However, the broadened CV 

curve was hard to determine any presence of 

oxygen. The rectangular shape of the CV 

curve implies a quick ion diffusion and good 

charge propagation in BAC A at a lower scan 

rate of 25 mVs-1 due to the adequate soakage 

of electrolyte into the micropores on AC (Bar-

zegar et al., 2015). The present study of cyclic 

voltammogram curve gave a similar result 

from other literature, which produced higher 

specific capacitance with a large area of CV 

curves (Manyala et al., 2016; Feng et al., 2016). 

 

Charge and Discharge Galvanostatic Anal-

ysis 

Charge and discharge curves have been 

used to determine the specific capacitance 

(Cs) of the developed BAC A and to identify 

the stability of the electrode from BAC. The 

data is tabulated in Table 4 with a current 

density of 0.3 to 10 Ag-1 and at a potential of 

-1.0 V to 0.0 V. From the result in Table 4, the 

Cs value for BAC A was changed from 33 – 80 

Fg-1 with the given current density from 0.3 to 

10 Ag-1. A higher Cs value of 80 Fg-1 was ob-

tained at the low current density of 0.3 Ag-1, 

whereas at a higher current density of 10 Ag-

1, giving a Cs value of 33 Fg-1.  

 

Table 4. Specific Capacitance of BAC A at 

Different Current Density for CDC 

Current 

density (Ag-1) 

Specific capacitance, Cs 

(Fg-1) 

10 33 

7.0 36 

5.0 39 

3.0 43 

1.0 54 

0.5 65 

0.3 80 

 

Then the CDC of BAC A was plotted using 

linear voltage vs time profile as illustrated in 

Figure 5. The results reveal that the CDC of 

the BAC A was the asymmetric triangular 

shape representing an overwhelming EDL 

feature where almost no pseudo capacitance 

has been observed in the discharge branches 
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due to the limited contribution to overall ca-

pacitance. The curves that exhibit near trian-

gular shapes indicate the electrode's ideal 

charging and discharging behavior. 

 

 

Fig. 5. Galvanostatic CDC Curve of BAC A at 

Distinct of Current Density 

 

Peng et al. (2013) reported that good 

electric double layer capacitor behaviors are 

observed from good linearity and symmet-

rical triangle. The longer charging and dis-

charging time was expected, as illustrated in 

Figure 5, due to the functional group of AC. 

The electrode's total resistance or series of re-

sistance (Rs) can be observed from the small 

internal resistance (IR) drop at the beginning 

of the discharge process.    

A sharp drop in the initial voltage of the 

discharge curve was found from the CDC out-

put. However, the voltage dropped as ob-

served from the current density below 1 Ag-1 

at the beginning of the discharge stage orig-

inating from IR is negligible. One of the pos-

sible factors for this phenomenon was the 

diffusion mechanism that limits the move-

ment of the electrolyte ions in the electrode 

pores.  In the KOH aqueous electrolytes solu-

tion, the micropores (pore size < 0.5nm) are 

generally considered too narrow for double 

layer formation and pores larger than 2 nm is 

too wide. The high Cs value of CD galvanos-

tatic (80 Fg-1) at a lower current density of 0.3 

Ag-1 reveals a good energy storage output 

capacity at a lower current density.  

BAC A produces a longer discharging du-

ration and verifies the superior capacitance of 

the BAC capacitor. Hence, a longer time du-

ration is contributed to large charge storage 

ability. The Cs value for BAC A gives a good 

rate capability and thus verifies the ad-

vantages of BAC in supercapacitors.  

The behavior of CV and CDC in charge 

storage for supercapacitor electrode is asso-

ciated with the properties of AC such as high 

edge plane density, higher carbon crystallin-

ity for charge transporting of ions, the func-

tional group of carbon material and combi-

nation of micropores and mesopores struc-

ture which produce wider charge transport of 

ions (Mo et al., 2013). The result obtained in 

CV and CDDC analysis showed that pores of 

ions transfer is related to AC's functional 

group and led to the electrostatic impedance 

spectroscopy (EIS) analyzed. 

 

Electrochemical impedance 

For further understanding of the electro-

chemical behavior of the BAC electrode, elec-

trical resistances and ion transport behaviors 

of the electrode were determined using EIS 

analysis. The EIS was carried out in the range 

of 10 kHz – 10 MHz and produced Nyquist 

plots, as illustrated in Figure 6. In the Nyquist 

plots, charge transfer resistance (Rct) at the 

electrode-electrolyte interface was observed 

through arc formation. As illustrated in Figure 

5, the result appeared with no semicircles, 

which might be due to the low Rct value in 

aqueous KOH. Increment of electrode hydro-

philicity with a higher surface area of AC was 

one of the factors contributing to this condi-

tion. Theoretically, hydrophilic material will 

encourage more rapid diffusion of the ions 
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and accumulation of the ions on the surface 

of the porous electrode might occur that lead 

to the higher specific capacitance of the ma-

terial. Built-up charges will happen in the pro-

cess and gave significant supercapacitors be-

haviors for the produced BAC.  

 

 

Fig. 6. Nyquist Plots of BAC A Capacitor 

 

An inconspicuous semicircle at the high-

frequency region and a straight line at low 

frequency appeared in the impedance graph. 

At the high-frequency region, a series of re-

sistance (Rs), namely ionic resistance of the 

electrolyte, intrinsic active material resistance 

and contact resistance between electrode 

and collector, can be determined as an inter-

cept at the real axis (Gogotsi et al., 2014). At 

low frequency, plot through 45oC phase an-

gle represents higher diffusion resistance of 

the electrolyte ions. According to Siller et al. 

(2011), movement of the ion worked well on 

the surface of the electrode, but the inner 

pores might not be accessible, and it may be 

plausible to reduce the capacitance. Good 

electrode conductivity can be observed 

based on the internal resistance of the AC 

electrode at a low region below 0.5 Ω. 

Moreover, semicircle that appeared 

nearly at 1 Ω was also described on the high 

conductivity of the electrode [38]. Wang et al. 

(2015) has suggested that an excellent charge 

storage behavior can be observed from a 

smaller high-frequency intercept with the real 

axis, smaller arc size and vertical straight line 

in the low frequency of the Nyquist plots. Rs 

and Rct were dropped at the beginning of the 

discharge curves, and smaller diffusion re-

sistance through the pores in the active ma-

terials was obtained, associated with the ex-

cellent intrinsic electronic properties of car-

bon material. In this study, the higher BET sur-

face area of BAC provided better conductivity 

owing to the rapid electron and ion diffusion. 

Low ionic resistance within its porous struc-

ture accelerated the fast diffusion of ions and 

facilitated the fast transfer between elec-

trode-electrolyte surfaces. Similar work also 

has been reported by Zhang et al. (2016). 

    

CONCLUSIONS 

 

The Bamboo Activated Carbon (BAC) was 

prepared under Microwave-ultrasonic activa-

tion (Mw-U) using potassium hydroxide 

(KOH) and carbonized at 800oC to increase 

the surface area and pore development of AC. 

The activation using Mw-U could reduce vol-

atile matter in BAC and provided higher car-

bon content ranging from 63% – 83% at 

100W – 500W of microwave irradiation 

power.  

The FTIR spectrum indicates that the 

main functional group present in the BAC was 

hydrogen-bonded (O-H) stretching bands 

cantered between 3400 and 3300 cm-1 and C-

O stretch bond grouped as an ester that ap-

peared at wavenumber 1300-1000 cm-1. The 

C=C stretching bands for aromatic rings ap-

peared around 1650-1300 cm-1, and the al-

kane C-H group presented at 2850-3000 cm-

1. This functional group represented cellulose, 

hemicellulose, and lignin as the main compo-
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nents in the bamboo structure. The morphol-

ogy analysis indicated the presence of the 

pore on the surface and internal structure of 

the produced BAC. BET analysis indicated that 

BAC obtained at 100 W Mw-U activation pro-

vided the highest surface area of 646.87 m2/g 

with a total pore of 2.8x10-1 cm3/g. The elec-

trochemical analyses were measured and 

showed that the high specific capacitance, Cs 

of BAC is 77 Fg-1 at 25 mVs-1 in 1 mol/L KOH 

electrolyte for CV. While in galvanostatic CDC 

at lower current density, 0.3 Ag-1 produced 

higher specific capacitance, 80 Fg-1 in aque-

ous electrolyte. With these electrochemical 

characteristics, BAC can be used for superca-

pacitor applications. 
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