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Due to environmental issues attributed to the use of fossil fuels, considerable interest 
has recently been shown in fuel cell vehicles, electric vehicles, and hybrid electric vehicles 
with a combined internal combustion engine and secondary battery. In the case of electric 
vehicles that momentarily require considerable power, their performance can be significantly 
improved through the development of an electrochemical double-layer capacitor (EDLC) 
with high energy efficiency [1-3].

Currently, activated carbons (ACs) and activated carbon fibers (ACFs) possessing high 
specific accumulation capacity are mainly used as electrode materials for EDLCs due to 
their excellent properties, such as high specific surface area (SSA), relatively high elec-
tronic conductivity, good corrosion resistance, and low thermal expansivity [4,5]. ACFs are 
a novel and fibrous adsorbent that have been developed by the carbonization and activation 
of organic fibers. Their unique properties are attracting attention in fundamental research 
and in the development of applications [6]. The advantages of ACFs are their smaller fiber 
diameter (which minimizes diffusion limitations and allows rapid adsorption/desorption), 
more concentrated pore-size distribution (PSD), and excellent adsorption capacity at low 
concentration of adsorbates in comparison with conventional activated granular/powder car-
bons. The porosity of ACFs is developed during activation, normally by partial gasification 
in steam and/or carbon dioxide, and is influenced by many factors, such as the degree of ac-
tivation and the conditions used for carbonization. Typically, ACFs are a type of micro-pore 
carbonous adsorbent exhibiting slit-shaped pores. The properties of porosity, surface area, 
and surface structure contribute to the high adsorption capacity of ACFs, enabling them to 
play an important role as an electrode material for EDLCs [7-9].

Generally, the carbon materials used for EDLC electrodes are treated with physical or 
chemical activations to achieve a surface structure with high porosity and SSA. The acti-
vation processes can be divided into physical activation and chemical activation [10-12]. 
Physical or thermal activation occurs through the introduction of oxidizing gases, normally 
carbon dioxide, steam, or a mixture of the two [11-13], while chemical activation normally 
involves chemical activation agents that are usually hydroxides, such as sodium hydroxide 
(NaOH) and potassium hydroxide (KOH) [14,15], or acids, such as phosphoric acid (H3PO4), 
nitric acid (HNO3) and sulfuric acid (H2SO4) [14]. 

EDLC electrodes are primarily based on carbon materials [16, 17]. Carbon materials have 
a variety of geometric shapes when viewed macroscopically, such as zero-dimensional (0D) 
fullerene or carbon particles, one-dimensional (1D) carbon nanotubes (CNTs) or carbon fi-
bers (CFs), and two-dimensional (2D) graphene, graphite sheets, and so forth. [18]. Among 
these geometric shapes, 1D and 2D carbon materials have been widely used in binder free 
electrodes because they can readily form highly conductive and flexible carbon networks 
(such as fabric, film, paper, and textiles) with outstanding electrochemical performances. 
These carbon networks are achieved by initially using carbon materials via a variety of meth-
ods. El-Kady and others [19] reported that a flexible graphene-based electrode (graphene 
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and Ag/AgCl were used as the counter electrode and reference 
electrode, respectively. The ACF network was utilized as the 
working electrode in this study, and it was applied directly with-
out the addition of any binder or conductive materials.

Fig. 1 shows SEM images of the ACF network carbonized at 
900oC for 30 min under an N2 atmosphere. The images show that 
the ACFs have a smooth surface morphology and are randomly 
distributed in the network (Fig. 1(a)). As indicated by the circle 
in Fig. 1(b), many ACFs are physically connected by phenol 
resin, which provides the dimension stability of the ACF net-
work. Also, the physical connection between the ACFs may lead 
to higher electrical conductivity of the ACF network electrode.

Conventionally, carbon materials are chemically treated with 
a strong alkaline solution or thermally treated above 800 oC 
under oxidizing gases to improve the porous surface structure. 
However, these chemical treatments cause severe defects in the 
carbon materials, resulting in lower crystallinity and a poor car-
bon yield [25]. In this study, the physical activation was con-
ducted at a relatively low temperature in O2 oxidizing gas to 
improve the electrochemical performance of the ACF network 
electrodes. Prior to the activation, TGA thermograms of the 
ACF network were taken to determine the optimal activation 
temperature range. As shown in Fig. 2, weight loss of the ACF 
network started at 300 oC, and a weight loss of about 98% was 
then reached at 500 oC.

Based on these TGA results, ACF networks were activated 
at 300, 325, 350, and 375 oC (heating rate of 10 oC/min) for 30 
min under O2 oxidizing gas. Figures 1(c) to 1(f) exhibit SEM 
images of the ACF networks activated at different temperatures. 
Numerous pores developed in the ACF surface due to the gas-

films) can be produced by the low-power infrared laser reduc-
tion of graphite oxide films with a standard Light Scribe DVD 
optical drive. Pasta et al. [20] fabricated a single-walled carbon-
nanotube (SWCNT) textile with a sheet resistance as low as 1 
Ω/sq and demonstrated that aqueous supercapacitors made from 
these textiles in a Li2SO4 electrolyte display a specific capaci-
tance of 70-80 F/g at a current density of 0.1 A/g, which rarely 
decreased after 35,000 cycles. Hu and Cui [21] concluded that 
coating pseudocapacitor materials (such as MnO2) onto carbon 
textiles can greatly increase their specific capacitance. Horng et 
al. [22] fabricated flexible supercapacitors with PANI nanow-
ires/carbon cloth electrodes, resulting in a high capacitance 
(1079 F/g and 1.8 F/cm2 for mass and area-normalized capaci-
tance) and a high energy density (100.9 Wh/kg at a power den-
sity of 12.1 kW/kg). Wu et al. [23] reported that graphene/PANI 
nanofiber paper was produced by direct filtration of a dispersion 
consisting of graphene and PANI.

Thus, several efforts have been devoted to the development 
of carbon network electrodes; however, research has not been 
performed to develop an ACF network electrode fabricated by 
the facile network making process. We fabricated an ACF net-
work electrode for EDLCs through a facile network-making 
process. Analyses of the surface structure and electrochemical 
performance of the EDLCs were performed to evaluate their po-
tential for application as electrodes.

In this study, ACFs (from An Shan Sino Carbon, China) with 
a Brunauer-Emmett-Teller (BET) surface area of 1,200 m2/g and 
a fiber length of 6 mm were used to fabricate an ACF network, 
whereby extra purification or treatment was not performed for 
the ACFs. For the dimensional stability of the ACF network, the 
physical bonding between ACFs in the network was induced by 
introducing aqueous phenol resin (Phenolite KC-6301, Kang-
nam Chemical Co. Ltd., Korea) as a binding material. 

To prepare a uniformly dispersed ACF slurry, ACFs were 
added to a 10 wt.% phenol aqueous solution and then stirred 
using a mechanical stirrer for 10 min. The ACF network was 
fabricated by the filtering and dehydration of the resulting slurry 
on a screen mesh embedded in the network-making process. A 
circular ACF network with a diameter of 160 mm was obtained 
through these procedures. The ACF network was dried at 80oC  
for 60 min, and was then further pressed using a hot-pressing 
machine at 130 oC for 5 min. To improve the dimensional stabili-
ty of the ACF network during the activation process, the network 
was carbonized using a horizontal tubular furnace (Pyrotech Co. 
Ltd., Korea) at 900oC for 30 min under an N2 atmosphere [24].

The thermal decomposition characteristics of the ACF net-
work were analyzed to determine the optimal activation temper-
ature range using a thermogravimetric analyzer (TGA, Rigaku, 
Japan). TGA thermograms were investigated from room temper-
ature to 700oC with heating rate of 10oC/min. To activate the net-
work under O2 oxidizing gas, a horizontal tubular furnace was 
heated with a heating rate of 10oC/min, and the ACF network 
was then activated for 30 min at 300oC. The morphology of the 
ACF network were then observed by field-emission scanning 
electron microscopy (FE-SEM).

The electrochemical performance was determined in the 
electrochemical cell with a three-electrode system using cyclic 
voltammetry (Metrohm Autolab, AUT302M, FRA2). An H2SO4 
aqueous solution was employed as an electrolyte. Platinum wire 

Fig. 1. SEM images of ACF network (a), (b), ACF surface activated at 
300 oC (c), 325 oC (d), 350 oC (e), and 375 oC (f ) for 30 min under O2 oxidiz-
ing gas.
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activation temperature.
Cyclic voltammetry (CV) studies were performed to analyze 

the capacitance behavior of the ACF network electrodes at a 
scan rate of 50 mV/s in 0.5 M H2SO4 aqueous solution. As seen 
in Fig. 4(a), the CV curves have an almost rectangular shape, 
indicating the ideal capacitive behavior of the ACF networks 
[26]. Moreover, the capacitance behavior of the ACF network 
electrodes was enhanced with increasing activation temperature 
up to 350 oC. However, the specific capacitance of the ACF net-
work electrode activated at 375 oC was decreased. It is believed 
that the number of micro-pores of the electrode was reduced 
because of the excessively high activation temperature, which 
caused the collapse or enlargement of the pore walls. Also, it can 
be seen that the ACF network electrodes have redox peaks at a 
potential of approximately 0.4 V. This suggests that oxidation-
reduction reaction occurred due to the oxygen functional groups 
introduced during O2 activation. Fig. 4(b) shows the electro-
chemical impedance spectroscopy (EIS) behavior of the ACF 
network electrodes activated at various temperatures. In the 
high-frequency range, the shape of the ACF network electrodes 
is a small semicircle, which corresponds to the charge transfer 
resistance (RCT, Ω) resulting from electron diffusion. The result 
demonstrates that ACF network electrodes can provide a conve-

ification of carbon atoms by O2 oxidizing gas during activation. 
This suggests that a higher activation temperature is more ef-
ficient for pore formation. However, the dimensional stabilities 
of the ACF networks activated at 300 oC and 325 oC were well 
maintained, while those of the ACF networks activated at 350 oC 
and 375 oC had collapsed. Therefore, ACF networks activated at 
350 oC and 375 oC cannot be used as network electrodes due to 
their collapsed form, despite their excellent porosity and surface 
structure.

Table 1 lists the specific surface areas and pore structures of 
the ACF network electrodes activated at various temperatures. It 
shows that all the samples have a large micro-pore volume with 
a diameter of approximately 2 nm. As the activation tempera-
ture increases, meso-pores with a size of 2 nm or larger begin 
to develop, and the average pore diameter expands. In contrast, 
the specific surface area and the total pore volume decrease with 
increasing activation temperature. Fig. 3 shows the isotherms of 
all the samples appearing to be Type I according to the IUPAC 
classification, implying that they mostly include micro-pores. 
The absence of a hysteresis loop between the adsorption and 
desorption isotherms means that the pores are tubular or wedge-
shaped. Meanwhile, the ACF network electrodes activated at 
375 oC exhibited a hysteresis loop due to the capillary condensa-
tion of nitrogen in the increased meso-pores formed at a higher 

Fig. 2. Thermogravimetric analysis of the ACF network at a heating rate 
of 10 °C/min under an air atmosphere [27].

Table 1. Specific surface area and pore structures of ACF network electrodes activated at various temperatures [27].

SSA
(m2/g)

Vtotal

(cm3/g)
Vmicro

(%)
Vmeso&macro

(%)
Dave

(nm)

ACF 1256 0.515 91.5 8.5 1.637

300 oC 674 0.278 92.1 7.9 1.651

325 oC 634 0.264 91.3 8.7 1.666

350 oC 606 0.254 89.8 10.2 1.675

375 oC 281 0.129 81.4 18.6 1.829

SSA: specific surface area, Vtotal: total pore volume, Vmicro: micro-pore volume, Vmeso&macro: meso & macro-pore volume, Dave: average pore diameter.

Fig. 3. N2 adsorption/desorption isotherms of ACF network electrodes 
activated at various temperatures [27].
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nient pathway for ion and electron transport.
In summary, we fabricated ACF networks using a facile net-

work-making method for application as electrodes for EDLCs. 
Commercial ACFs were used for network fabrication, and phe-
nol resin was employed as a binding material for the dimensional 
stability of the ACF networks. Also, O2 activation was conduct-
ed to improve the electrochemical performance. The fabricated 
ACF network electrodes were used as working electrodes. From 
the CV results, the ACF network electrodes exhibited ideal ca-
pacitive behavior with an almost rectangular shape, and redox 
peaks due to the Faradaic reaction were observed because of the 
functional groups generated by O2 activation.
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