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Abstract: Electrodes has been prepared for application in 
an electric double layer capacitor (EDLC) based on poly-
ethylene glycol lignin (PEGL) and soda lignin (SL) derived 
from cedar wood. Fibers with a diameter of 23 μm were 
prepared by direct melt electrospinning of PEGL. Much 
finer fibers of 3.6 μm diameter were obtained by dry elec-
trospinning of 70% PEGL in a dimethyl formamide (DMF) 
solution at 145°C. The dry electrospinning of SL alone in 
an alkaline aqueous solution was not achievable, but this 
was possible of a mixture of SL and polyethylene glycol 
(Mw = 500 000) at a ratio of 99/1, which resulted in thin 
SL fibers with a diameter of 0.85 μm. These fibers were 
converted into activated carbon fibers (ACFs) by thermo-
stabilization, carbonization, and steam activation. The 
specific Brunauer, Emmett and Teller (BET) surface areas 
of the resulting PEGL-ACFs and SL-ACFs were 1880 m2 g-1 
and 1411 m2 g-1, respectively. PEGL-ACFs electrodes with an 
organic electrolyte exhibited an impedance of 1.6 Ω and 
a specific capacitance of 92.6 F g-1 at a scan rate of 1 A g-1, 
and the SL-ACFs electrodes had an impedance and spe-
cific capacitance of 4.5 Ω and 55.6 F g-1, respectively.

Keywords: activated carbon fibers, BET surface area, 
carbon fiber diameters, dry electrospinning, electric 
double layer capacitor, melt electrospinning, polyethylene 
glycol lignin, porosity, soda lignin, steam stabilization, 
thermostabilization

Introduction

Lignin, a major component of wood, is a by-product 
of the pulping industry and it is primarily burned for 
energy recovery after concentration of the black liquor. 
Its use in other applications, such as dispersants (Aso 
et al. 2013), resins (Matsushita et al. 2006) and adhesives 
(Feldman 2002), has been investigated. However, only 2% 
of lignins (ca. 106 t y-1 of lignin sulfonates and  < 105 t y-1 of 
kraft lignins) are commercially utilized (Calvo-Flores and 
Dobado 2010). This is the reason why research activities 
are directed toward the development of high value-added 
materials from industrial lignins.

One of the current topics is to develop lignin based 
carbon materials, such as activated carbon and acti-
vated carbon fibers (ACFs) (Suzuki et  al. 2008; Dobele 
et al. 2013; Huang and Zhao 2016). More recently, several 
papers described the preparation of electric double layer 
capacitor (EDLC) electrodes from lignin (Hu et  al. 2014; 
Ruiz-Rosas et al. 2014; Zhang et al. 2014). You et al. (2015) 
also reported the preparation of electrodes from fine fibers 
of acetic acid lignin (AAL) for application in EDLCs. The 
electrostatic capacitance (C) is a relevant property of 
EDLCs, which depends on the surface area (A) of carbo-
naceous materials as one of the electrode components, 
and on the distance (d) between electrolyte ions and car-
bonaceous materials according to the following equation: 
C = εA/d, where ε is the dielectric constant of the electro-
lyte (Chmiola et al. 2006). The strategy in our laboratory 
is the preparation of ACFs as carbonaceous materials with 
large surface areas. To this purpose, fine fibers have to 
be prepared by electrospinning in AAL/acetic acid solu-
tion; this dry electrospinning process is a well-known 
spinning method for obtaining fine fibers or nanofibers 
(Reneker and Chun 1996; Greiner and Wendorff 2007). In 
this process, the spinning molecules are highly charged 
and stretched by the electrostatic field. The fiber diameter 
is decreased during fiber formation due to electrostatic 
repulsion between the charged molecules (Huang et  al. 
2003). Fine AAL fibers with a diameter of 5.2 μm were 
obtained by dry electrospinning, and the fibers could be 
converted to ACFs with a Brunauer, Emmett and Teller 
(BET) specific surface area  > 2000 m2 g-1. Finally, EDLCs 
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was successfully assembled from ACFs and an organic 
electrolyte that had valuable electrochemical properties, 
including a specific capacitance of 133.3 F g-1 at a scan rate 
of 1 A g-1 and an energy density of 40 kW kg-1.

In this study, the preparation of fine fibers was 
attempted by a new method of melt electrospinning, 
that combines melt spinning and electrospinning. Melt 
electrospun fibers can be expected to have advantages 
over conventional melt spun and dry electrospun fibers. 
The former produces thinner fibers than the latter, and 
it is more environmentally benign and less expensive 
because no solvent is needed in the preparation of the 
spinning dope. To achieve successful melt electrospin-
ning, poly ethylene glycol lignin (PEGL) was applied that 
was obtained by organosolv pulping of cedar wood with 
PEG 400 (Lin et al. 2012). PEGL was more thermally active 
with a lower glass transition temperature (Tg) and thermal 
flow- starting temperature (Tf) than AAL, which has been 
reported to be a fusible lignin (Uraki et al. 1995). In general, 
softwood lignins have lower thermal mobility than the 
corresponding hardwood lignins (Kubo et al. 1998).

The organosolv lignins AAL and PEGL are not com-
mercially available. Thus, EDLC was assembled from soda 
lignin (SL) based ACF. Soda pulping has been well studied 
by the Forestry and Forest Products Research Institute, 
Tsukuba, Japan as a delignification process for bioethanol 
production based on cedar wood via enzymatic sacchari-
fication. Therefore, SL may be regarded as a commercially 
available technical lignin (Gosselink et al. 2004). However, 
cedar SL is not fusible; thus, SL was converted to fibers by 
dry electrospinning. Finally, PEGL and SL fine fibers were 
converted to ACFs, EDLCs and assembled with the resultant 
ACFs and an organic electrolyte, and their electrochemi-
cal performance was evaluated. The flow diagram of ACFs 
preparation and EDLC assembly is presented in Figure 1.

Materials and methods
Lignin preparations: Cedar wood chips were subjected to soda 
pulping (Shibuya et al. 2015). The pulping conditions: pulping liquor 
was a 3.5% NaOH aqueous solution with 0.1% anthraquinone (b.o. 
dry weight); liquor-to-wood ratio of 5:1; heating time from room tem-
perature (r.t.) to 170°C over 1.5 h and then maintained at 170°C for 3 h. 
The pulping was conducted in the Department of Biomass Chemistry, 
FFPRI (Tsukuba, Japan).

PEGL was isolated from cedar chips by organosolv pulping with 
PEG 400, which was purchased from Nacalai Tesque. Inc. (Kyoto, 
Japan) to obtain a PEGL powder according to Lin et al. (2012).

Melt electrospinning of PEGL: A melt electrospinning apparatus 
(Figure  2) was manufactured in the machinery laboratory of the 
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Figure 1: Flow diagram of ACFs preparation and EDLCs assembly.
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Figure 2: Schematic for the melt electrospinning setup.

Graduate School of Science, Hokkaido University. A spinneret is com-
posed of a glass tube covered by a silicon-oil heater at the top and a 
metal needle as a nozzle (inside diameter, 0.8 mm) at the bottom. 
The distance between the nozzle and the rotary collector is 6 cm. An 
electrode from a high-voltage power supply is connected to the metal 
nozzle, and the fiber collector is connected to ground. PEGL powder 
was introduced into the glass tube, and the tube was then sealed and 
heated. When the temperature of the tube reached 175°C, a voltage 
of 20  kV was applied. The resulting fine fibers (spinning speed of 
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approximately 0.5 g h-1) were collected on the rotary collector. Simi-
larly, PEGL/dimethyl formamide (DMF) mixtures (70–90% by wt.) 
were electrospun by the same spinning apparatus at 145–150°C and 
a voltage of 20 kV.

Dry electrospinning of SL: SL alone and a mixture of SL and PEG 
500 000 (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan) 
at SL/PEG ratios of 99/1 and 95/5 (w/w) were separately dissolved in 
DMF with stirring for 2.5 h at 80°C to prepare 35% solutions. The SL/
DMF solution and the DMF solution of SL/PEG were subjected to dry 
electrospinning at r.t. under the following conditions: 25 kV; solution 
flow rate, 0.05 ml min-1; and tip-collector distance, 13 cm.

Thermostabilization, carbonization and activation: Chemical ther-
mostabilization of melt electrospun PEGL fibers was conducted as 
previously described (Lin et al. 2013). The PEGL fibers were immersed 
in 4 M or 6 M HCl for 1 or 2 h at 100°C and were then washed repeat-
edly with distilled water until the pH of the washings became 7. The 
treated fibers were dried in an oven at 105°C overnight. Afterwards, 
the fibers were heated to 250°C at a heating rate of 2°C min-1, and the 
temperature was maintained for 1 h to obtain PEGL-based chemically 
thermostabilized fibers.

Electrospun SL fibers were produced by conventional oxidative 
thermostabilization. The SL fibers were directly heated without a 
chemical treatment to 250°C at a heating rate of 5°C min-1 and main-
tained at 250°C for 1 h to yield SL-based thermostabilized fibers.

Carbonization: The two types of thermostabilized fibers were car-
bonized under an N2 stream at 1000°C for 1  h at a heating rate of 
3°C min-1. The resultant carbon fibers (CFs) were, in turn, transformed 
to ACFs by steam activation at 900°C for 1 h (heating rate, 10°C min-1) 
under an N2 stream at a flow rate of 0.5 l min-1. For activation, 180 ml 
of water was dropped on a hot template at 150°C and a flow rate of 
0.5  l  h-1, and the generated steam was introduced into the furnace 
with an N2 stream. The fibers that were obtained from PEGL and SL 
are referred to as PEGL-ACFs and SL-ACFs, respectively.

EDLC assembly: EDLCs were assembled from the resultant ACFs 
and other additives as previously described (You et  al. 2015). 
Briefly, SL-ACFs and PEGL-ACFs were ground together with con-
ductive carbon black (CB, Super P conductive, 99+%, Alfa Aesar, 
Heysham, UK), and the mixtures were suspended in 2% aqueous 
sodium carboxymethyl cellulose (CMC, Wako Pure Chemical Indus-
tries, Co., Ltd., Osaka, Japan) solution. In the solution, the ratio 
of ACF:CMC:CB was 85:10:5 (b.o. dry weight). The mixture was 
then ultrasonicated for 2 h to yield a homogeneous slurry of elec-
trode constituents. After this, Al foil (0.1  mm thick, 99.99% pure) 
was coated with the suspension and lignin-based electrodes were 
obtained by cutting the coated foil into 16  mm diameter circular 
sheets. The Al foil and a piece of paper (2  cm in diameter, 33 μm 
in thickness (Mitsubishi Paper Mills Ltd. (Tokyo, Japan) that served 
as a separator were immersed in an electrolyte solution (1.0 M tri-
ethylmethylammonium tetrafluoroborate (TEAMBF4/PC) solution), 
and the air in the foil and sheet was removed under a vacuum for 
3 h at r.t. One of the resultant Al foils was placed on the bottom of 
an electrode flat cell (Eager Corporation, Japan), and a cellulosic 
separator was placed on the foil. Afterwards, the other Al foil was 
placed on the separator. Finally, a steel plate, which was connected 
to the analyzer, was placed on the upper Al foil.
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Figure 3: TMA of PEGL powder.

Instrumental analyses: Thermomechanical analysis (TMA) was 
conducted on a TMA-4000S System (MAC Science System 010, MAC 
Science, Yokohama, Japan) with a constant load of 5 g in a tempera-
ture range of 30–300°C under an N2 flow of 0.15 l min-1. The Tg and Tf 
were estimated from the first and second transition points in the TMA 
profiles, respectively (Kubo et al. 1996).

Fiber morphology was observed by an optical microscope (VK-
9500 Violet Laser Color 3D profile microscope, Keyence Japan, Osaka, 
Japan), and a scanning electron microscope (SEM, JSM-6301F, JOEL 
Ltd., Tokyo, Japan) for gold-coated samples at an accelerating volt-
age of 5 kV.

N2 adsorption/desorption isotherms were monitored at -196°C 
by means of a surface area analyzer (Autosorb-1, Quantachrome, 
Tokyo, Japan). The specific surface area was calculated from the 
N2  adsorption isotherms in the relative pressure (P/P0) range of 
 0.02–0.30 according to the BET model (Fitzer and Müller 1975; Sing, 
1985). The total pore volume and the average pore size were cal-
culated from adsorption isotherms based on the Quenched Solid 
 Density Functional Theory (QSDFT) model (Neimark et al. 2009).

The electrochemical performance, specific capacitance, and 
impedance of the EDLCs were evaluated at an electrochemical work-
station (Autolab PGSTAT302N FRA32M, Metrohm Autolab B.V., Tokyo, 
Japan). The specific capacitances were measured separately by cyclic 
voltammetry (CV) in a potential window of 0–3 V at a scan rate of 
0.01-0.1 V s-1 and by galvanostatic charge/discharge (GCD) at a current 
density of 1 A g-1 according to equations 2 and 3 in the supplemen-
tary materials (Kim et al. 2013; You et al. 2015). The impedance was 
measured by electrochemical impedance spectroscopy (EIS) between 
100 kHz and 10 mHz with an AC amplitude of 10 mV and the data 
were calculated from Nyquist plots.

PEG content was measured according to (Homma et  al. 2008) 
approximately 0.2 g of a sample and 5  ml of HCl were mixed in a 
branched eggplant flask and then heated at 145°C for 90 min. All con-
tents in the glass vessel were washed out with about 125 ml of 20% KI 
solution after cooling and then subjected to iodometric titration with 
0.1 mol l-1 sodium thiosulfate solution. PEG content was calculated:

 PEG% [ - / 1000 ] 0.1 ( 44/ 2 ) ( 1/ ),( )s b sV V W= × × ×  (1)

where Vs and Vb denote the titration volume of Na2S2O3 for a sample 
and blank, respectively; Ws stands for the sample weight.
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Cyclic voltammetry (CV) was monitored with a potential window 
from 0 to 3 V at different scan rates from 0.01 to 0.1 V s-1, and specific 
capacitance was calculated from cyclic voltammogram according 
to (Qu and Shi 1998). Herein, C1.5 (approximate value of real specific 
capacitance) at intermediate value in the potential range:

 =1.5 4 /( / ),C I mV t  (2)

where I is the current formed at the potential of 1.5 V, V/t is the poten-
tial scanning rate, and m refers to the total weight of the materials on 
two electrodes.

Galvanostatic charge/discharge (GCD) measurements were 
carried out at a current density of 1 A g-1 within the voltage range of 
0–3 V. The specific capacitance, C, for a single electrode was calcu-
lated from the GCD curves (Qu and Shi 1998):

 =4 (  / ),C i m dV dt  (3)

where i is the applied current, CMC and CB, and dV/dt is the slope 
obtained by fitting a straight line to the discharge curve over the 
range from 1.8 V to 1.35 V (60%–45% of Vmax, where Vmax is the maxi-
mum value of the operating potential window).

a b

c d

e

Figure 4: Images of melt electrospun PEGL fibers from (a) PEGL; PEGL/DMF at PEGL percentages of (b) 90%, (c) 80%, and (d) 70%; 
and (e) SL.
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Results and discussion
Melt electrospinning of PEGL

A PEGL with a PEG content of 46.4% was obtained by 
organosolv pulping. The Tg and Tf of this PEGL were deter-
mined by TMA to evaluate the thermal properties. As 
shown in Figure 3, the TMA profile of PEGL displays two 
transition points at 106.6°C and 173.5°C, which correspond 

to the Tg and Tf, respectively (Kubo et al. 1996). These two 
transition temperatures are slightly lower than those of 
hardwood AAL, which has a Tg of 128°C and a Tf of 177°C 
(Uraki et  al. 1995). Therefore, fusible PEGL is thermally 
more active than AAL. PEGL may be a more suitable mate-
rial for melt electrospinning because it is less time and 
energy consuming.

PEGL was directly subjected to melt electrospinning. 
At a nozzle temperature of approx. 175°C and an applied 

a b

c d

e

Figure 5: Images of melt electrospun fibers after chemical thermostabilization at a heating rate of 2°C min-1: (a) PEGL; PEGL/DMF at PEGL 
percentages of (b) 90%, (c) 80%, and (d) 70%; and (e) SL.
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Figure 6: TMA of 70% PEGL/DMF fibers before (a) and after (b) 
chemical thermostabilization.

voltage of 20 kV, PEGL was successfully melt electrospun 
into fibers (Figure 4a). The average diameter of the melt 
electrospun PEGL fibers was 18.0 μm, which is smaller 
than that of conventional melt spun PEGL fibers (23.0 μm) 
(Lin et  al. 2012) but larger than that of AAL electrospun 
fibers (5.2 μm). To produce thinner fibers without chang-
ing the nozzle size, a small amount of solvent, DMF, was 
added to reduce the lignin concentration and the polymer 
viscosity.

PEGL/DMF mixtures at 70, 80 and 90% PEGL content 
were prepared and subjected to dry electrospinning in 
the same spinning apparatus as for melt electrospinning. 
The PEGL/DMF mixtures could be melt electrospun into 
fibers at a lower temperature (145–150°C) than could be 
done by PEGL alone. As shown in Figure 4b, thin fibers 
with a diameter of 7.6 μm could be obtained by the addi-
tion of 10% DMF. Increasing the DMF content to 20% led 
to a decrease in the fiber diameter to 3.5 μm, and the thin-
nest fibers, with a diameter of 3.2 μm, were obtained with 
30% DMF. No heating the spinneret produced conditions 
that mimic the normal dry electrospinning of the solution, 
and fibers could not be obtained from these highly con-
centrated PEGL/DMF solutions. Compared with conven-
tional dry electrospinning, melt electrospinning not only 
remarkably decreases the diameter of the fibers but also 
reduces the amount of solvent and lowers the spinning 
temperature, thereby decreasing the cost of the produc-
tion process.

Dry electrospinning of SL

Dry electrospinning of SL alone in DMF was incapable 
for producing fine fibers because droplets formed on 
the collector. Hence, dry electrospinning of a mixture of 
SL and PEG was attempted because the addition of high 
molecular weight polyethylene oxide (Mw = 106 g mol-1) was 
reported to improve the spinnability of lignin (Dallmeyer 
et al. 2010). A mixture of SL and PEG 500 000 at a ratio of 
99/1 in DMF (35%) could be electrospun into thin fibers 
with an average diameter of 0.85 μm (Figure 4e). However, 
when the content of PEG 500  000 was increased, the 
solution could not be spun constantly because of its high 
viscosity.

Thermostabilization of PEGL and SL fibers

As shown in Figure 5, PEGL fibers treated with 4 M HCl at 
100°C for 1 and 2 h both melted. In contrast, fibers treated 
with 6 M HCl at 100°C for 1 h partially melted. When the 

treatment time was increased to 2 h, the resultant fibers 
became infusible. This was attributed to the release of 
PEG moieties from the PEGL by acid hydrolysis (Lin et al. 
2012), which resulted in suppression of the thermal mobil-
ity of PEGL fibers.

The TMA profiles of the resultant fibers (Figure 6) also 
supported the results of the visual inspection of fusibility. 
Before chemical thermostabilization, the fibers had a Tg 
of 119.2°C and a Tf of 182.8°C (Figure 6a). Noticeably, after 
chemical thermostabilization (6  M HCl at 100°C for 2  h 
and thermal treatment in air at 250°C for 1 h, for a total of 
3 h), the Tf was eliminated from the TMA profile, and the 
Tg was significantly increased to 190.2°C (Figure 6b). Thus, 
the thermal mobility of the PEGL fibers was dramatically 
suppressed by chemical thermostabilization. The entire 
process for the conversion to infusible fibers was com-
pleted in 5 h, and this short treatment time contributes to 
the time and energy savings.
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As shown in Figure 5e, SL fibers could be thermo-
stabilized by a heating rate of 5°C min-1 for a conventional 
 oxidative treatment with air. The heating rate was com-
parable to the highest heating rate previously reported, 
which was carried out with kraft lignin (Dallmeyer et al. 
2014). The simple conversion of SL to an infusible form can 
be attributed to the low thermal mobility of the original 
SL, which is attributed to its highly condensed structure.

Preparation of ACFs by carbonization and 
activation

To prepare CFs, the thermostabilized fibers were sub-
jected to carbonization. The SEM images in Figure  7a 
demonstrate that that the resultant PEGL-CFs main-
tained their fiber morphology with a diameter of 2.6 μm 
and that defects were observable on the fiber surface; 
these defects were likely caused by the HCl treatment 
during chemical thermostabilization and the thermal 
removal of a portion of the residual PEG moieties from 
the fibers (Lin et  al. 2012). SL-CFs with a diameter of 

0.7 μm were obtained from the thermostabilized fibers, 
as shown in Figure 7b. In contrast to the defects that 
were observed in the PEGL-CFs surface, SL-CFs exhib-
ited more distinctive pores in the surface, indicating 
that the SL fibers were more easily removed during 
thermal carbonization.

Figure 7c and d depict the morphology of the resultant 
PEGL- and SL-ACFs, respectively. Steam activation caused 
the fiber diameter of the PEGL-ACFs to decrease to 1.9 μm. 
In contrast, SL-ACFs had a much smaller fiber diameter of 
270 nm (nanofiber level) and a more porous structure on 
the surface and the inside of the fibers.

Surface area and porosity of ACFs

The BET specific surface area and porosity parameters, 
along with the pore volumes and average pore diameters, 
are listed in Table  1. PEGL-CFs had a large BET surface 
area of 1114 m2 g-1, whereas SL-CFs had a smaller value of 
635 m2 g-1. Both CFs were converted to ACFs under the same 
activation conditions with 180  ml at 1000°C. The BET 

a b

c d

Figure 7: Images of CFs and ACFs: (a) PEGL-CFs; (b) SL-CFs; (c) PEGL-ACFs; and (d) SL-ACFs.
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Figure 8: CV of (a) PEGL-ACFs and (b) SL-ACFs based EDLCs at differ-
ent scan rates.

Table 1: Surface area and pore parameters of carbonaceous materials and the properties of the assembled EDLC.

Sample

  Activation 
yield  

(%)

  Specific 
surface area 

(m2 g-1)a

  Total pore 
volume 
(ml g-1)b

  Avrg. pore 
diam. 
(nm)b

  Specific 
capacitance 

(F g-1)c

  Intrinsic 
resistance 

(Ω)

PEGL-CFs   –  1114  0.48  0.90  –  –
SL-CFs   –  635  0.47  2.97  –  –
PEGL-ACFs   41.8  1880  0.83  0.91  92.6  1.6
SL-ACFs   70.0  1411  1.67  4.73  55.6  4.5

Calculated by the aBET model, bQSDFT model, and the cGCD method.

surface area of the PEGL-ACFs was increased to 1880 m2 g-1 
with an average pore diameter of 0.91 nm. In  contrast, the 
BET surface area of the SL-ACFs was only 1411 m2 g-1. In 
addition, its average pore diameter of 4.73 nm was much 
larger than that of the PEGL-ACFs. It has been reported 
that the difference in the BET surface area and the pore 
diameter of PEGL-ACFs and SL-ACFs affects the electric 
performance of the EDLCs (Chmiola et al. 2006).

Electrochemical properties

The electrochemical performances of EDLCPEGL-ACFs and 
EDLCSL-ACFs were evaluated by CV, GCD and EIS. CV meas-
urements were conducted at three different scanning 
rates of 0.01, 0.05 and 0.1 V s-1 between 0 and 3.0 V. The 
obtained CV curves are presented in Figure  8. All of the 
CV curves for the EDLCPEGL-ACFs exhibited an approximately 
rectangular shape at the three scanning rates (Figure 8a); 
this shape is similar to a typical CV profile for EDLCs with 
stable performance, as previously reported (Wang et  al. 
2012), indicating that the electric double layer was well-
formed. According to equations (2) and (3), the specific 
capacitances at the scan rates of 0.01, 0.05 and 0.1 V s-1 
were calculated to be 67.0, 69.7 and 67.1 F g-1, respectively. 
Regarding the EDLCSL-ACFs, all of the CV curves obtained at 
all scan rates also showed the typical rectangular shape 
(Figure 8b), suggesting the adequate formation of an elec-
tric double layer. At scan rates of 0.01, 0.05 and 0.1 V s-1, 
the specific capacitances were calculated to be 57.5, 53.2 
and 54.2 F g-1, respectively.

Figure  9 shows GCD profiles of EDLCPEGL-ACFs and 
 EDLCSL-ACFs at a current density of 1 A g-1. Compared with 
EDLCSL-ACFs, the EDLCPEGL-ACFs had a longer discharge time, 
indicating a larger capacitance for the EDLCPEGL-ACFs 
(Figure  9a). In addition, the isosceles triangular shape 
of the profile indicated good charge/discharge perfor-
mance for the EDLCPEGL-ACFs. In contrast, EDLCSL-ACFs exhib-
ited a slightly asymmetrical triangular shape (Figure 9b), 
indicating a relatively low charge–discharge efficiency 

compared with EDLCPEGL-ACFs. Accordingly, EDLCPEGL-ACFs 
had a larger specific capacitance of 92.6 F g-1 at 1 A g-1 than 
EDLCSL-ACFs (55.6 F g-1).

EIS is a semi-quantitative method for determining 
the impedance of EDLCs. In this study, a Nyquist plot was 
employed to characterize the EIS spectra. The intrinsic 
resistance of an EDLC is the sum of the intrinsic resist-
ances of the electrolyte and the ACFs and of the contact 
resistance between the ACFs and the current collector, 
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and the intrinsic resistance is obtained at the intercept on 
the Z’ axis in Nyquist plots (Liu et al. 2008; Liu et al. 2012). 
EDLCPEGL-ACFs possess a lower intrinsic resistance (1.6 Ω) 
than EDLCSL-ACFs (4.5 Ω) (Table 1). Polarization resistance, 
which is another resistance parameter for evaluating the 
electrolyte mobility for the adsorption and desorption 
rates of the electrolyte onto/from the pores of a carbona-
ceous electrode, could also be estimated from the length 
or diameter of the semi-circle in a high-frequency region 
of the Nyquist plot, as shown in the Figure  10a and b 
(Liu et al. 2008). EDLCPEGL-ACFs clearly exhibit a shorter arc 
(2.1 Ω) than EDLCSL-ACFs (33.5 Ω).

This inferior performance of EDLCSL-ACFs was attributed 
to the smaller BET surface area and the larger pore size of 
SL-ACFs compared with that of PEGL-ACFs (Chmiola et al. 
2006). A carbonaceous material with a larger surface area 
can contain more electrolyte ions. In addition, the adsorp-
tion of electrolyte ions on the smaller pores of the material 
facilitates the contact between the ions and the material. 
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Figure 9: GCD profiles of EDLCs based on (a) PEGL-ACFs and 
(b) SL-ACFs for a current density of 1 A g-1. 0 200

200

400

600

800

0
400

0
0

25

50

25 50

600 800

Z′ (Ω)

0
0

2

4

6

8

10a

b

2 4 6 108

Z′ (Ω)

-Z
′′ 

(Ω
)

-Z
′′ 

(Ω
)

Figure 10: Nyquist plots of EDLCs based on (a) PEGL-ACFs and 
(b) SL-ACFs. The inset is a magnification of the high-frequency region.

As a result, carbonaceous materials with large surface 
areas and small pore diameters have a large capacitance 
and low impedance.

Conclusions
Thin lignin fibers were successfully prepared from ther-
mally fusible PEGL and infusible SL. Although PEGL fibers 
could be spun by melt electrospinning, much finer fibers 
could be obtained in the same spinning apparatus by the 
addition of a small amount of DMF. Dry electrospinning 
of SL and PEG mixtures could also give rise to thin fibers, 
although only 1% PEG was added. In addition, these 
thin PEGL and SL fibers were both readily converted to 
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thermostabilized fibers through a high heating rate, which 
resulted in time and energy savings with this treatment.

The resultant PEGL-ACFs had a larger BET surface 
area and a smaller pore diameter than SL-ACFs. Compared 
with EDLCSL-ACFs, the assembled EDLCPEGL-ACFs had a larger 
specific capacitance and a lower intrinsic impedance. The 
superior performance of the EDLCPEGL-ACFs was attributed 
to their large BET surface area and small average pore 
diameter. Taking into consideration the excellent perfor-
mance of EDLCAAL-ACFs, the organosolv lignins (PEGL and 
AAL) were better suited as feedstocks than alkali lignins 
(SL) as an electrode material for assembling EDLCs. It was 
expected that the pulping solvent could introduce PEG 
400 and acetic acid into PEGL and AAL molecules, respec-
tively, which could then be burned off to form small pores 
on the fiber surface to allow the accumulation of electro-
lyte ions.
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