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Abstract: This article demonstrates the development of
activated carbon fiber electrodes produced from hardwood
kraft lignin (HKL) to fabricate electric double layer capac-
itors (EDLCs) with high energy and power densities using
an ionic liquid (IL) electrolyte. A mixture solution of HKL,
polyethylene glycol as a sacrificial polymer, and hexa-
methylenetetramine as a crosslinker in dimethylforma-
mide/acetic acid (6/4) was electrospun, and the obtained
fibers were easily thermostabilized, followed by carbon-
ization and steam activation to yield activated carbon fi-
bers (ACFs). The electrochemical performance of EDLCs
assembled with the ACFs, 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIBF4) as an IL electrolyte and a
cellulosic separator was insufficient due to the low con-
ductivity of the electrode. The conductivity of the electrode
was improved successfully by spraying conductive carbon
black (CB) onto the fibers mat during electrospinning. The
CB containing electrodes with improved conductivity gave
the resulting EDLCs a higher electrochemical performance,
with an energy density of 91.5 Wh kg−1 and a power density
of 76.2 kW kg−1.

Keywords: conductive carbon black; electric double layer
capacitor; hardwood kraft lignin; ionic liquid electrolyte.

1 Introduction

Renewable materials have attracted much attention as al-
ternatives to diminishing fossil resources due to environ-
mental concerns (Den et al. 2018; Ganewatta et al. 2019;
Szabó et al. 2019). Among these materials, lignin is a
promising component of wood-based biomass because of
its high carbon content and large abundance after cellulose
(Cline and Smith 2017; Kołodyńska et al. 2016). Large
amounts of technical lignin, especially kraft lignin, are
produced as a byproduct in pulp and paper industries and
are mostly incinerated as fuel (Lora 2008; Milotskyi et al.
2019; Sixta 2008; Thakur et al. 2014; Tuck et al. 2012). On
the other hand, such technical lignins showhigh resistance
against thermal decomposition to give a high yield of char.
Based on the characteristic of lignins, carbonaceous ma-
terials such as carbon fibers and activated carbon fibers
(ACFs) were produced from organosolv and kraft lignins
(Kadla et al. 2002; Norberg et al. 2012; Uraki et al. 1995,
2001). The current research on the lignin conversion to the
carbonaceous material has focused on the preparation of
electrodes for the energy storage device, e. g., electric
double layer capacitor (EDLC) (Espinoza-Acosta et al. 2018;
Kumar et al. 2019). Several attempts have also been made
to improve the electrochemical performance of lignin-
based EDLCs: e. g., increasing the specific surface area of
the electrode by producing sub-micron to nano-fibers for
increasing in active sites and specific capacitance (Ago
et al. 2016; Park et al. 2019), improving the conductivity by
adding conductive materials (Kiseleva et al. 2018; Saha
et al. 2014), and increasing the voltage window by using
ionic liquid (IL) electrolytes (De Vos et al. 2014; Mousavi
et al. 2016). Among the improved electrodes, Lei et al.
(2017) reported a lignin/PAN-based electrode with the
highest specific capacitance of 1760 F g−1, but the energy
density (47.8Wh kg−1) and power density (0.8 kWkg−1) were
not impressive. In the design of EDLC electrodes, improved
energy and power densities are the most important
electrochemical parameters, rather than the specific
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capacitance (C). Wang et al. (2016) reported the lignin-
based EDLC with the highest reported value of energy and
power densities (56.6Wh kg−1 and 114 kWkg−1, respectively)
which was fabricated from a lignin/SiO2-derived electrode
and an IL electrolyte.

You et al. (2015) reported the lignin-based EDLC elec-
trode with significantly high energy density (42 Wh kg−1)
and power density (91 kW kg−1) using an organic electro-
lyte, where the electrode was prepared from ACFs of
hardwood acetic acid lignin. You et al. (2016a) also
demonstrated the preparation of EDLC with high packaged
energy and power densities, which were estimated based
on the total mass of the EDLCs, including the outer pack-
aging. As the EDLC comprised of multiple cells, it was
termed as Tandem-EDLCs. The objective of the current
study is to achieve EDLC with high energy density using an
IL electrolyte based on a single cell (a pair of electrodes).

Herein, the relationship between EDLC performance
and electrolyte is described in detail. The formulas for en-
ergy density (E ) and power density (P) are expressed as E=
1/8 CVmax

2 and P = i(Vmax − Vdrop)
2/2 mVdrop, respectively,

where C is the specific capacitance, Vmax is the maximum
potential window, i is current, Vdrop is the voltage drop at
the beginning of discharge, and m is the total mass of the
pair of electrodes (Kim et al. 2013). Aqueous electrolytes
(KOH or H2SO4) have a narrow potential window (0–1 V)
(Daraghmeh et al. 2017; Gao et al. 2012) and organic elec-
trolytes have potential windows of 0–3.0V (Mhamane et al.
2013; You et al. 2015), while ILs have potential windows
wider than 3.5 V (Hayyan et al. 2013; Ramachandran and
Wang 2018). The advantages of using ILs, in addition to the
larger potential window, are their high electrochemical &
thermal stabilities and high ionic conductivity (De Vos
et al. 2014). ILs are thus believed to be promising electro-
lytes for high energy density electric double layer capaci-
tors (EDLCs).

ILs have larger molecular sizes than aqueous and
organic electrolytes (as in Figure 1); therefore, the elec-
trodes for EDLCs using IL electrolytes require larger pore
sizes (Wang et al. 2017). However, when the pore size is too
large, the capacitance decreases according to the equation

C= εA/d, where C is the capacitance, A is the electrode
surface area, d is a distance between the electrolyte and the
pore wall of the electrode, and ε is the dielectric constant of
the electrolyte (Chmiola et al. 2006). Therefore, the small-
est acceptable value of d is important to maintain as high C
value as possible. To make pores suitable in sized and
distribution in the electrode, hardwood kraft lignin (HKL)
was mixed with polyethylene glycol (PEG), which acts as a
sacrificial polymer and an agent to improve the spinn-
ability during electrospinning (Salmani and Nouri 2016).
When an ACF mat is prepared from the mixture via elec-
trospinning, thermostabilization, carbonization, and
steam activation, the well-dispersed PEG in HKL is ex-
pected to be easily burned off, resulting in the formation of
pores with controlled size and distribution.

In several articles (Deng et al. 2013; You et al. 2015,
2016a), electrodes were fabricated by mixing crushed
electrospun carbon fiber mats with conductive materials,
such as conductive carbon black (CB) and carbon nano-
tubes, to increase the conductivity of the electrode. How-
ever, this procedure is tedious. Therefore, the ACFmats are
used directly as an electrode in an EDLC. As anticipated,
the direct use of the HKL-based ACF mat as an electrode
results in low electrochemical performance due to the low
conductivity. This work demonstrates a modified strategy
to embed conductive CB into HKL-electrospun fiber mats.
After carbonization and activation, the mats were directly
used as electrodes, and the resulting EDLCs showed
improved electrochemical performance.

2 Materials and methods

2.1 Materials

Black liquor from hardwood kraft pulping was supplied by Nippon
Paper Industries Co., Ltd., Tokyo, Japan. HKL was isolated from the
black liquor by precipitation using 0.1 M hydrochloric acid (HCl),
followed by filtration and washing with distilled water. Finally, the
wet HKL was freeze-dried (Aso et al. 2013).

Hydrochloric acid (HCl), polyethylene glycol with 500 kDa (PEG),
acetic acid (AcOH), dimethylformamide (DMF), hexamethylenetetramine

Figure 1: Anion and cation sizes of ionic
liquid (EMIBF4) and organic (TEMABF4)
electrolytes.
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(hexamine; Hex), and propylene carbonate (PC, battery grade) was
purchased from FUJIFILM Wako Pure Chemical Industries, Co., Ltd.,
Osaka, Japan. Triethylmethylammonium tetrafluoroborate (TEMABF4)
and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) (Figure 1)
were purchased from Tokyo Chemical Industry Co., Ltd. Conductive CB
was purchased from Alfa Aesar, Heysham, UK (Super P conductive,
99+%). All chemicals were used as received without further purification.
Aluminum foil (0.1 mm in thickness) was purchased from Nilaco Cor-
poration (Tokyo, Japan). Cellulosic separator (Type-A sheet) was sup-
plied by Mitsubishi paper Mills Ltd. Tokyo, Japan.

2.2 Electrospinning of HKL

HKL was mixed with PEG at an HKL/PEG weight ratio of 99/1 and 95/5
in dimethylformamide (DMF) via vigorous stirring at 60 °C for 1 h to
prepare 35, 40, and 45 wt.% solutions. Separately, mixtures of HKL/
PEGwith the same ratios as aboveweremixedwithHex (10wt%based
on the mixtures) in the binary solvent DMF/AcOH (with a weight ratio
of 6/4) and then stirred for 2 h at 60 °C to yield 35 wt% solutions. The
resulting solutions were electrospun using the following conditions: a
voltage of 18 kV, a solution flow rate of 1.2 ml h−1, and a tip-collector
distance of 13 cm. The electrospinning machine was manufactured in
the Machinery Laboratory of the Faculty of Science at Hokkaido Uni-
versity.

During the electrospinning of HKL/PEG/Hex, a 1 wt% suspension
of conductive CB in acetone was sprayed several times until the mass
of CB reached 1 wt% and 5 wt% on the electrospun fiber mats.

2.3 Thermostabilization, carbonization, and activation

The electrospun fiber mats were heated in the air from room temper-
ature (RT) to 250 °C at a heating rate of 0.5 °C min−1 and 2 °C min−1. The
temperature was held for 1 h before cooling down to RT. The obtained
thermostabilized fiber mat was carbonized under N2 stream (flow rate,
0.5 L min−1) by heating from RT to 900 °C at a heating rate of 3 °Cmin−1,
followed by holding the temperature for 1 h. Steam activation was
carried out after carbonization without cooling, according to the
methods of a previous report (You et al. 2016b). The resulting lignin-
based ACFs derived from HKL/PEG 99/1 and 95/5 without CB are
referred to as ACF-99/1 and ACF-95/5, respectively. When 1 wt% CB is
embedded on the fiber mat with a blending ratio of 99/1, the resultant
ACF is abbreviated as ACF-99/1-1CB. Similarly, the other materials are
abbreviated as ACF with the blend ratio and CB content.

2.4 EDLC assembly

ACF mats, aluminum sheets, and a cellulosic separator were cut into
circles 16mm in diameter. At least two ACF circle sheets with the same
weight (within 0.1 mg deviation) were selected as a pair of electrodes.
Each part of the electrodes was dried in vacuo for 2 h. The EDLCs were
assembled in a two-electrode measurement cell (2E-CELL-SUS, Eager
Corporation, Osaka, Japan) for evaluating the electrochemical per-
formance as follows. An aluminum sheet, an ACF mat electrode and
the cellulosic separator were successively placed on the bottom of the
measurement cell. Then, 2–3 drops of the EMIBF4 IL electrolyte were
poured on the separator, and then another ACF mat electrode and
aluminum sheet were successively placed on top of the separator.

Thus, the separatorwith IL electrolytewas sandwiched between a pair
of ACF mat electrodes. Finally, a stainless-steel disk was placed as a
spacer on the aluminum sheet, and the assembled EDLC was tightly
pressed using a spring. This assembly process was carried out in a
glove box under N2 atmosphere. Similarly, EDLCs using ACFmatswith
TEAMBF4/PC as an organic electrolyte were assembled as reference
EDLCs. The electrochemical performance of the EDLCs was evaluated
by using an electrochemical workstation (Autolab PGSTAT302N
FRA32M, Metrohm Autolab B.V., Tokyo, Japan) in air and argon at-
mospheres.

2.5 Electrochemical measurements

Cyclic voltammetry (CV)wasmeasuredwith a scan rate of 0.05V/s and
a potential window of 0 to 3.5 V, and the specific capacitance was
calculated according to Equation (1) (Pandit et al. 2017)

Cs � 1
mv(Vf − Vi)

∫
Vf

Vi

I(V)dV (1)

where Cs indicates the specific capacitance (F/g), Vf and Vi, respec-
tively, are the final and initial voltage (V), v is the scan rate (V/s),
∫
Vf

Vi
I(V)dV is the area under the CV curve, using Origin Pro software

(version 8; OriginLab, Northampton, MA, USA), and m is the total
weight (g) of thematerials of the two electrodes. Galvanostatic charge/
discharge (GCD)measurements were carried out at a current density of
1 A g−1 within the same voltage range. The specific capacitance was
actually determined from the GCD curves using the following formula:

Cs � 4i
m ·  dV/dt

(2)

where i is the applied current,m is theweight of the two electrodes (g),
and dV/dt is the slope obtained by fitting a straight line to the
discharge curve over the range of 60–45% of Vmax, where Vmax is the
maximum value of the operating potential window (You et al. 2015).
Electrochemical impedance spectroscopy (EIS) experiments were
carried out at open circuit potential with an amplitude of 10 mV and a
frequency range of 100 kHz to 1 Hz. The charge transfer resistance (Rc)
and intrinsic resistance (Ri) can be calculated from the diameter of the
semicircle and the intercept on the Zʹ axis in the Nyquist plot,
respectively. The energy density (E ) and the power density (P) was
estimated according to Kim et al. (2013).

2.6 Other instrumental analyses

The morphology of the fibers was observed under an optical mi-
croscope (Violet laser color 3D profile microscope VK-9500, Keyence
Japan, Osaka, Japan) and a field emission-scanning electron mi-
croscope (FE-SEM; JSM-6301F, JOEL Ltd., Tokyo, Japan) at an
accelerating voltage of 5 kV after gold sputtering. The average
diameter of 20 fibers was measured by taking five points on a single
fiber.

N2 adsorption/desorption was measured using a surface area
analyzer (Autosorb-1, Quantachrome, Tokyo, Japan) at −196 C. The
specific surface areas were calculated fromN2 adsorption isotherms in
the relative pressure (P/P0) range of 0.02 to 0.30 by using the Bru-
nauer, Emmett, and Teller (BET) model. The ratios of the internal to
external surface areas in the relative pressure range of 0.2∼5 were
calculated according to the t-plot method (You et al. 2015). The
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internal and external areas were calculated based on the ratios and
BET surface areas. The average pore sizes, cumulative surface areas,
and pore size distributions were calculated from the adsorption iso-
therms based on quenched solid density functional theory (QSDFT)
(Neimark et al. 2009).

The surface resistance of the ACF mats was measured by using a
low resistivity meter (Loresta-AX-MCP-T370, Mitsubishi Chemical
Analytech, Kanagawa, Japan). ACF mats 1 mm in thickness were cut
into 2× 2 cmpieces. The resistivitywasmeasured bypushing the probe
with a linear 4-pin onto the surface of the mats at five different posi-
tions and the average resistances were calculated.

Elemental analyses of the ACF mat on carbon, hydrogen, and
nitrogen were performed using a Micro CORDER JM10 (J-Science Lab
Co., Ltd, Kyoto, Japan). Raman spectra were recorded with a Raman
Renishaw InVia Reflex apparatus (Renishaw PLC, United Kingdom),
equipped with the 532 nm laser using an objective lens of 20x. Raman
scattering was obtained on crushed ACF samples with an exposure
time of 10 s, laser power of 10%, and spectra range of 1000–2000 cm−1.

3 Results and discussion

3.1 Electrospun HKL/PEG-based ACF mat

Table 1 shows that the 35 wt% HKL/PEG solution gave
mats comprised of the thinnest fibers, suggesting that
lower concentrations contributed to finer fiber formation.

This HKL/PEG fiber mat was subjected to thermo-
stabilization for suppressing the fibers from fusing with
each other at the elevated temperatures of the carbon-
ization process (Braun et al. 2005; Kadla et al. 2002; Luo
et al. 2011; Uraki et al. 1995). This mat required a heating
rate lower than 0.5 °C min−1 for complete thermo-
stabilization. Extended thermostabilization (e. g. at the
heating rate of 0.1 °C min−1 for several days) was not
assumed viable. Therefore, hexamethylenetetramine
(hexamine; Hex), which is a well-known crosslinker for
phenol-formaldehyde resins, was added to the HKL/PEG
mixture to accelerate the thermostabilization (You et al.
2015). Since the crosslinking reaction proceeded in an
acidic media, AcOH was also added to the DMF solution.
The resultant solution was subjected to electrospinning,
resulting in high spinnability and uniform fibers. The fi-
ber mats prepared from the HKL/PEG/Hex mixtures (99/
1/10 and 95/5/10) (as in Figure 2a) in the binary solvents
were easily thermostabilized in the air at a heating rate of
2 °C min−1 (Figure 2b). The thermostabilization was
completed in 3 h at this heating rate.

The thermostabilized mats were then carbonized and
successively steam activated for 1 h to obtain ACF mats.
Microscopic images (e. g., Figure 2c) show that the

Figure 2: Microscopic images of lignin-based
fiber mat prepared from HKL:PEG = 95:5
mixed with 10 wt% hexamine at 35 wt% in
DMF/AcOH (6/4). The electrospun fiber mat
(a); thermostabilized fiber (b) mat;
activated fiber mat (c).

Table : Electrospinning conditions and average diameter of electrospun fibers before and after thermostabilization at  °C min−.

Entry Samples Solvent Solution conc. (wt%) Hex. conc. (wt%) Diameter (µm)

Beforea Afterb Activation

 /c DMF  . ± . – –
 /c DMF  . ± . – –
 /c DMF  . ± . – –
 /d DMF  . ± . – –
 /d DMF  . ± . – –
 /d DMF  . ± . – –
 /c DMF/AcOH   . ± . . ± . . ± .
 /d DMF/AcOH   . ± . . ± . . ± .
 /d -CB DMF/AcOH   . ± . . ± . . ± .
 /d -CB DMF/AcOH   . ± . . ± . . ± .

aBefore thermostabilization.
bAfter thermostabilization.
cHKL/PEG = /.
dHKL/PEG = /.
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morphology of the electrospun lignin fiber mats was
retained in the ACF mats even after carbonization and
steam activation. The average diameters of thermo-
stabilized mats and steam-activated ones are also sum-
marized in Table 1. The fiber diameters in the mats were
decreased by thermostabilization and steam-activation.
Especially, the diameter decrement (27% on the intact mat)
of the ACF-95/5 by these processes was much greater than
that (14% on the intact mat) of the ACF-99/1, suggesting
that PEG content affected the diameter of ACF mat.

For successful electrospinning of HKL/PEG-based ACF
with CB, the CB (at 1 wt% and 5 wt%) was directly mixed
with the HKL/PEG/hexamine solution, prior to electro-
spinning. However, this attempt was found impossible to
performdue to the very high viscosity of themixed solution
and the existence of CB aggregate stucking in the syringe
nozzle. Therefore, the strategy for CB deposition in the mat
was changed to spraying a suspension of CB/acetone onto
the electrospun mat during the electrospinning of HKL/
PEG/hexamine (95/5/10) in DMF/AcOH (6/4). This spray-
ing method seemed successful. SEM images of the ACF
mats with and without spraying are shown in Figure 3. The
CB-sprayed ACF mat (Figure 3c, d) clearly showed the ex-
istence of CB as particles in the mat.

In a separate experiment, the surface resistance of
ACF-95/5 without CB, ACF-95/5-1CB, and ACF-95/5-5CB
were measured to evaluate their performance as an elec-
trode and found to be 901 ± 42.1 Ω, 164.7 ± 30.2 Ω, and
95.4 ± 11.8 Ω, respectively. The resistance dramatically
decreased after the addition of CB, apparently depending
on the CB content.

3.2 Characterizations of the ACFs

The elemental compositions of the ACF-95/5 and ACF-95/5-
5CB are summarized in Supplementary Table S1. The 5.5 wt
% increase in the carbon content of ACF-95/5-5CB
confirmed the deposition of CB in ACF. The Raman spectra
of ACF-95/5 and ACF-95/5-5CB are shown in Figure 4. The
disordered carbon band (D-band) and graphitized carbon
band (G-band) are clearly visible at 1340 and 1589 cm−1,
respectively (Dresselhaus et al. 2010). The ID/IG ratio (Dikio
et al. 2013) of ACF-95/5 is estimated to be 0.95, while that of
ACF-95/5-5CB is 0.96. Thus, the ID/IG ratios were identical,
suggesting that CB did not affect the generation of graph-
itized carbon.

In Figure 5, the N2 adsorption/desorption isotherms of
ACF99/1 and ACF95/5 show narrow hysteresis loops, while
ACF-95/5-1CB and -5CB show larger hysteresis loops
compared to the corresponding ACF mats without CB.
These results suggest the mesopores were developed with
larger volumes for CB-embedded ACF mats, according to
the physisorption isotherm recommendations of the IUPAC
(Sing 1982).

Table 2 shows the BET specific surface areas (BSA),
external and internal surface areas, pore size distributions,
and total pore volumes calculated from the adsorption
isotherms. For ACFs without CB, the BSA of ACF-95/5 was
higher than that of ACF-99/1 under the same carbonization
and steam activation conditions. In Figure 6 and Table 2,
ACF-95/5 had slightly larger average pore size and volume
in the micropore and mesopore regions compared to ACF-
99/1. Therefore, the higher content of PEG resulted in larger

Figure 3: SEM image of ACF-95/5 mat (a, b)
and ACF-95/5-5CB mat (c, d).
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pores, whichwere expected to play an important role in the
accumulation and transportation of IL electrolyte ions in
the EDLCs. When CB was embedded into the ACF-95/5, all
parameter values except the internal surface area in Table 2
increased. This resultmay be partly due to the CBproviding
vacant space between the fibers (Figure 3), allowing the
steam to easily penetrate into the spaces to accelerate the
steam activation. When the CB increased from 1 to 5 wt%,
all the parameters decreased, while the internal surface
area increased. Although the reason was not clear yet, the
CB particles might have affected the activation process
(Supplementary Table S2).

3.3 Electrochemical performance of EDLCs
assembled with the electrospun HKL/
PEG-based ACF mats

The ACF mats were cut into cylindrical shapes and directly
used as electrodes with an IL (EMIBF4) and an organic
electrolyte (TEMABF4) for EDLC to assemble separately. CV
profiles for the resulting EDLCs were measured in a po-
tential window of 0–3.5 V at a scan rate of 0.05 V s−1, as
shown in Figure 7. The CV profiles of the EDLCwith EMIBF4
(Figure 7a) showed an identical shape over 16–20 scan
cycles, while the CV profiles of EDLC with TEMABF4
(Figure 7b) for the same number of scan cycles did not
overlap, especially at high voltage, indicating that EMIBF4
was electrochemically stable in the potential range of 0–
3.5 V. Thus, the advantage of IL electrolyte with wider
potential window over organic electrolyte was confirmed
(Mousavi et al. 2016).

Figure 8 includes CV profiles of EDLCs prepared using
ACF-99/1 and ACF-95/5 with the IL electrolyte. The elec-
trochemical performance calculated from the profiles is
summarized in Table 3. The EDLC with ACF-95/5 (pink)

Figure 4: Raman spectra with ID/IG ratios of ACF 95/5 and ACF
95/5+5CB in the region of 1000–2000 cm−1. The vertical dashed
and dotted lines are guides for the eyes to indicate the positions of
D- and G-bands, respectively.

Figure 5: Adsorption and desorption isotherm of ACF-99/1, ACF-95/
5, ACF-95/5-1CB, and ACF-95/5-5CB.

Table : N adsorption/desorption properties of ACFs.

Samples Surface areaa (BSA)
(m g−)

Pore volume
(ml g−)

Average pore diameterb (nm) Internal surface areac

(m g−)
External surface areac

(m g−)
Micropore

area
Mesopore

area

ACF-/  . . (.%) . (.%)  

ACF-/  . . (.%) . (.%)  

ACF-/-
CB

 . . (.%) . (.%)  

ACF-/-
CB

 . . (.%) . (.%)  

aCalculated by the BET model.
bCalculated based on QSDFT model.
cCalculated according to t-plot method.
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showed a bigger CV area (Figure 8), leading to its higher
capacitance than that with ACF-99/1 (blue). The higher
capacitancewas attributed to the higher BSA and the larger
pore size of the ACF-95/5 electrode (Table 2), which pro-
vides more space for electron accumulation and trans-
portation.

The CV profiles of ACF-99/1 and ACF-95/5 showed a
bow-like shape with an oxidation peak at 1.5–3.0 V and a
reduction peak at 1.65–2.5 V. These profiles indicated the
obtained EDLCs were categorized as pseudocapacitors,
rather than simple EDLCs. The reason for the occurrence of
redox reactions is discussed in a later section. Figure 9 and
Table 3 show the GCD profiles of EDLC-99/1 and EDLC-95/5
at a current density of 1 A g−1 and the electrochemical per-
formance calculated from the GCD profiles, respectively.
TheGCD (158.7 F g−1) and CV (149.8 F g−1) capacitances of the
EDLC from ACF-95/5 were comparable to those of com-
mercial electrodes for supercapacitors (Murayama et al.

Figure 6: Pore size distribution of ACF with/without CB.

Figure 7: Cyclic voltammograms of EDLC
prepared from ACF-95/5 with different
electrolyte at potential window 0–3.5 V and
scan rate 0.05 V s−1 in 16–20 scan cycles. IL
electrolyte (EMIBF4) (a); organic electrolyte
(TEMABF4) (b).

Figure 8: Average cyclic voltammograms of ACF electrode prepared
from ACF-99/1 (blue), ACF-95/5 (pink), ACF-95/5-1CB (brown) and
ACF-95/5-5CB (green) measured for 1–15 cycles in air. All samples
were measured at scan rate 0.05 V s−1.

Table : Electrochemical performance of the EDLCs prepared with
various ACF electrodes at voltage window of –. V in ionic liquid
electrolyte measured in an air atmosphere.

EDLC-
samples

Csp
a

(F g−)
Csp

b

(F g−)
Rc

c

(Ω)
Ri
d (Ω)

Energy
density
(Wh kg−)

Power
density
(kW kg−)

EDLC-
/

. . . . . .

EDLC-
/

. . . . . .

EDLC-
/-
CB

. . . . . .

EDLC-
/-
CB

. . . . . .

aCalculated by CV method.
bCalculated by GCD method.
cCharge transfer resistance.
dIntrinsic resistance.
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2005; Shiraishi et al. 2007; Soeda et al. 2015) and much
larger than those of ACF-99/1. However, a large Vdrop was
observed in the discharge process in its GCD (pink in
Figure 9). In addition, a relatively large charge transfer
resistance (Rc) was revealed by EIS measurements (pink in
Figure 10 and 16.1 Ω in Table 3). Consequently, the wide
potential window and high capacitance resulted in signif-
icantly high energy density (67.5 Wh kg−1), but the large
Vdrop caused low power density (11.5 kW kg−1). The reason
for the low power density might be due to the low con-
ductivity of the electrode. Therefore, an improvement of
the electrode conductivity was attempted by adding
conductive CB to ACF mats.

Figure 8 also includes CV profiles of EDLCs prepared
from ACF-95/5-1CB and -5CB with IL electrolyte. The elec-
trochemical parameters obtained fromFigure 8 are listed in
Table 3. The addition of 1 wt% CB to the HKL/PEG/HEX-
electrospun mat (ratio of 95/5/10) decreased the specific
capacitances calculated from both the CV and GCD mea-
surements (Table 3), even though the BSAwas increased by
the addition of CB (Table 2). Therefore, the reduction must
be attributed to the decrease of the internal surface area
(Table 2), which is directly related to the adsorption of the
adsorbate (Mao et al. 2018). By contrast, the addition of 5wt
% CB drastically increased the specific capacitance
because the internal surface area of ACF-95/5-5CB was
much larger than ACF-95/5-1CB.

In Figure 9, the Vdrop in the GCD profiles of EDLC-95/5-
1CB and -5CB were smaller than those of EDLC-99/1 and
EDLC-95/5, and EDLC-95/5-5CB had a smaller Vdrop than
-1CB. According to the power density equation, the EDLC

with ACF-95/5-5CB had higher power density than -1CB,
since Vmax and i were identical. As shown in Table 3, its
large capacitance calculated from the GCD profile
(227.3 F g−1) resulted in the highest energy density
(91.5 Wh kg−1). Besides, it turned out from an analysis of
Nyquist plots (Figure 10) that the Rc of ACF-95/5-5CB
decreased dramatically to 2.8 Ω, resulting in high capaci-
tance and energy density (Lei et al. 2013; Zuliani et al. 2013).
Therefore, the addition of 5 wt% CB enhanced both the
energy and power densities.

Figure 11 shows changes in the specific capacitance over
100 GCD cycles. The capacitance of EDLC-95/5-5CB
decreased to 60% (135.1 F g−1) of its original capacitance at
the 100th cycle. In addition, the CV profiles of this EDLC
during cycles 10–40 with redox peaks did not overlap
(Supplementary Figure S1a), suggesting instability of the
EDLC under measurement condition in the air (RH 25 ± 3%).
This instability was assumed to be caused by moisture,
which may penetrate to the measurement cell during the
experiment through insufficient insulation (Cericola et al.
2011; Welton 1999; Yang et al. 2016). To confirm the
assumption, the electrochemicalperformanceofEDLC-95/5-
5CB was measured in an argon chamber, where the RH was
maintained at 5 ± 2%. The CV profile in the argon atmo-
sphere showed a smaller redox peak than that of the peak
seen in the air (Supplementary Figure S1b). Therefore, it was
confirmed that moisture caused the redox reaction with the
IL electrolyte. As a result, the GCD specific capacitance after

Figure 9: Galvanostatic charge–discharge curves of various ACF
electrode types at 0–3.5 V. All samples were measured at current
density of 1 A g−1 in ambient condition and using IL as an electrolyte.

Figure 10: Nyquist plots of ACF electrode prepared from ACF-99/1
(blue), ACF-95/5 (pink), ACF-95/5-1CB (brown) and ACF-95/5-5CB-
based EDLCs (green).

584 N. Pakkang et al.: Preparation of kraft lignin-based ACF electrodes for EDLC using IL



100 cycleswas retained at 80% (184.2 F g−1) of that at thefirst
cycle in the argon atmosphere (Figure 11). Additionally, the
energy density and power density were increased from
57.5 Wh kg−1 to 78.3 Wh kg−1 and from 54.7 kW kg−1 to
62.1 kW kg−1, respectively, by changing the measurement
atmosphere from air to argon (data not shown in Table 3).

For practical use of EDLC, the moisture effect is not
considered so serious a problem because commercial EDLC
cells are tightly packed in inert gas.

The comparison of specific capacitance, energy den-
sity, and power density report in several recent studies
about lignin-based EDLC with IL electrolyte in the two-
electrode system are listed in Table 4. While specific
capacitance by some researches is high (e. g., over
200 F g−1), the energy (E ) and power (P) densities are not as
impressive (Table 4). For instance, Zhang et al. (2019) re-
ported specific capacitance at 289 F g−1 at 1 A g−1, whileE and
Pwere 66.2Wh kg−1 and 0.31W kg−1, respectively. The lower
E and P could be attributed to their operating voltage
window of 2.5 V, which was narrower than that used in this
research work (3.5 V). Therefore, as far as our knowledge
goes, the lignin-based electrode with IL electrolyte of the
current work achieved the highest reported energy density
of the EDLC (91.5 Wh kg−1) ever reported.

The advantages of the use of CBhave been described so
far. However, the electrode with high electrostatic capaci-
tance was not successfully fabricated only with CB, as
shown in the CV plot of Supplementary Figure S2a.
Therefore, the insertion of CB in lignin electrospun lignin
fiber mats is the prerequisite to fabricate a high electro-
chemical performance EDLC.

Figure 11: Change in specific capacitance of ACF-95/5-5CB over
cycling from GCD at current density of 1 A g−1 that measured
separately in air and in argon gas.

Table : Comparison of electrochemical performances of lignin-based EDLC in ionic liquid electrolyte in two-electrode system.

Carbon electrode Electrolyte Specific capaci-
tance (F g−)

Energy density
(Wh kg−)

Power densitya

(kW kg−)
References

Alkali lignin derived ACNF:PVA PyrTFSI in PC
and ECb

 at . V s−
 . Jayawickramage and

Ferraris 
Alkali Kraft lignin derived ACNF:-

PAN
PyrTFSI in PC

and ECb

 at . V s−
  Jayawickramage et al.



Lignin waste derived activated
carbons

BMI BF
c

 at . A g−
.  Sangchoom et al. 

Enzymatic hydrolysis lignin
derived hierarchical porous car-
bon

EMI TFSId  at  A g−
. . Guo et al. 

Alkali lignin -derived porous car-
bon (bacteria-activation)

EMI TFSId  at  A g−
. . Zhang et al. 

Lignin derived double-capillary
carbon nanofibers

EMI BF
e

 at  A g−
. . Wang et al. 

Softwood kraft lignin derived
porous carbon

EMI BF
e

 at  A g− No report No report Klose et al. 

Hardwood Kraft lignin derived
ACF:PEG

EMI BF
e

. at  A g−
. . This work

aPower density could be derived at a curtain energy density.
bPyrTFSI in PC and EC = N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide (PyrTFSI) dissolved in a mixture of propylene carbonate
(PC) and ethylene carbonate (EC).
cBMI BF = -butyl--methylimidazolium tetrafluoroborate.
dEMI TFSI = -ethyl--methylimidazolium bis(trifluoromethylsulfonyl)imide.
eEMI BF = -ethyl--methylimidazolium tetrafluoroborate.
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4 Conclusions

Although it took 8 h to thermostabilize the electrospun
fiber mat of HKL/PEG, the addition of Hex greatly
shortened the thermostabilization time to 2 h. In addi-
tion, the CB addition to the mat dramatically improved
the electrochemical performance of the ACF mat as an
EDLC electrode due to the generation of larger pores
suitable for IL electrolyte and lower electric conductivity.
Consequently, the EDLC with high energy density
(91.5 Wh kg−1) and power density (76.2 kW kg−1) has
successfully fabricated. For the practical use of future
EDLC termed as a supercapacitor, the large electrostatic
capacitance, energy density and power density based on
a pair of electrodes or a unit cell are required, although
the present study demonstrated the excellent electro-
chemical performance based on the weight of electrode
material. To achieve these requirements, the multi-
lamination of the ACF mat on a single electrode is under
investigation.

As lignin-based separators have been developed for an
organic electrolyte of EDLC (Koda et al. 2019; Taira et al.
2019), a future target is the fabrication of EDLC with IL
electrolyte from lignin-based electrode and separator.
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