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h i g h l i g h t s
� Electrospun carbon nanofiber mats were made from a natural product of alkali lignin.
� The mats were free-standing and/or mechanically flexible.
� The mats had the BET specific surface area up to 583 m2 g�1.
� The mats were studied as binder-free supercapacitor electrodes.
� Electrochemical performances of the electrodes were high.
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a b s t r a c t

Mechanically flexible mats consisting of electrospun carbon nanofibers (ECNFs) were prepared by first
electrospinning aqueous mixtures containing a natural product of alkali lignin together with polyvinyl
alcohol (PVA) into composite nanofiber mats followed by stabilization in air and carbonization in an inert
environment. Morphological and structural properties, as well as specific surface area, total pore volume,
average pore size, and pore size distribution, of the lignin-based ECNF mats were characterized; and their
electrochemical performances (i.e., capacitive behaviors) were evaluated by cyclic voltammetry, galva-
nostatic charge/discharge, and electrochemical impedance spectroscopy. The lignin-based ECNF mats
exhibited outstanding performance as free-standing and/or binder-free electrodes of supercapacitors. For
example, the ECNFs made from the composite nanofibers with mass ratio of lignin/PVA being 70/30 (i.e.,
ECNFs (70/30)) had the average diameter of w100 nm and the BrunauereEmmetteTeller (BET) specific
surface area of w583 m2 g�1. The gravimetric capacitance of ECNFs (70/30) electrode in 6 M KOH
aqueous electrolyte exhibited 64 F g�1 at current density of 400 mA g�1 and 50 F g�1 at 2000 mA g�1. The
ECNFs (70/30) electrode also exhibited excellent cycling durability/stability, and the gravimetric capac-
itance merely reduced by w10% after 6000 cycles of charge/discharge.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The storage of electrical energy has attracted growing interests
particularly due to the fast-expandingmarkets of electric vehicles and
portable electronic devices. In the recent years, electrochemical ca-
pacitors have been extensively investigated because of their high
energy and power densities, rapid charge/discharge rates, and
: +1 336 500 0115.
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.Fong@sdsmt.edu (H. Fong).

All rights reserved.
superior cycling durability [1,2]. In general, there are two types of
electrochemical capacitors including supercapacitors (also known as
electric double layer capacitors or ultracapacitors) and pseudocapa-
citors. Supercapacitors are able to store and release electrical energy
through ion adsorption anddesorption on electrode surface, and their
capacitance is proportional to the specific surface area of their elec-
trodes; while pseudocapacitors are capable of achieving energy
storage and retrieval by charge transfer at the interface between
electrode and electrolyte via reversible redox or Faradaic reactions.

Supercapacitors have been demonstrated to be useful for the
applications such as memory backup system, auxiliary power unit,
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instantaneous electricity compensator, and other energy-storage
devices [3,4]. It is known that the efficiency and practicality of
supercapacitors are primarily dependent upon electrode materials.
Up to date, a variety of carbon-based electrode materials have been
studied, for examples, activated carbons, carbon nanotubes [5],
carbon nanofibers [6], carbon aerogels [7], carbide-derived carbons
[8], and composite materials containing metal oxides [9] and gra-
phene sheets [10,11]; among which, activated carbons are the most
commonly adopted materials owing to their cost-effectiveness and
high cycling durability [12]. However, organic/polymeric materials
are typically required for binding the particles/powders of activated
carbons to prepare the free-standing electrodes; whereas such
binders would reduce the overall performance of electrodes. Hence,
it is still a technological challenge to develop mechanically flexible
electrodes with superior electrochemical performance, albeit
numerous research efforts have been devoted to the fabrication of
free-standing carbon-based electrode materials with high perfor-
mance in the recent years.

Overlaid mats consisting of electrospun carbon nanofibers
(ECNFs) can be prepared by electrospinning a spin dope (e.g., a
solution of polyacrylonitrile in N,N-dimethylformamide) into pre-
cursor nanofibers followed by the thermal treatments of stabili-
zation and carbonization. These ECNF mats are mechanically
resilient with relatively large specific surface areas; and thus they
can be used directly as free-standing electrodes without addition of
any binders. Previously reported studies have indicated that the
ECNF mats could be promising for the fabrication of binder-free
supercapacitors with high performance [8,13,14].

The development of carbon-based electrode materials from
inexpensive, abundant, and sustainable natural sources has been
paid more and more attentions among scientists worldwide; for
examples, polypyrrole-cladophora cellulose composite paper [15],
seaweed biopolymer [16], as well as cellulose, potato starch, and
eucalyptus wood [17,18] have been recently studied as precursors to
prepare carbon-based electrode materials for the fabrication of
high-performance supercapacitors. Lignin is the second most
abundant natural polymer after cellulose, and it is one of the most
important renewable sources on earth. The molecules of lignin
contain many aromatic components, making it suitable as carbon
precursor. Lignin has been generated in large quantity as a by-
product in pulping industry, in which three-dimensional (3-D)
network of lignin inwood is disrupted and separated from cellulose
fibers through the delignification process. Note that lignin has to be
removed before wood pulp is turned into high-quality paper, and
thusmore than 15million tons of ligninwaste is generated eachyear
in the United States alone. Different pulping techniques yield
different types of lignin. One type is termed as Alcell lignin, which
contains only a small amount of inorganic impurities. The major
type of lignin is termed as alkali lignin (also known as Kraft lignin),
which is generated from the Kraft pulping process. Unlike Alcell
lignin, alkali lignin contains a relatively large amount of ashes and/
or salts. Most alkali lignin is burned in the Kraft pulping process to
produce energy for the recoveryof pulping chemicals [19]. In the last
several years, progresses have been made to prepare ECNFs from
Alcell lignin [20,21]; and attempts have been successful in fabrica-
tion of porous carbon-based materials from alkali lignin [22,23].
Nevertheless, there have been no reported studies on (1) prepara-
tion of ECNF mats from alkali lignin and (2) fabrication and evalu-
ation of supercapacitors with electrodes being such ECNF mats.

In this research, the mechanically flexible ECNF mats were
prepared by electrospinning aqueous mixtures of alkali lignin and
polyvinyl alcohol (PVA) into composite nanofiber mats first; and
this was followed by stabilization and carbonization of the pre-
cursor mats in air and in an inert environment, respectively.
Morphological and structural properties, as well as specific surface
area, total pore volume, average pore size, and pore size distribu-
tion, of the lignin-based ECNF mats were characterized by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and nitrogen sorption measurements, respectively; and the
electrochemical performance (i.e., capacitive behavior) was studied
by cyclic voltammetry (CV), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy (EIS). The alkali lignin-
based ECNF mats exhibited outstanding performance as free-
standing/binder-free electrodes of supercapacitors. For compari-
son, the ECNF mats made from neat PVA were also prepared and
studied. Furthermore, discussions on experimental results and the
electrochemical mechanisms are given, and conclusions on the
research are drawn consequently.

2. Materials and methods

2.1. Materials

The powder of alkali lignin was purchased from SigmaeAldrich
(catalog number 471003), it had the weight average molecular
weight of 10,000 and contained 4wt.% sulfur; this alkali lignin is also
known as Kraft lignin and has a low content of sulfur. Poly (vinyl
alcohol) (PVA) powder was also purchased from SigmaeAldrich
with molecular weight ranging from 85,000 to 124,000 and degree
of hydrolysis of 87e89%. Both powders of alkali lignin and PVAwere
used as received without further purification. Unless otherwise
noted, all of “lignin” appeared in the following text refers to alkali
lignin, and all of percentages reported are weight percentages.

2.2. Electrospinning

To prepare the spin dopes with mass ratios of lignin/PVA being
30/70, 50/50, and 70/30, the lignin was first dispersed in an appro-
priate amount of distilled water, and the corresponding amounts of
PVA were then added into each lignin aqueous mixture at 75 �C
under constant stirring. Thereafter, each spin dopewas loaded into a
30 mL BD Luer-Lok� plastic syringe having a stainless-steel needle
with 90� blunt end and innerdiameter of 0.4 mm. The electro-
spinning setup consisted of an ES30P high voltage DC power supply,
purchased from the Gamma High Voltage Research, Inc. (Ormond
Beach, FL), and a laboratory-produced roller with the diameter of
25 cm. The roller was placed at 25 cm from the tip of needle. During
electrospinning, a positive voltage of 26 kV was applied to the
needle, and the feeding rate of spin dope was maintained at
1.2mLh�1 byusing a KDS-200 syringepumppurchased from theKD
Scientific Inc. (Holliston, MA). The lignin/PVA composite nanofibers
were collected as overlaid mat on the electrically grounded
aluminum foil that covered the roller. The lignin/PVA nanofiber
matswerefinally peeled off (from the aluminum foil) and stored in a
desiccator before the subsequent stabilization and carbonization.

2.3. Stabilization and carbonization

To convert lignin/PVA composite nanofibers into carbon nano-
fibers, stabilization in air is necessary [24,25]. Prior to stabilization,
the lignin/PVA nanofiber mats were wrapped onto a stainless steel
rod. Stabilization was conducted in a Lindberg 54453 heavy duty
tube furnace purchased from the TPS Co. (Watertwon, WI) with the
following heating procedure: (1) temperature was increased from
25 to 100 �C at 10 �C min�1; (2) temperature was held at 100 �C for
2 h; (3) temperature was increased from 100 to 180 �C at
1 �C min�1; (4) temperature was held at 180 �C for 16 h; (5) tem-
perature was increased from 180 to 220 �C at 0.5 �C min�1; (6)
temperature was held at 220 �C for 8 h; and (7) sample was cooled
down to room temperature. A constant air flow was maintained



C. Lai et al. / Journal of Power Sources 247 (2014) 134e141136
through the tube during the stabilization. The stabilized nanofiber
mats were then un-wrapped from the stainless steel rod for the
subsequent carbonization, and the following was the heating pro-
cedure: (1) temperature was increased from 25 to 1200 �C at
5 �C min�1; (2) temperature was held at 1200 �C for 1 h; and (3)
sample was cooled down to room temperature. A constant argon
flow was maintained through the tube during the carbonization.

2.4. Characterization and evaluation

A Zeiss Supra 40VP field-emission scanning electronmicroscope
(SEM) was employed to examine the morphologies of nanofiber
mats. The average fiber diameter of each samplewas determined by
measuring diameters of 50 randomly selected nanofibers in the
corresponding SEM image using the Image J software. The micro-
structures of carbon nanofiber mats were also investigated by
transmission electron microscopy (TEM, Hitachi H-7000 FA quip-
ped with a Kevex energy-dispersive X-ray spectrometer). The TEM
specimens were prepared by dispersing the carbon nanofibers in
ethanol followed by dropping the nanofiber-containing suspension
over the copper grids with lacey carbon film. X-ray diffraction
(XRD) patterns were acquired from a Rigaku Ultima Plus X-ray
diffractometer operated at 40 kV and 90 mA with the CuKa radia-
tion (wavelength l ¼ 1.54 �A). Raman spectra were acquired from a
Nicolet NXR 9650 FT-Raman spectrometer, and the wavelength of
source laser was 632.8 nm. BrunauereEmmetteTeller (BET) spe-
cific surface area, total pore volume, average pore size, and pore size
distribution were determined by N2 adsorption at �196 �C with
Micromeritics Analytical Services (Norcross, GA).

A symmetrical two-electrode cell was assembled as prototype
supercapacitor using ECNFmats as electrodes (sizew 1.0 cm2). Two
pieces of nickelecopper wire sheet were used as current collectors.
Note that the ECNF mats were used without addition of any poly-
meric binder and/or conductive additive; i.e., two ECNF mats were
used to wrap the current collector and pressed securely to ensure
Fig. 1. SEM images of electrospun nanofiber mats: (a) neat PVA nanofiber mat from 12 wt.%
solution; (c) 50/50 lignin/PVA composite nanofiber mat from 9 wt.% aqueous solution; (d) 7
images (a) and (d) depict the corresponding optical photos of mats (with sizes of w2.5e5
good contact. The mass of ECNF mats was measured with an elec-
tronic balance (analytical grade). Electrochemical characterizations
including cyclic voltammetry (CV), galvanostatic charge/discharge,
and electrochemical impedance spectroscopy (EIS) of the ECNF
electrodes were carried out by using the two-electrode cell in 6 M
KOH aqueous solution with a supercapacitor tester (BT 2000, Arbin
Instruments, TX) and an Electrochemical Multiplexer ECM8 (Gamry
Instruments, Inc., PA). CV studies were performed at the scanning
rates in the range from 5 to 2000 mV s�1 within the voltage win-
dow from 0 to 0.8 V. EIS measurements were carried out using the
frequency range from 0.01 to 100 kHz.

3. Results and discussion

3.1. Morphological and structural properties

Due to lack of chain structures and/or molecular entanglements,
an aqueous mixture containing alkali lignin alone could not be
electrospun into nanofibers at any lignin concentration. In contrast,
uniform PVA nanofibers with diameters of w300 nm could be
readily electrospun from 12 wt.% PVA aqueous solution. By elec-
trospinning 9e12 wt.% aqueous mixtures containing both lignin
and PVA (with different lignin/PVA weight ratios of 30/70, 50/50,
and 70/30), the composite nanofibers of lignin/PVA with varied
compositions could be prepared. SEM results revealed that the
average diameters of composite nanofibers decreased with
increasing the lignin amount from w220 nm at 30 wt.% lignin, to
w170 nm at 50wt.% lignin, and tow140 nm at 70wt.% lignin. It was
intriguing that the average diameter of composite nanofibers (with
the lignin/PVA weight ratio of 70/30) was less than a half of that of
neat PVA nanofibers under the same electrospinning conditions
(Fig. 1). This might be due to the decreased viscosity and increased
conductivity of a spin dope when PVA was partially replaced by
lignin. The decrease of viscosity was attributed to smaller molec-
ular weight/size of lignin, while the increase of conductivity was
aqueous solution; (b) 30/70 lignin/PVA composite nanofiber mat from 10 wt.% aqueous
0/30 lignin/PVA composite nanofiber mat from 12 wt.% aqueous solution. The insets in
cm).
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attributed to higher content of inorganic salts in lignin. With the
increase of lignin amount in spin dope, more fibers with the ribbon-
shaped morphology was produced, suggesting that a spin dope
with high lignin amount had the tendency to form thin and tube-
like jet/filament during electrospinning, which could further
collapse with the rapid vaporization of solvent [26,27]. As shown in
the insets of Fig. 1(a) and (d), the color of neat PVA nanofiber mat
was white, while the color of 70/30 lignin/PVA composite nanofiber
mat was yellow. This was simply because the color of lignin powder
was brown; hence, with the higher amount of lignin in composite
nanofibers, the color of mat became darker.

After the thermal treatments of stabilization and carbonization,
all of the resulting carbon nanofibers well-retained the overall
morphologies of their precursor nanofibers. The average diameters
of ECNFs, however, were much smaller than those of the precursor
nanofibers. The average diameter of ECNFs made from neat PVA
nanofibers was w210 nm, while the average diameters of ECNFs
made from lignin/PVA composite nanofibers with 30, 50, and
70 wt.% lignin were w150, w130, and w100 nm, respectively.
Because of removal of hydrogen, oxygen, and sulfur atoms, the
carbonization process of lignin led to the significant reduction in
fiber diameter and the formation of 3-D carbonaceous structures.
Compared to the ECNFs made from Alcell lignin with diameters
ranging from 400 nm to 1 mm [20], the ECNFs made from alkali
lignin appeared to be much thinner. Note that the ECNFs (70/30)
mat (made from composite nanofiber mat containing the highest
amount of lignin) was mechanical flexibility, and it could be bent
without breaking (see the inset in Fig. 2d); whereas the ECNFs
(PVA) mat was brittle (see the inset in Fig. 2a).

Fig. 3 shows the high-resolution TEM images of different ECNFs,
and the results are consistent with those acquired from SEM. In
general, the ECNFs made from electrospun neat PVA and 30/70
lignin/PVA nanofibers had relatively smooth surfaces, while the
other two ECNFs made from electrospun 50/50 and 70/30 lignin/
PVA nanofibers had rough surfaces. The electron diffraction pat-
terns (insets in Fig. 3) indicated that all of the ECNFs possessed the
Fig. 2. SEM images of different ECNF mats: (a) ECNFs (PVA) mat, the inset showing that the
mat, the inset showing that the mat was flexible.
turbostratic graphitic microstructures, while there was no appre-
ciable structural variation with the increase of lignin amount in the
precursor nanofibers.

XRD analysis and Raman spectroscopy were also carried out to
further characterize the microstructures of the prepared ECNFs. As
shown in Fig. 4a, a broad diffraction peak was observed for all of
ECNFs at the 2q angles between 20� and 30�, which was attributed
to the crystallographic plane of (002) in graphitic structure; and the
broad peak indicated that the size of graphite crystallites might be
small and the degree of graphitic order might be relatively low [28].
The twoweak diffraction peaks centered at the 2q angles of 44� and
51� were attributed to the crystallographic planes of (100) and
(004) in graphitic structure, respectively. The average interplanar
spacing “d(002)”, calculated by the Bragg equation, increased from
0.371 nm for ECNFs (PVA) to 0.374, 0.401, and 0.418 nm for ECNFs
(30/70), ECNFs (50/50), and ECNFs (70/30), respectively. The in-
crease of average interplanar spacing was concomitant with the
decrease of density [29], suggesting that more porous structures
were derived from carbonization of composite nanofibers with
higher amount of lignin.

Raman spectra of the ECNFs had two characteristic bands around
1350 and 1580 cm�1 (Fig. 4b). The band centered at 1350 cm�1 is
related to disordered carbonaceous structures and is commonly
referred as “D-band”; while the band centered at 1580 cm�1 is
related to ordered graphitic structures and is commonly referred as
“G-band”. The “D-band” could be resulted from the vibrations of
carbon atomswith dangling bonds in crystal lattice (due to in-plane
terminations of disordered graphite) or from defects in the curved
graphene sheets [30]. The “G-band” could be associatedwith the sp2

vibrations of ordered graphitic structures [31e34]. The intensity
ratio of “D-band” to “G-band” (“ID/IG”, known as the “R-value”) in-
dicates the degree of structural disorder in carbonaceous materials.
The R-values of ECNFs increased monotonically from 0.99 to 1.08 as
the lignin amount in the precursor nanofibers increased from 0 to
70 wt.%, suggesting that some ordered graphitic structures were
converted to disordered carbonaceous structures with the increase
mat was brittle; (b) ECNFs (30/70) mat, (c) ECNFs (50/50) mat, and (d) ECNFs (70/30)



Fig. 3. TEM images and the corresponding electron diffraction patterns (insets) of (a) ECNF (PVA), (b) ECNF (30/70), (c) ECNF (50/50), and (d) ECNF (70/30).
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of lignin amount in the precursor nanofibers. This observation was
consistent with the TEM and XRD results.

N2 adsorption was studied to measure the specific surface area,
pore size distribution, average pore size, and pore volume of the
prepared ECNFs (Fig. 5, Table 1). The N2 adsorption plots in Fig. 5a
can be classified as Type II under the Brunauer classification. The
adsorption behavior includes adsorption in low pressure region (P/
P0 < 0.1), gradually increased adsorption in middle P/P0 region, and
further adsorption increase in high pressure region (>0.9 P/P0),
which were respectively ascribed to N2 adsorption in micropores,
mesopores, and multilayer adsorption of mesopores. Specific sur-
face areas of the ECNFs were evaluated using the BET method. The
ECNFs (PVA) had the lowest specific surface area of 14 m2 g�1,
largest average pore size of 19.4 nm, and smallest pore volume of
0.022 cm3 g�1. With the increase of lignin amount in composite
nanofibers, the specific surface area and pore volume of the
resulting ECNFs increased while the average pore size decreased.
The ECNFs (70/30) possessed the highly porous structure;
compared to those of ECNFs (PVA), the specific surface area and
total pore volume of ECNFs (70/30) substantially increased bymore
than 40 times to 583 m2 g�1 and by more than 10 times to
0.289 m3 g�1, respectively, while the average pore size reduced
significantly by 80% to 3.5 nm.

3.2. Electrochemical performance

Electrochemical capacitive performances of the prepared ECNFs
were investigated by using cyclic voltammetry (CV), galvanostatic
charge/discharge, and electrochemical impedance spectroscopy
(EIS). Typical CV curves of ECNFs were acquired at the scan rate of
30 mV s�1 with the potential range of 0e0.8 V in 6 M KOH aqueous
electrolyte (Fig. 6a). CV curves of the ECNFs made from the lignin/
PVA composite nanofibers with higher amounts of lignin exhibited
better quasi-rectangular shapes, indicating that these ECNFs would
be more desired as electrode materials for the supercapacitor
application. Among four ECNFs, the ECNFs (70/30) had the CV curve
with the largest area of loop, suggesting the highest gravimetric
capacitance. The sample of ECNFs (70/30) was further scanned at
varied scan rates of 5e50 mV s�1 (Fig. 6b). With the increase of
voltage sweep rate, the CV curves well-retained their quasi-
rectangular shape, indicating a reversible supercapacitor behavior
in 6 M KOH electrolyte within the potential range.

The method of galvanostatic charge/discharge was adopted to
test the performance of electrochemical capacitors. The charge/
discharge curves of different ECNF electrodes were obtained at a
constant current density of 400 mA g�1 with the potential range
of 0e0.8 V in 6 M KOH aqueous electrolyte (Fig. 6c). The charge/
discharge curves of these ECNF electrodes (particularly that of the
ECNFs (70/30) electrode) were approximately isosceles, suggest-
ing the excellent capacitive performance (e.g., great electro-
chemical stability and reversibility) [35]. The galvanostatic
charge/discharge behavior of ECNFs (70/30) electrode was further
studied at varied current densities of 400, 1000, and 2000 mA g�1

(Fig. 6d). These charge/discharge curves were almost linear, and
the isosceles triangles indicated excellent supercapacitor
behaviors.



Fig. 4. XRD patterns (a) and Raman spectra (b) of different ECNFs.

Fig. 5. N2 adsorption isotherms (a) and pore size distributions (b) of different ECNFs.
The pore size distribution was evaluated via the BarreteJoynereHalenda (BJH) method.

Table 1
Values of the BET specific surface area (SSA), total pore volume, and average pore
size acquired from N2 adsorption isotherms at �196 �C for different ECNFs.

BET SSA
(m2 g�1)

Total pore
volume
(cm3 g�1)

Average
pore size
(nm)

ECNFs (PVA) 14 0.022 19.4
ECNFs (30/70) 31 0.049 8.9
ECNFs (50/50) 248 0.136 3.5
ECNFs (70/30) 583 0.289 3.5
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The gravimetric capacitances of different ECNF electrodes were
evaluated according to the following equation:

C ¼ 2� I � Dt
DV �m

where I is the discharge current in ampere (A), DV is the potential
difference during discharge in volt (V), Dt is the discharge time in
the selected potential window in second (s), m is the mass of an
electrode in gram (g), and C is the gravimetric capacitance (F g�1).
The gravimetric capacitances of ECNFs (PVA), ECNFs (30/70), ECNFs
(50/50), and ECNFs (70/30) electrodes at the current density of
400 mA g�1 were determined at 10, 20, 32, and 64 F g�1, respec-
tively. The monotonic increase of gravimetric capacitance might be
associated with the decrease of average pore size and the increase
of specific surface area in the corresponding ECNFs as the lignin
amount in precursor nanofibers increased. The gravimetric capac-
itances of the ECNFs (70/30) electrode at the current densities of
400, 1000, and 2000 mA g�1 were 64, 61, and 50 F g�1, respectively.
As the current density increased, the corresponding capacitance
reduced slightly. It was observed that w78% of the initial capaci-
tance was retained at a relatively large current density of
2000 mA g�1 when ECNFs (70/30) was used as the electrode,
suggesting that the ECNFs (70/30) mat/electrode could be suitable
for the applications in which fast ion transportation and high cur-
rent density would be required [36].

It is noteworthy that the ECNFs (70/30) electrode exhibited the
gravimetric capacitance of 64 F g�1 at the current density of
400 mA g�1 in 6 M KOH aqueous electrolyte, which is similar to the
electrode made of carbon nanotubes [1]; meantime, the energy
density was 5.67 W h kg�1 and the power density was
94.19 W kg�1. These results suggested that the ECNFs made from
alkali lignin might be innovative carbon nanomaterials for energy
storage applications.

EIS is a powerful technique to obtain the information on both
the characteristics of pores and the dynamic ion diffusion in porous
electrodes [37e39]. The complex-plane impedance plots (i.e., the
Nyquist plots) of ECNF electrodes showed depressed semi-circles at
high frequency and straight lines nearly vertical to the realistic



Fig. 6. Electrochemical characterizations of different ECNF electrodes in 6 M KOH aqueous electrolyte at room temperature: (a) cyclic voltammograms at the scan rate of 30 mV s�1

with the potential range of 0e0.8 V, (b) cyclic voltammograms of ECNFs (70/30) at varied scan rates, (c) galvanostatic charge/discharge curves at the current density of 400 mA g�1,
and (d) galvanostatic charge/discharge curves of ECNFs (70/30) at varied current densities.

Fig. 7. Nyquist plots of different ECNF electrodes in 6 M KOH aqueous electrolyte. Z0

and Z00 are the real and imaginary parts of the complex impedance Z, respectively. The
inset is the magnified high-frequency region.
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impedance axis at low frequency, while no semi-circle was
observed at high frequency on the plot of ECNFs (PVA). The diam-
eter of those semi-circles increased with the increase of lignin
amount in the precursor nanofibers. The Nyquist plots (Fig. 7)
suggested that there were more cylindrical pores in ECNFs (PVA),
while there were more turbination-shaped pores in ECNFs derived
from lignin/PVA composite nanofibers [37]. Different diameters of
the observed semi-circles also suggested that the ion adsorption
efficiency was reduced with the increase of lignin amount in the
composite nanofibers [38,39]. In general, the efficiency of ion
diffusion would be reduced as the pore size became smaller. It is
noteworthy that, although ECNFs (70/30) and ECNFs (50/50) had
the similar average pore size based upon the results acquired from
BET surface area analysis, these two mats/electrodes were quite
different on their Nyquist curves, indicating ECNFs (70/30) might
have smaller pores that ECNFs (50/50) did not possess.

The long cycling durability/stability is also a crucial parameter
for electrode materials of supercapacitors. The stability of capaci-
tance performance of the ECNFs (70/30) electrodewas evaluated by
employing the galvanostatic charge/discharge test for 6000 cycles
between 0 and 0.8 V at a high constant current density of
2000 mA g�1 (Fig. 8). The gravimetric capacitance was merely
reduced by approximately 10% after 6000 cycles of charge/
discharge, indicating that the ECNFs (70/30) electrode was elec-
trochemically stable/durable. The slight decrease of capacitance
value with the increase of cycle number might be due to the loss of
small amount of electrode materials, and this is common for
carbonaceous materials with nano- and/or meso-porosities. Note
that the performance of the 100th cycle appeared higher than that
of the 1st cycle could be attributed to the wetting phenomenon,
while the detailed mechanism(s) would be upon further
investigations.

4. Conclusion

Mechanically flexible ECNF mats were prepared by electro-
spinning an aqueousmixture (containing a natural product of alkali



Fig. 8. Cycling stability of ECNFs (70/30) electrode at the current density of
2000 mA g�1. The inset shows the charge/discharge curves of the 1st, 100th, and
6000th cycles at 2000 mA g�1.
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lignin together with PVA) into precursor nanofibers followed by
stabilization in air and carbonization in Argon. The ECNFmats were
studied as supercapacitor electrodes without addition of any
binder. The ECNFs well-retained the overall morphologies of their
precursors (i.e., neat PVA nanofibers and lignin/PVA composite
nanofibers), and showed w30% reduction of fiber diameters. It was
revealed that with the higher amount of lignin in the precursor
nanofibers, the resulting ECNFs would have the smaller average
pore size, larger pore volume, and higher specific surface area. The
ECNFs (70/30), which was derived from the composite nanofibers
with 70 wt.% lignin, had an average fiber diameter ofw100 nm and
the BET specific surface area of 583 m2 g�1. The lignin-based ECNF
mats (particularly the ECNFs (70/30) mats) demonstrated high
performance as free-standing and/or binder-free electrode mate-
rials for supercapacitors. The ECNFs (70/30) mats had the highest
gravimetric capacitance of 64 F g�1 at the current density of
400 mA g�1 and 50 F g�1 at 2000 mA g�1; furthermore, the
gravimetric capacitance was merely reduced by w10% after 6000
cycles of charge/discharge, indicating that the ECNFs (70/30) elec-
trodewas electrochemically stable/durable. It is envisioned that the
ECNF mats made from alkali lignin would be innovative and sus-
tainable electrode materials for flexible high-performance
supercapacitors.
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