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Abstract: Current research on energy storage systems, batteries, and supercapacitor devices is aimed to 
enhance efficiency and improve environmental sustainability. Supercapacitors offer remarkable attributes such 
as high transient response and power density. Typically, supercapacitor electrode is made from highly porous 
carbon material, activated carbon. Commercial activated carbon could be produced from coal, peat, or 
coconut shell. This study focused on utilization of palm biomass, palm empty fruit bunch (EFB), as raw material 
to produce activated carbon electrode. The highly porous activated carbon from EFB was synthesized via a 
low-temperature hydrothermal process and chemical activation. The resulting EFB activated carbon demonstrates 
favorable characteristics in terms of elevated surface area and porosity. This research investigates the 
enhancement of activated carbon with acid treatment during hydrothermal process. Two types of acid, citric 
acid, and phosphoric acid, at different concentrations, were added to biomass. The acid-treated activated 
carbon from palm biomass was characterized for the specific surface area (BET), pore size distribution and 
pore volume using the N2 adsorption/desorption technique. The acid-treated activated carbon was fabricated 
into carbon electrodes and assembled in a symmetrical supercapacitor with 1M H2SO4 as an electrolyte. The 
supercapacitor performance of acid-treated activated carbon was tested in a symmetrical Swagelok cell to 
assess specific capacitance using cyclic voltammetry and galvanostatic charge-discharge methods. The acid-
treated activated carbon has higher specific capacitance than the activated carbon without acid treatment. 
This superior performance is attributed to the reduced internal resistance as revealed by the Electrochemical 
Impedance Spectroscopy (EIS) result. This is possibly due to the formation of micropores in the range of 0.6−
0.7 nm which is a suitable pore size for ion transportation in H2SO4 electrolytes. This research has shown that 
biobased activated carbon from palm oil biomass with acid treatment has a high potential to be used as 
supercapacitor electrode material. 
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1. Introduction 

Over the years, the growing demands for efficient utilization of renewable energy resources for sustainable 
development have become extremely urgent and important [1,2]. Supercapacitors, as energy storage devices widely 
used to be equipped with renewable energy production systems such as solar or wind electrical generators, have been 
a popular research topic because of their excellent electrochemical properties. Electrochemical double-layer capacitors 

* The work was presented at The 22nd International Symposium on Eco-materials Processing and Design (ISEPD 2024), 21-24 January 2024   

   



 
 

 

 
Sci Innov Adv Mater 4 (2024) 67002                            67002− 2 https://ph02.tci-thaijo.org/index.php/SIAM 
 

(EDLCs) or supercapacitors have high power density, fast charge/discharge rate, and excellent cycle stability [3,4]. 
Researchers around the world are trying to explore and develop high performance electrode of supercapacitors which 
plays an important role in energy storage [5−7]. Limited fossil resources and environmental problems have driven the 
utilization of biobased activated carbon from renewable lignocellulosic biomass with the development of biorefinery 
techniques to decrease or eliminate the reliance on fossil resources [8−10].  

Many efforts have been made to develop biobased activated carbon supercapacitor materials with high 
capacitance and excellent cycle stability. Various biomass-derived activated carbon materials are promising candidates 
for supercapacitors [11,12] since they possess a large specific surface area [13], are renewable, and have a low cost 
compared with graphene or carbon nanotubes [14,15]. Agricultural residues such as rice straw [16], soybean [17], coffee 
grinds [18], palm empty fruit bunch [19–22], banana fiber [23], corn residues [24–26], sugarcane bagasse [27,28], and 
coconut coir pith [29] are examples of biomass which previously have been prepared and studied for supercapacitor 
application. In Thailand, the palm oil industry has generated a large amount of biomass waste. Palm empty fruit 
bunches (EFB) are the most underutilized waste products; therefore, in this study, we aim to increase their value 
through the hydrothermal carbonization process (HTC) to produce high-value activated carbon materials [30−33]. The 
advantages of the hydrothermal carbonization process are low-temperature process and environmentally friendly 
[13,34]. Hydrothermal carbonization is usually performed in water in the temperature range of 120−260 °C for several 
hours under saturated pressure, which will reduce the dielectric constant of water and turn it into a suitable solvent 
for non-polar substances. Adding acid-base catalyzed reactions can facilitate biomass to undergo thermal degradation 
in water. Adding acid during the HTC could assist in the transformation of carbohydrates and/or biomass into 
functional hydrochar [35−37]. Recently, Song et al. reported that citric acid and lignocelluloses on the hydroxyl (-OH) 
groups readily undergo esterification under a specific condition. Thus, the esterification reactions between citric acid 
and lignin could prevent the formation of reactive intermediate and thus suppress lignin repolymerization [38]. Barakat 
et al. reported that phosphoric acid is an efficient activating agent to improve the properties of carbon-based materials 
before and/or after carbonization [39]. A suitable quantity of protons might promote the formation of acidic surface 
oxygen-containing functional groups (OFG), which was the dominant influence parameter to enhance the surface 
properties of activated carbon after chemical activation [40].  

To enhance the surface area and surface properties of biobased activated carbon, which plays an important 
role in electrical capacitance, the acid addition to treat the biomass during hydrothermal carbonization was studied. 
In this work, the acid-treated hydrothermal carbonization process was performed using two different acids, i.e., citric 
acid and phosphoric acid. These acids were added at different concentrations to EFB biomass during the hydrothermal 
process. The potassium hydroxide (KOH) activation process was performed under a carbon dioxide atmosphere in the 
tube furnace at 700 °C. The acid-treated activated carbon was fabricated into carbon electrodes and assembled in a 
symmetrical supercapacitor with 1M H2SO4 as an electrolyte. The supercapacitor performance of acid-treated activated 
carbon was tested in a symmetrical Swagelok cell to assess specific capacitance using a galvanostatic charge-discharge 
method, and the specific capacitance values (Csp, F⋅g−1) were calculated from the discharge curve. The effect of different 
acid treatments on the EFB-activated carbon chemical and surface properties was also reported. 
 

2. Methodology  

 2.1 Preparation of EFB-activated carbon with and without acid treatment  

The biomass from the palm empty fruit bunch (EFB) used in this study was collected from a palm oil 
plantation in Pathum Thani province, Thailand. The preparation of EFB biomass was done in the following order. First, 
the EFB was chopped into small pieces, washed with tap water, and dried under the sunlight for 3 days. Then the EFB 
pieces were rinsed with tap water to remove any impurities and dried in a hot air oven at 110 °C overnight. After oven-
drying, the EFB was ground with a grinding machine (WF-10B, Thaigrinder) and sequentially sieved for sizes 75−150 
μm to obtain the EFB powder. The activated carbon from EFB was synthesized via hydrothermal carbonization and 
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chemical activation. The hydrothermal process was performed in a high-pressure autoclave reactor (Parr Instrument) 
using 30 g of EFB powder and 250 ml of DI water. The hydrothermal carbonization condition was at 200 °C for 2 h to 
obtain the untreated EFB hydrochar. While the citric acid or phosphoric-treated active carbon was prepared by adding 
0.5, 1, or 10 wt% of acid to EFB powder during the hydrothermal step. The hydrochar was then washed with DI water 
until the rinsed water reached pH 7 and then dried in a hot oven at 110 °C for 48 h. The solid hydrochar was followed 
by a chemical activation process using KOH as an activating agent at 2:1 ratio by weight of KOH:hydrochar and 
activated in the tube furnace using ramp rate at 5 °C⋅min-1 until reaching the activating temperature at 700 °C, then 
activated under CO2 atmosphere for 2 h. After activation, the EFB-activated carbon with and without acid treatment 
was washed with HCl solution, DI water, NaOH solution, and DI water in the final step. In the end, EFB-activated carbon 
was dried at 110 °C for 16 h before further use for any characterization and electrochemical performance tests. The 
EFB-activated carbon without acid treatment is denoted as EFB-HW. The citric acid-treated EFB-activated carbon 
samples are abbreviated as EFB-HCxx, and the phosphoric acid-treated EFB-activated carbon samples are abbreviated 
as EFB-HPxx where xx is the concentration of the acid added during the hydrothermal step for each sample.      

2.2 Characterization  

The specific surface area of EFB-activated carbon was evaluated by the Brunauer-Emmett-Teller (BET) 
theory using the physical adsorption of nitrogen (ASAP 2460, Micromeritics Instrument Corporation). The nitrogen 
physisorption data were calculated to determine the specific surface area (SSA), and the pore volume and pore size 
distribution were determined from the data using non-local density functional theory (NLDFT). The structure of EFB-
activated carbon was investigated using X-ray diffraction (XRD, TTRAX-III, Rigaku Corporation). The XRD patterns were 
recorded with Cu Kα1 radiation at 50 kV and 300 mA, 10°−80° 2θ, 0.02° step size, and 2.33°/min scan speed. The 
surface elemental compositions and carbon species characterization of EFB-activated carbon samples were analyzed 
using X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD with Al Kα radiation). The EFB hydrochar samples 
with and without acid treatment were collected after the hydrothermal process at 200 °C for 2 h and were analyzed 
by Infrared Fourier Transform spectroscopy (FT-IR). The spectra were collected using an FT-IR spectrometer coupled 
with an MCT-A detector (Nicolet iS50, Thermo Fisher Scientific Inc.).      

2.3 Electrochemical measurements  

The EFB-activated carbon samples were electrochemically tested using a symmetrical cell (Swagelok cell). 
The carbon electrode was prepared by mixing EFB-activated carbon, conductive carbon (Carbon black; Li-100), and 
binder (12 wt% polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone (NMP)) at the ratio of 8:1:1 by weight using 
a planetary mixer at 1200 rpm for 10 min. The carbon slurry was cast on a current collector (stainless foil, thickness 0.01 
mm) and dried in a vacuum oven at 80 °C for 24 h. The dried electrode was cut into a circle with 11 mm diameter and 
assembled with a nonwoven glass fiber (Whatman GF/F, Sigma-Aldrich) as a separator and 1M H2SO4 solution as the 
electrolyte. 

The EFB-activated carbon was electrochemically tested for supercapacitor performance using Galvanostatic 
charge-discharge measurement (GCD) performed at a currents range of 0.1 to 2 A⋅g−1 with cut-off potentials from 0.0 
to 0.6 V (Maccor 4000 battery analyzer). The specific capacitance value (Csp, F⋅g−1) was calculated from the discharge 
curve using Equation (1) 

 

𝑪𝑪𝒔𝒔𝒔𝒔   =    
𝟒𝟒𝟒𝟒∆𝒕𝒕
∆𝑽𝑽𝑽𝑽

                                                                                (𝟏𝟏) 

 

where 𝑰𝑰 (A) is the discharge current, ∆𝒕𝒕 (s) is the discharge time, ∆𝑽𝑽 (V) is the potential drop during discharge, and 
𝒎𝒎 (g) is the mass of the active material in both electrodes. The cyclic voltammetry (CV) measurement was performed 
between -0.2 and 1.0 V using potential scan rates 10 mV⋅s−1 and a step size of 0.5 mV. The internal resistance of the 
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supercapacitor cell was evaluated from Electrochemical Impedance Spectroscopy (EIS) measurement carried out in the 
frequency range of 10−2–105 Hz using an Autolab PGSTAT204 potentiostat/galvanostat. 

 

3. Results and discussion  

The preparation process of EFB-activated carbon includes three main steps: hydrothermal carbonization (HTC), 
KOH chemical activation, and washing of impurities. In this study, both the KOH and the activated temperature, which 
play an important role in the generation of the pore structure of activated carbon, were fixed. The condition using an 
activation weight ratio (KOH:hydrochar) of 2:1 with carbonization at 700 °C was selected as the optimal condition to 
produce EFB-activated carbon for supercapacitor applications. 

 3.1 Characterization of hydrochar and EFB-activated carbon  

The EFB biomass and hydrochar of EFB-HW, EFB-HCxx, and EFB-HPxx were analyzed for chemical 
properties using FT-IR. The FT-IR fingerprints of EFB biomass and EFB hydrochar with and without acid treatment are 
shown in Figures 1(a) and 1(b). After the HTC process, the oxygen-containing functional groups (OFG) were slightly 
formed on hydrochar without acid treatment (HC-HW) compared to the original EFB biomass. With citric acid 
treatment, the oxygen-containing functional groups (OFG) were primarily formed, which displayed in FT-IR spectra as 
very large peaks of O-H stretching at 3340 cm-1 in carboxyl groups [41] and a C-O stretching at 1030 cm-1 [41,42] 
(Figure 1(a)) compared to hydrochar without acid treatment (HC-HW). The C-O bond could represent a variety of 
oxygen-containing functional groups, including acidic carboxyl, anhydrides, lactones, and phenols. Basic oxygen-
containing functional groups include quinone, chromene, and pyrone, while neutral groups are carbonyl and ether 
[43]. The higher concentration of citric acid influences the formation of more OFG. While in the phosphoric acid 
treatment cases, HC-HPxx hydrochar displays similar FT-IR spectra to non-acid-treated HC-HW. Thus, the addition of 
citric acid has a dominant effect during the hydrothermal carbonization of EFB. The XRD patterns of all EFB-activated 
carbon samples are shown in Figures 1(c) and 1(d). The XRD patterns of all the samples exhibit the amorphous structure 
of carbon. The XRD results show no significant difference in crystal structure among the activated carbon samples 
prepared with citric acid or phosphoric acid treatment in this study. All samples display the XRD broad peaks at 2θ 
around 24° and 44°, which correspond to the (200) and (101) phases of carbon (JCPDS: 10-0425). The large signal 
intensity in the low-angle region, especially in EFB-HC0.5, indicates high porosity within the samples [44]. 

The BET-specific surface area and pore volume of all EFB-activated carbon samples are summarized in 
Table 1. The specific surface area of non-acid-treated carbon, EFB-HW, is 1894 m2⋅g-1. The citric acid-treated carbons 
have a lower surface area than EFB-HW at 1505, 1487 and 1615 m2⋅g-1. All EFB-activated carbon in this study has a high 
surface area comparable to commercial carbon, YP50F, with a surface area of 1654 m2⋅g-1. The mesopore percentage 
of citric acid-treated carbon has decreased from 18.8% to 3.4, 4.9, and 12.5%. The higher the citric acid concentration, 
the higher the mesopore. This could be related to the high oxygen-containing groups (OFG) found after hydrothermal 
process. The OFG could affect the pore formation which leads to lower surface area and lower mesopores. Conversely, 
the phosphoric acid-treated carbons have slightly lower surface area than EFB-HW at 1610, 1792, and 1832 m2⋅g-1. In 
contrast, the mesopore percentage differs slightly from the non-acid-treated carbon, EFB-HW. This indicates that 
phosphoric acid treatment has no significant effect on the pore generation process during KOH activation. Similar 
chemical functional groups of hydrochar, i.e., no increase in OFG with phosphoric acid treatment, suggesting that OFG 
plays an important role in KOH activation process, hence similar pore properties were found among HC-HW and HC-
HPxx samples. 
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Figure 1 (a) FTIR spectra of EFB biomass, hydrochar HC-HW and hydrochar samples with citric acid treatment, HC-
HCxx, (b) FTIR spectra of EFB biomass, hydrochar HC-HW and hydrochar samples with phosphoric acid treatment, HC-
HPxx, (c) XRD patterns of activated carbon, EFB-HW and AC with citric acid treatment EFB-HCxx, and (d) XRD patterns 
of activated carbon, EFB-HW and AC with phosphoric acid treatment EFB-HPxx.   

 

Table 1 BET Surface area and pore volume of EFB-activated carbon produced without acid treatment (EFB-HW) and 
with acid treatment during the hydrothermal process (EFB-HCxx and EFB-HPxx) 

Activated carbon Surface Area 

(m2⋅g-1) 

Mesopore 

(%) 

Total pore volume 

(cm3⋅g-1) 

Micropore volume 

(cm3⋅g-1) 

Mesopore volume 

(cm3⋅g-1) 

EFB-HW 1894 18.8 0.87 0.71 0.16 

EFB-HC0.5 1505 3.4 0.60 0.58 0.02 

EFB-HC1 1487 4.9 0.61 0.58 0.03 

EFB-HC10 1615 12.5 0.75 0.66 0.09 

EFB-HP0.5 1610 25.8 0.82 0.61 0.21 

EFB-HP1 1792 18.1 0.85 0.69 0.15 

EFB-HP10 1832 17.8 0.90 0.74 0.16 
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The N2 adsorption-desorption isotherms of all EFB-activated carbon samples are shown in Figures 2(a) and 
2(c). All AC samples exhibit the typical IV isotherms with hysteresis loops associated with slit-shaped pores [45]. The 
pore size distribution plot (PSD) of all EFB-activated carbon samples is generated using density functional theory (DFT), 
which in the refined form of nonlocal density functional theory (NLDFT), where the pores of different sizes are assumed 
to be all the same regular shape (e.g., cylinders or slits). Generally, each pore is assumed to behave independently 
[46]. The PSD plot of citric acid-treated carbon is shown in Figure 2(b), and the PSD plot of phosphoric acid-treated 
carbon is shown in Figure 2(d). EFB-activated carbon with 0.5 and 1 wt% citric acid treatment contain large amount of 
micropore in the size of 0.6–0.7 nm. It has significant increases in the micropore percentage of these samples. However, 
EFB-HPxx samples with phosphoric acid treatment have no significant change in pore size distribution. The PSD plot 
of non-acid-treated samples and EFB-HPxx contain both micropores and mesopores in their structure. This indicates 
that phosphoric acid treatment has no significant effect on pore generation. 
 

 
 
Figure 2 (a) N2 adsorption-desorption isotherms of EFB-HW, AC with citric acid treatment, EFB-HCxx, and YP50F, (b) 
PSD plots of EFB-HW, AC with citric acid treatment, EFB-HCxx, and YP50F, (c) N2 adsorption-desorption isotherms of 
EFB-HW, AC with phosphoric acid treatment, EFB-HPxx, and YP50F, and (d) PSD plots of EFB-HW, AC with phosphoric 
acid treatment, EFB-HPxx, and YP50F. 
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The surface chemistry of EFB-activated carbon samples was investigated using XPS analysis. As shown in 
Figure 3(a), the C1s analysis of non-acid-treated carbon exhibits three peaks ascribed to C-C (285.5 eV), O-C-O (287.1 
eV), and C=O (288.3 eV) in the XPS elemental analysis mode. According to the XPS spectrum of citric acid-treated 
carbons (Figure 3(b−d)), we find that the C1s spectrum can be divided into four separate peaks attributed to sp2 & sp3 
C-C (284.7−285.2 eV), C–O (286.5−287 eV), C=O (287.2−289 eV), and O-C=O (289.2−290.7 eV), respectively [46–49]. 
It is clearly seen that citric acid treatment can introduce more OFG to the EFB-activated carbon. 
 

 
 
Figure 3 XPS elemental analysis C1s of (a) EFB-HW, and citric acid-treated carbons, (b) EFB-HC0.5, (c) EFB-HC1, and 
(d) EFB-HC10. 
 

A similar XPS elemental analysis spectra of phosphoric acid are displayed in Figure 4 (b−d). The C1s spectrum 
also shows four separate peaks attributed to C-C, C-O, C=O, and O-C=O functional groups. Thus, both citric and 
phosphoric acid treatment during hydrothermal carbonization has introduced carboxyl groups on the surface of EFB-
activated carbon. This is further confirmed that the acid-treated EFB-activated carbon contains more OFG-like carboxyl, 
which can improve the wettability of the carbon electrode, allowing the ions to enter the pores of the material more 
easily [50,51]. 
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Figure 4 XPS elemental analysis C1s of (a) EFB-HW, and phosphoric acid-treated carbons, (b) EFB-HP0.5, (c) EFB-
HP1, and (d) EFB-HP10. 
 

 3.2 Electrochemical performance   

The advantage of the high surface area of the prepared EFB-activated carbon, with its highly porous 
structure and oxygen-containing functional groups, is a suitable candidate for high performance supercapacitor 
electrode material. The following electrochemical performance tests were performed to evaluate supercapacitor 
performance including GCD rate test at various current densities, CV measurement, and EIS test. All electrochemical 
tests were performed in the two-electrode Swagelok cell. Figures 5(a) and 6(a) display the charge-discharge curves of 
EFB-activated carbon with and without acid treatment. The charge-discharge curves of all EFB-activated carbon have 
a regular triangular shape representing the high electrochemical reversibility and coulombic efficiency according to 
supercapacitor behavior. The results of GCD tests investigated at various current densities are shown in Figures 5(b) 
and 6(b). The gravimetric specific capacitance of citric acid-treated samples is higher than the non-acid-treated sample 
(EFB-HW) and commercial carbon (YP50F) reported at 143.8, 134.6, and 125.6 F⋅g-1 at a current density of 0.1 A⋅g-1, for 
EFB-HC0.5, EFB-HC1, and EFB-HC10, respectively. The gravimetric specific capacitance of phosphoric acid-treated 
samples is in the same range or slightly lower when compared with the non-acid-treated sample (EFB-HW) reported 
at 110.1 F⋅g-1 at a current density of 0.1 A⋅g-1. However, all the EFB-activated carbon samples prepared in this study 
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show higher capacitance than commercial carbon, YP50F, with a Csp of 71.6 F⋅g-1 at a current density of 0.1 A⋅g-1.  
Figures 5(c) and 6(c) display the CV curves of all the EFB-activated carbon samples. The shape of the CV curves 
maintains an almost symmetric quasi-rectangular shape, indicating the EFB-activated carbon exhibits excellent 
electrochemical capacitive behavior. Both citric acid and phosphoric acid-treated carbons display a small redox peak 
on the CV curve, demonstrating that the total capacitance of the materials could result from a combination of double-
layer capacitance and pseudocapacitance. As shown in Figure 5(c), the CV curve of EFB-HC0.5 has the largest quasi-
rectangular area, and the GCD curve also shows that EFB-HC0.5 has the longest charge/discharge time, which indicates 
that EFB-HC0.5 has the best electric energy storage capacity. The EIS (Electrochemical Impedance Spectroscopy) 
Nyquist plots of citric acid-treated carbons are presented in Figure 5(d). The semicircle observed at the high-frequency 
region corresponds to the electron-transfer-limited process. At the same time, the linear portion in the low-frequency 
range characterizes the diffusion-limited electron-transfer process [52,53]. The semicircular diameter reflects the 
charge transfer resistance at the electrode/electrolyte interface. Citric acid-treated carbons, EFB-HC.5, and EFB-HC1, 
show low resistance, Rp, (Table 2) calculated from semicircle diameters, representing low charge transfer resistance, 
which indicates good conductivity and ion diffusion into pores. This confirmed the effect of OFG added on the carbon 
surface via citric acid treatment, as well as the influence of increased wettability between the carbon surface and 
electrolyte. At the low frequency, the charge transfer is fast, and ionic diffusion is limited within this region, EFB-HC0.5, 
which has a lower content of mesopores, show slightly decrease in slope of this linear region representing the limitation 
of ion transportation from the electrolyte into micropores. The calculation of resistance from the Nyquist plot (Figure 
5(d)) is displayed in Table 2. 
 
Table 2 Resistance from EIS and Nyquist plot data of EFB-activated carbon produced without acid treatment (EFB-
HW) and with acid treatment during the hydrothermal process (EFB-HCxx and EFB-HPxx) 

Activated carbon Rp (Ω) Rs (Ω) CPE 

EFB-HW 26.33 1.36 0.74 

EFB-HC0.5 8.13 0.70 0.82 

EFB-HC1 13.49 1.08 0.85 

EFB-HC10 30.87 0.29 0.77 

EFB-HP0.5 50.08 8.78 0.84 

EFB-HP1 25.68 1.14 0.85 

EFB-HP10 16.46 0.79 0.80 

 

In Table 2, Rs is the sum of the resistances of the bulk electrolyte and the electrode, or the solution 
resistance is calculated from the equivalent series resistance (ESR) model shown in Figure 5(e). Rp symbolizes the 
charge transfer resistance, which is depicted as the diameter of the semicircle, signifies the ions resistance as they 
move through electrolyte within the pores of the carbon electrodes. The Citric acid-treated carbons, EFB-HC.5, and 
EFB-HC1, exhibit low Rp, therefore represent high conductivity. CPE stands for Constant Phase Element, which is often 
used to represent the behavior of double layer capacitance in EIS. It characterizes the capacitance of the electrical 
double layer formed at the electrode-electrolyte interface. 

However, the EIS Nyquist plots of phosphoric acid-treated carbons, presented in Figure 6(d), have not 
improved wettability or ion diffusion. This result indicates that the optimal OFG on the carbon surface is necessary. 
Considering the increase of internal resistance in phosphoric acid-treated samples, the importance of pore size 
distribution must be reviewed. The phosphoric acid-treated has a high mesopores percentage similar to the non-acid-
treated-carbons, EFB-HW. Thus, the ion diffusion through pores must be the same behavior. The increased internal 
resistance could be caused by the acid oxygen in functional groups that hinder the diffusion of acid electrolytes. 
Contrary to the citric acid-treated carbons, which contain the majority of micropores of 0.6–0.7 nm diameter. This 
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micropore has a suitable size for storing protons from acid electrolytes, thus resulting in the high electric capacity of 
EFB-HC0.5 and EFB-HC1 samples. 
 

 
 
Figure 5 Electrochemical test results of EFB-HW and citric acid-treated carbons; (a) Charge-discharge curve from 
GCD test, (b) Csp calculated from discharge curve of GCD rate test, (c) CV results, and (d) EIS Nyquist plot, with the 
equivalent series resistance (ESR) model shown in (e). 
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Figure 6 Electrochemical test results of EFB-HW and phosphoric acid-treated carbons; (a) Charge-discharge curve 
from GCD test, (b) Csp calculated from discharge curve of GCD rate test, (c) CV results, and (d) EIS Nyquist plot. 
  

4. Conclusion 

The biobased activated carbon for high-performance supercapacitors application synthesized via the 
proposed acid treatment hydrothermal carbonization processes was successfully produced from palm empty fruit 
bunch (EFB) biomass. A specific capacitance value of 143.8 F⋅g-1 was obtained at 0.1 A⋅g-1 from citric acid-treated EFB 
carbon. The interconnected micropore structure of EFB-HC0.5 contributed to its high supercapacitive performance by 
fully utilizing micropores with suitable pore-sized diameters to store ions from acid electrolytes. The citric acid 
treatment is also favorable to increasing oxygen-containing groups (OFG) on hydrochar and optimizing the pore size 
distribution (PSD), leading to an excellent electrochemical performance of final activated carbon products. The 
optimized PSD and OFG on the carbon surface positively reduce internal resistance between electrode/electrolyte 
interfaces in the aqueous supercapacitor cell. In this study, both citric and phosphoric acid treatment in the hydrothermal 
process contributed to the addition of OFG, which could enhance the surface wettability and electronic conductivity 
of biobased activated carbon electrodes. Only the hydrochar synthesized by the citric acid treatment HTC method 
exhibits high OFG, thus affecting the pore generation process. While the hydrochar synthesized by the phosphoric 
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acid treatment HTC does not exhibit significant changes in OFG, the resulting activated carbon has a PSD similar to 
the non-acid-treated carbon. The supercapacitor performance of biobased carbon electrodes is affected by many 
properties of carbon electrode materials, including surface area, PSD, OFG, micropore and mesopore percentage, etc. 
The complex mechanism of ion storage in supercapacitors is still an ongoing discussion. This study deduces that the 
surface properties and optimal pore size are crucial to the ion diffusion and capacitance value. When benchmarked 
with commercial carbon, the prepared biobased activate carbons from EFB have shown good supercapacitive 
performance with high specific capacitance.  This work not only studies the effect of the citric or phosphoric acid 
treatment on the EFB hydrochar and activated carbon properties but also successfully converts an underutilized EFB 
biomass into activated carbon materials with excellent energy storage performance. 
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