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Electrochemical double-layer capacitors (EDLCs), which are generally known as super 
capacitors, have been considered as power sources in telecommunication devices, standby 
power systems, and portable electronic devices [1]. EDLCs are promising energy storage 
devices for applications that require longer lifecycles, higher power capabilities, exceptional 
cycle lifetimes, and high rate performance [2-5]. The capacitance of an EDLC depends on 
the surface area of the electrode materials. Thus, carbons materials with porous structures, 
such as activated carbon (AC) and carbon nanotubes, are attractive because of their large 
surface area, unique pore structure, good adsorption properties, and electrochemical stability 
[6-8]. The high specific surface area of AC is expected to endow EDLCs fabricated with AC 
with outstanding electrochemical performance. Developing AC materials with an appropri-
ate surface area, pore size and shape is crucial for increasing their capacity. Researchers have 
attempted to control these aspects of AC materials, but AC material development is still chal-
lenging. In recent years, AC fibers have received attention for their potential applications. 
Their structural and electronic properties make them applicable as electrodes in EDLCs [9]. 

KOH chemical activation is an effective treatment used to prepare AC containing micro-
pores with a homogeneous pore-size distribution [10]. Chemical activation leads to a higher 
yield and more porosity in comparison to physical activation processes, such as steam or car-
bon dioxide activation. Activated carbon fibers (ACFs) are commercially produced with low 
yield and low porosity by physical activation using carbon dioxide or steam. AC pores can 
be classified as micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) [11]. 
Micropores result in a high surface area, which is crucial for charging an electrical double 
layer and determining the capacitance value. In general, KOH activation leads to a higher 
specific surface area and larger pore volume than ZnCl2 activation [12]. 

Lyocell fibers are 100% manmade cellulose fibers spun from wood or cotton pulp in a 
closed amine-oxide solvent system. They have attracted attention because of their environ-
mentally friendly production process and unique fiber properties [13]. Additionally, these 
fibers have unique characteristics in different states, such as a higher tenacity and modulus in 
the dry state and a lower tenacity and modulus in the wet state [14]. Therefore, lyocell fibers 
are excellent precursors for creating high-performance carbon fibers. 

In this work, we used lyocell fibers as precursors to prepare porous carbon fibers with a 
pore volume and micro-sized pore diameter suitable for EDLCs. To produce lyocell-based 
ACFs with a micropore structure, heat treatment and chemical activation were conducted us-
ing a KOH activating agent. The morphology, texture, and electrochemical properties of the 
prepared samples were investigated. The influence of the pore structure on the electrochemi-
cal properties was also examined.

The precursor of the lyocell-based carbon fibers (LCFs) used in this work was lyocell 
fibers supplied by the Kolon Company in Korea. KOH (potassium hydroxide, 95.0%; Samc-
hun, Korea) was used as an activation agent to obtain the lyocell-based ACFs (LACFs). The 
electrodes were prepared by mixing 80 wt% ACFs, 10 wt% carbon black (Super P; Timcal 
Ltd., Switzerland), and 10 wt% polyvinyldine fluoride (PVDF; Aldrich, USA) in N-methyl 
pyrrolidone (NMP; Aldrich, USA) to obtain a slurry. The slurry was painted on a titanium 
plate. After drying the plate in an oven at 100°C, the resulting electrode was pressed at a 
pressure of 200 bars for 10 min at 150°C.
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sented in Fig. 1b-d. As the KOH concentration increased from 2 
M to 6 M, the fiber diameter decreased by approximately 7% to 
23% (2 M: 6.75±0.2 μm, 4 M: 6.38±0.3 μm, and 6 M: 5.62±0.1 
μm) for the LCFs. The decrease in the fiber diameter may have 
been caused by a KOH activation burn-off phenomenon [15]. 

The nitrogen adsorption/desorption isotherms of the LCFs 
and LACFs are presented in Fig. 2a. The relative pressure (P/P0) 
of the non-activated LCF sample was almost constant despite 
absorption of an increasing quantity, which indicated a nonpo-
rous material. In contrast, the adsorption of the KOH-activated 
samples steeply increased below 0.05 P/P0 and was constant 
above 0.05 P/P0. A drastic increase in the adsorbed quantity 
below a certain relative pressure (P/P0) and a constant value at 
the end of the isotherm typically indicate a microporous struc-
ture, which is designated as a Type І profile [16]. Type І profiles 
mainly show a powerful adsorption intensity or an absorbent 
with a micropore volume [17]. Therefore, 2K-LACF, 4K-LACF, 
and 6K-LACF were presumed to be similar microporous materi-
als. The micropore volume and BET specific surface area of the 
4K-LACF sample were expected to be the highest based on the 
initial adsorbed quantity and total quantity of adsorbed nitrogen. 

Fig. 2b shows the pore-size distributions of LCFs and LACFs 
that were investigated using the density functional theory (DFT) 
method according to N2 adsorption at 77 K. As expected from 
the nitrogen adsorption/desorption isotherms, all of the LACFs 

Lyocell fibers were stabilized at 250°C for 20 min under an 
air atmosphere in a furnace. After stabilization, the stabilized 
fibers were carbonized at 800°C for 1 h under a nitrogen atmo-
sphere at a heating rate of 5°C/min. The heat-treated fibers were 
then cooled down to room temperature. KOH solutions (2, 4, and 
6 M) were prepared for chemical activation. The carbon fibers 
were placed in an alumina boat in a furnace at a ratio of KOH 
solution/carbon fibers=20 mL g–1. In addition, chemical activa-
tion was conducted at 700°C for 3 h in a nitrogen atmosphere. 
After chemical activation, the samples were washed with dis-
tilled water to remove residual potassium and dried in an oven 
at 100°C for 24 h. These ACFs were labeled as LCF, 2K-LACF, 
4K-LACF and 6K-LACF according to the KOH concentrations 
(0, 2, 4 and 6 M, respectively).

To examine the surface morphology of the prepared LACFs, 
scanning electron microscope (SEM) images were obtained by 
sputter coating the samples with platinum using a field-emis-
sion scanning electron microscope (FE-SEM; S-5500, Hitachi, 
Japan). The nitrogen adsorption/desorption isotherms and the 
textural properties of the materials were determined by a con-
ventional volumetric technique at 77 K using nitrogen with a 
Micromeritics ASAP 2020 (USA) volumetric adsorption ap-
paratus. The Brunauer-Emmett-Teller (BET) specific surface 
area and pore volumes were calculated by BET surface analy-
sis based on the adsorption data. The electrochemical proper-
ties of the prepared LACF-based electrode were examined by 
a Compacstat electrochemical interface (Ivium Technologies, 
The Netherlands) using a three-electrode assembly. The pre-
pared LACF-based electrode was used as the working electrode, 
and Ag/AgCl and a platinum wire were used as the reference 
and counter electrodes, respectively. The electrochemical mea-
surements were carried out in a 1 M H2SO4 electrolyte. Cyclic 
voltammetry (CV) of the electrode materials was performed 
over a potential range of 0 to 1 V. 

Fig. 1 shows SEM images of the LCFs (Fig. 1a) and LACFs 
(Fig. 1b-d) prepared using various concentrations of KOH. The 
surfaces of the LCFs and LACFs were smooth and clear, as 
shown in Fig. 1. The average diameter of the heat-treated carbon 
fibers (Fig. 1a) was 7.26±0.1 μm and relatively uniform. Mean-
while, the effect of KOH activation on the morphology is pre-

Fig. 1. FE-SEM images of (a) LCF, (b) 2K-LACF, (c) 4K-LACF, and (d) 6K-
LACF samples.

Fig. 2. Textural properties of LCFs and LACFs: (a) nitrogen isotherms 
and (b) pore-size distributions of LCFs and LACFs obtained by the DFT 
method.
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KOH chemical activation [24]. Additionally, the intensity of the 
redox reaction peaks increased as the KOH concentration in-
creased [25].

The specific discharge capacitances (C; F g–1) of the LACF 
electrodes were calculated by [27]

 (2)

where C is the specific capacitance of the cell in F g–1, w is 
the mass of the active material, i is the current flow for time 
dt, and ∆V is the potential window in which the current flows. 
The calculated specific capacitance of the LCFs was 0 F g–1 at 
both 5 and 50 mV s–1 due to their nonporous property. Addition-
ally, the calculated specific capacitances were 24 and 3 F g–1 for 
2K-LACF, 159 and 148 F g–1 for 4K-LACF, and 121 and 112 F 
g–1 for 6K-LACF at 5 and 50 mV/s, respectively. The specific 
capacitances increased with increasing KOH concentration, ex-
cept for the 6K-LACF sample. This phenomenon is attributed 
to the BET specific surface areas and the total pore volumes of 
the activated samples increasing with the KOH concentration. 
Moreover, the well-developed micropore volume of 0.5 to 2.0 
nm in 4K-LACF resulted in a higher specific capacitance than 
that of 0.6 to 0.7 nm in 6K-LACF.

To prepare LACFs, heat treatment and KOH chemical activa-
tion of carbon fibers were conducted. The diameter of the LACFs 

had a micropore volume. All samples showed an irregular pore-
size distribution below 2.3 nm after the KOH chemical activa-
tion. In the process of KOH chemical activation, micro-channels 
develop vertically upon chemical attack by KOH, resulting in 
such a pore-size distribution [18]. In the 6K-LACF sample, the 
micropore volume of 0.6 to 0.7 nm was large (0.17 cm3 g–1), but 
the micropore volume of 0.5 to 2 nm was smaller than that of the 
4K-LACF sample. Table 1 provides the detailed textural proper-
ties of the prepared samples. The BET specific surface areas and 
total pore volumes of the KOH-ACFs were 352 to 1060 m2 g–1 
and 0.22 to 0.43 cm3 g–1, respectively. The BET specific surface 
areas of the 4K-LACF and 6K-LACF samples were more than 
1000 m2 g–1 larger than that of the 2K-LACF sample. The KOH 
activation reaction with carbon materials is represented as fol-
lows (Eq. 1):

6KOH + C ↔ 2K + 3H2 + 2K2CO3 (1)

This reaction is followed by the decomposition of K2CO3 and 
the reaction of K/K2CO3/CO2 with carbon materials [19,20]. 
Carbon materials can be oxidized by KOH, and the BET specific 
surface area and total pore volume increase due to the increas-
ing micropore volume. Therefore, the BET specific surface area 
and total pore volume of the KOH-ACFs should increase as the 
KOH concentration increases. However, the BET specific sur-
face and total pore volumes of 6K-LACF slightly decreased in 
comparison with those of 4K-LACF. This is because potassium 
can infiltrate the interior of the carbon structure and facilitate 
activation via the interaction of potassium with carbon [21], and 
this phenomenon is attributed to a micropore-merging effect. 
Micropores can be merged by the generation of carbon monox-
ide or carbon dioxide in the presence of an excess concentration 
of KOH [22].

Fig. 3 shows the CV plots of the LACFs obtained at scan 
rates of 5 and 50 mA s–1. Because non-ACFs are a nonporous 
material, we excluded the CV plots of the LCF sample. Inclined 
rectangular and leaf-like CV curve shapes were observed due 
to the influence of the ohmic resistance, which was induced by 
electrolyte motion in the fiber pores during double-layer forma-
tion [23,24]. All of the electrodes exhibited inclined rectangular 
CV shapes with redox reaction peaks at 0.3 to 0.4 V, which in-
dicated the occurrence of a pseudo-faradaic reaction caused by 
O functional groups at 5 mV s–1, as shown in Fig. 3a [25,26]. 
Oxygen functional groups, such as ether/hydroxyl, carbonyl, 
and carboxyl groups, were introduced on the carbon surface via 

Table 1. Textural properties of LCFs and LACFs

Sample Ss (m2 g–1)a) Vt (cm3 g–1)b) Vmic (cm3 g–1)c) Vmes (cm3 g–1)d)

LCF  5 0.14 - -

2K-LACF 352 0.22 0.14 -

4K-LACF 1060 0.43 0.43 -

6K-LACF 1029 0.41 0.40 0.01
a)BET specific surface area.
b)Total pore volume.
c)Micropore volume.
d)Mesopore volume.

Fig. 3. Cyclic voltammograms of KOH-activated carbon fiber electrodes 
at (a) 5 mV s 1 and (b) 50 mV s 1. 
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gradually decreased as the KOH concentration and number of 
surface oxygen functional groups increased. The BET specific 
surface areas and micropore volumes of the LACFs ranged from 
352 to 1060 m2 g–1 and from 0.22 to 0.43 cm3 g–1, respectively. 
Due to the micropore-merging effect, the BET specific surface 
area and micropore volume of samples treated with excess 
KOH decreased. The EDLC performance was enhanced with 4 
M KOH-activated LCFs, and these samples showed a specific 
capacitance of 159 and 121 F g–1 at scan rates of 5 and 50 mV 
s–1, respectively. These results may be attributed to the increased 
BET specific surface area and total pore volume obtained at this 
KOH concentration. Additionally, the results indicate that a mi-
cropore volume of 0.5 to 2.0 nm is more effective than that of 
0.6 to 0.7 nm for higher specific capacitances. In conclusion, an 
appropriate KOH treatment to induce a higher BET specific sur-
face area and total pore volume is a crucial factor in preparing 
electrode materials for EDLCs.
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