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ABSTRACT: Energy storage devices such as supercapacitors of high performance are in
great need due to the continuous expansion of digitalization and related devices for mobile
electronics, autonomous sensors, and vehicles of different kinds. However, the
nonrenewable resources and often complex preparation processes associated with
electrode materials and structures pose limited scale-up in production and difficulties in
versatile utilization of the devices. Here, free-standing and flexible carbon nanofiber
networks derived from renewable and abundant bioresources are demonstrated. By a
simple optimization of carbonization, the carbon nanofiber networks reach a large surface
area of 1670 m2 g−1 and excellent specific gravimetric capacitance of ∼240 F g−1,
outperforming many other nanostructured carbon, activated carbon, and even those
decorated with metal oxides. The remarkable electrochemical performance and flexibility
of the green carbon networks enable an all-solid-state supercapacitor device, which displays
a device capacitance of 60.4 F g−1 with a corresponding gravimetric energy density of 8.4
Wh kg−1 while maintaining good mechanical properties.
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■ INTRODUCTION

Energy storage devices with high energy/power densities,
excellent structural integrity, and long-term reliability are of
great demand due to their current and future exploitation in
electronic devices applied in portable appliances, remote and/
or self-powered sensors, and vehicles of different kinds.1,2

Compared to batteries and pseudocapacitors, electrostatic
supercapacitors achieve high charge/discharge rates, remark-
able power densities, and outstanding long cycle life.3−6

Carbon-based electrodes with their excellent conductivity and
accessible surface area as well as low density offer not only high
specific electrical double-layer capacitances but also signifi-
cantly reduced cost, in contrast to nanostructured metal oxides
and metal sulfides.7 The commonly considered carbon
materials include carbon black, graphene, carbon nanotubes,
and onions as well as their derivatives and composites with
outstanding overall performance.5,8−12 However, nonrenew-
able resources and the complex preparation processes of these
materials pose significant obstacles to meet stringent environ-
mental requirements and, in some cases, disable large-scale
manufacturing. On the other hand, biocarbons derived from
abundant and renewable natural resources may alleviate the
burden of the environmental footprint of conventional
synthetic carbon nanomaterials and could also help several
industries to valorize side-stream organic wastes and
residues.13−15

Lignin is the second most abundant natural polymer on
earth, and together with cellulose and hemicellulose, lignin is
one of the main components in wood.16 However, despite its
great abundancy and easy accessibility in nature, lignin has

been highly underutilized for decades.17 There is more than 50
million tons of lignin produced annually by the pulping and
paper-making process, but most of it is burned for low-value
thermal energy.18−20 Although significant efforts have been
made to advance the production of lignin-based materials and
applications, as of today only <2% of the produced lignin is
valorized and used for example in adhesives and foaming
agents.18−20 It is also believed that making good use of lignin
will enable a biofuel economy to be competitive with oil
refining as lignin is now only a low-value byproduct in the
biorefinery.14,21,22 Excitingly, because of the merits of low
price, high carbon content, and no toxic emission during the
process, lignin can be a fascinating raw material for the
production of high-quality biocarbons with well-tailored
functions and properties.13,14,23,24

Combining electrospinning and carbonization process, lignin
can be converted to carbon nanofiber networks with very large
surface area that endows their great potential to be used in
energy storage applications. Until now, only a very limited
amount of studies focused on the lignin-derived carbon
nanofiber networks (LCNs) without unleashing the full
potential of the materials.23,25−37 The first study of electro-
spinning of lignin and its conversion to carbon nanofibers was
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published in 2007 by Lallave et al.,25 where a high-carbon-
content (94.3%) and high-yield (31.6%) carbon nanofiber
network was prepared via the electrospinning of organosolv
lignin followed by carbonizing the electrospun network at 900
°C. In 2013, Wang et al. first proposed the potential
application of LCNs as anode materials used in lithium ion
batteries.27 The obtained carbonized organosolv lignin/poly-
(ethylene glycol) electrospun network exhibited an excellent
specific capacity of up to 445 mA h g−1, which is comparable
with that of neat polyacrylonitrile-derived carbon fibers. At the
same time, Lai et al. carbonized electrospun alkali lignin/
poly(vinyl alcohol) (PVA) nanofiber networks at 1200 °C and
used them as electrodes in supercapacitors with a specific
capacitance of 64 F g−1.28 Later, Ma et al. reported that the
conductivity of electrospun and carbonized lignin/PVA fibers
was increased by surface decoration with MnO2 nanowhiskers,
and the specific capacitance was increased from 4.5 F g−1 for
electrospun lignin-based carbon fibers to 83.3 F g−1 with the
MnO2 surface decoration as a result of its pseudocapacitive
nature.35 Ago et al. activated electrospun alkali lignin/PVA
fibers using KOH prior the carbonization process, which
resulted in a high mesoporosity and specific surface area (SSA,
2005 m2 g−1) for the fibers. The fibers tested in a three-
electrode setup showed a specific capacitance of up to 205 F
g−1, which was the highest for any lignin-derived carbon fiber
electrode without additives.33

According to our previous study,38 the carbon structure and
elemental composition of the LCNs are significantly influenced

by their carbonization conditions, which would further affect
their electrochemical properties. However, to the best of our
knowledge, no systematic studies have been done to reveal the
effects of carbonization conditions on the LCNs used for
electrodes in supercapacitors. Therefore, in this study, we
systematically analyze the effect of different carbonization
temperature on the LCNs to optimize their electrochemical
properties without any additional activations or additives. To
demonstrate that our free-standing and high-performance
LCNs can be easily integrated into flexible devices, an all-
solid-state, binder- and separator-free supercapacitor has been
developed for the first time with the LCN electrodes,
suggesting their possible utilization in portable/wearable and
sustainable electronic applications.

■ RESULTS AND DISCUSSION

The synthesis process of the LCNs studied in the present work
is shown in Figure 1a. A kraft lignin/PVA aqueous solution
(weight ratio of 75/25) with a viscosity of 59.3 mPa·s, a
conductivity of 17.0 mS cm−1, and a pH of 8.9 was electrospun
at a voltage of 17.0 kV to produce the lignin/PVA nanofiber
networks. The as-spun networks were then stabilized at 180 °C
for 16 h and then at 220 °C for 8 h in air. During the
stabilization process, thermal-induced cross-linking which
forms carbonyl and carboxyl structure occurred to prevent
the nanofibers from softening during the following carbon-
ization process.39 The exact reactions are, however, unclarified.
Finally, the stabilized nanofiber networks were carbonized at

Figure 1. Synthesis and the demonstration of lignin-derived carbon nanofiber networks. (a) Schematic of the synthesis process of the carbon
nanofiber networks. (b) Photographs of the electrospinning setup with an as-spun lignin/PVA network on a 20 × 20 cm2 collector as well as
illustrations of the as-spun, stabilized, and C1000 networks. Scale bars: 20 mm. (c) Showcases for the flexibility of the free-standing C1000 carbon
network. Scale bars: 15 mm. (d) SEM images showing the microstructure of C1200 networks. Scale bar of the inset image: 500 nm.
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different temperatures (800, 1000, 1200, and 1400 °C) in a
nitrogen atmosphere for 1 h. The obtained LCNs are denoted
as C800, C1000, C1200, and C1400, respectively. Representa-
tive photographs of the electrospinning setup as well as the as-
spun, stabilized, and C1000 networks are illustrated in Figure
1b. Clearly, the stabilization and carbonization treatments did
not affect the integrity and free-standing character of the
networks, and the synthesized LCNs possess excellent
mechanical flexibility as they can be bent or rolled into
different shapes without a permanent irreversible deformation
(Figure 1c and Movie S1).
The microstructures of the as-spun and stabilized networks

as well as LCNs were characterized by scanning electron
microscopy (SEM) as displayed in Figure 1d and Figure S1
with the corresponding distribution histograms of the
nanofiber diameter shown in Figure S2. The SEM images
illustrate that the as-spun lignin/PVA network was dense and
composed of randomly oriented smooth nanofibers, and the
stabilization process retained the microstructure of the network
intact. After carbonization at different temperatures, the
nanofiber networks were still maintained with rarely seen
fiber breakage, indicating that great quality of LCNs can be
obtained through our synthesis process. The diameter of the
nanofibers remained the same after stabilization (182 ± 27 nm
vs 181 ± 36 nm), but it decreased significantly with increasing
carbonization (down to 100 ± 23 nm in C1400) due to the
weight loss of the materials during carbonization. Notably, as
shown in the inset SEM image of C800, some roughness with
dot-like feature had developed on the nanofiber surface,
probably because of the presence of inorganic moieties in the
lignin (NaOH, Na2SO3, Na2SO4, and Na2CO3). The smooth-
ness of the nanofiber surfaces of C1200 and C1400 was
regained as shown in their inset SEM images of the

corresponding materials, which could be attributed to the
gasification of such inorganic compounds at higher temper-
atures.40

The changes of elemental composition of the lignin/PVA
networks occurred during stabilization and carbonization were
assessed by using energy-dispersive X-ray spectroscopy (EDX)
and X-ray photoelectron spectroscopy (XPS). The results are
summarized in Table 1, Figure 2, and Figures S3 and S4.
According to the EDX data, carbon and oxygen dominated the
chemical composition of the as-spun and stabilized network
with a slightly higher oxygen content in the latter due to a
minor oxidation of the nanofibers during stabilization
process.41 In the LCNs, the carbon content gradually increased
from 87.6 to 99.0 at. %, while the oxygen content decreased
from 7.4 to 1.0 at. % with increasing carbonization temper-
ature. In addition to carbon and oxygen, sodium and sulfur also
appeared in the as-spun and stabilized networks due to
chemical reactions introducing sulfur to lignin as well as
residues of chemicals in the Kraft process. The sodium and
sulfur contents in the LCNs decreased gradually with
increasing carbonization temperatures due to the formation
of volatile compounds and became undetectable in C1400.
XPS gave similar results for the as-spun and stabilized

networks compared to EDX (Table 1). However, a notably
higher amount of oxygen as well as sodium was detected in
C800 and C1000, which should be arisen from the difference
of the detecting depth between XPS (up to 10 nm) and EDX
(several micrometers).42,43 This can be related to the
microscopy results shown in Figure S1 and Figure 3a where
plenty of dot-like features covered the surface of C800,
implying that these features contained a great amount of
sodium/oxygen-rich components, resulting in a significant
increase in the sodium and oxygen content in the XPS data.

Table 1. Elemental Compositions of As-Spun, Stabilized, and C800−1400 Networks According to SEM-EDX and XPS as Well
as SSA and Average Pore Size for the C800−1400 Networks

SEM-EDX XPS

sample coding C [at. %] O [at. %] Na [at. %] S [at. %] C [at. %] O [at. %] Na [at. %] S [at. %] SSA [m2 g−1] pore size [nm]

as-spun 69.6 21.8 5.2 3.5 62.1 31.2 5.1 1.6
stabilized 65.3 27.5 4.4 2.7 62.9 30.5 5.0 1.6
C800 87.6 7.4 4.1 0.9 61.5 23.9 14.1 0.6 797 2.3
C1000 94.8 3.6 0.9 0.7 82.9 11.3 5.2 0.6 946 2.1
C1200 97.7 2.1 0.2 96.3 3.7 1672 1.5
C1400 99.0 1.0 97.9 2.1 1419 2.2

Figure 2. XPS data and fitted peaks measured from (a) C 1s, (b) O 1s, and (c) Na 1s spectral area of the as-spun, stabilized, and C800−1400
networks.
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Because the dot-like structure on the nanofibers is rather small
compared to the size of the X-ray beam, it is difficult to locally
analyze their elemental composition by either technique. Thus,
a casted film was prepared from the same lignin/PVA solution
and then stabilized and carbonized at the same conditions as
the C800 to further investigate the reason for the different
elemental composition results obtained from EDX and XPS. As
shown in Figure 3b, the casted carbonized film also
demonstrated surface features but much larger than those on
the C800 nanofibers (Figure 3a), so the localized analysis of
such features using EDX is possible. The EDX results illustrate
that the area with the surface features showed much higher
oxygen and sodium content (Figure 3c) compared to the neat
fracture area (Figure 3d), which is consistent with the XPS and
the EDX data of the LCNs shown in Table 1, respectively. To
specifically measure the elemental composition of the surface

feature, a large particle (size is around 5 μm) was selected to
be scanned, and the result is shown in Figure S5. It was found
that in the selected particle there were 50.9 at. % of oxygen,
33.0 at. % of sodium, 14.6 at. % of carbon, and 1.5 at. % of
sulfur. This composition suggests that the surface features were
mainly contributed by Na2CO3 with a small amount of
Na2SO4. The disagreement between SEM-EDX and XPS
gradually decreased and vanished as the carbonization
temperature increased and the dot-like feature disappeared.
The SSA and pore size of the LCNs were also varied

significantly with the carbonization temperature (Table 1 and
Figures S6 and S7). According to Table 1, all LCNs exhibited
superb SSA which increased significantly from 797 m2 g−1

(C800) to 1672 m2 g−1 (C1200) with the increase in
carbonization temperature from 800 to 1200 °C. The pore
size of the corresponding LCNs deceased from 2.3 to 1.5 nm,
indicating that the formation of gases from the non-carbon
elements in the lignin/PVA networks favored the development
of micropores.44 However, C1400 had a lower SSA (1419 m2

g−1) and a larger pore size (2.2 nm) than C1200, which implies
that some micropores merged into larger pores at 1400 °C.45

The pore size distribution results shown in Figure S7 illustrate
a similar trend, in which a larger amount of micropores were
detected in the LCNs carbonized at higher temperature up to
1200 °C while the amount was reduced in C1400 and more
mesopores appeared.
The thermal stability of the as-spun, stabilized, and

carbonized networks from 25 to 1000 °C were studied by
using thermogravimetric analysis (Figure 4a,b). After the
evaporation of moisture, the as-spun network began to degrade
at ∼150 °C, whereas the degradation onset of the stabilized
network appeared at ∼180 °C (Figure 4a). Moreover, the as-
spun network exhibited a sharp derivative weight loss peak
located at ∼280 °C which was absent in the stabilized network.
The possible reason is that the hydroxyl groups of PVA reacted
with each other or with active groups in lignin during the
stabilization process,46,47 leading to a better thermal stability of
the stabilized network. As the temperature increased, both as-
spun and stabilized networks underwent further chemical
changes, first due to the scission of ether bonds at 300−350 °C
followed by the cleavage of the −CH3O (methoxy) groups on
the lignin aromatic rings (450 °C), resulting in the formation
of polycyclic aromatic hydrocarbons (above 650 °C).48,49 The
thermal stability of all LCNs was very good as shown in Figure

Figure 3. (a) Magnified SEM image of C800 showing the dot-like
features on the surface. Scale bar: 500 nm. (b) SEM image of the
lignin-based carbon film with a fracture surface on the upper right
corner. The elemental composition of the dot-like feature (red) as
well as the fracture surface (blue) was analyzed. Scale bar: 5 μm. (c,
d) EDX spectra of (c) the thin dot-like feature on the surface and (d)
the fracture surface of the casted carbonized film.

Figure 4. Thermogravimetric analysis of the (a) as-spun, stabilized, and (b) C800−1400 networks in a N2 atmosphere. (c) Raman spectra of
C800−1400 carbon nanofiber networks.
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4b, and it improved with increased carbonization temperature
due to the higher carbon content.
Figure 4c shows the Raman spectra for the LCNs, and all

LCNs exhibited characteristic Raman bands of carbon
materials (D, G, and 2D bands).50 Results from transmission
microscopy which were reported in our previous study
indicated that the dominant carbon structure in LCNs evolved
from amorphous carbon to nanocrystalline graphite as the
carbonization temperature increased.38 Ferrari and Robertson
explained that during this transition the intensity ratio of the D
and G bands (ID/IG) is proportional to the square of the
crystallite size.50,51 Combined with the upshift and the
development of asymmetry occurring in the 2D band, one
can conclude that more ordered carbon structures were formed
in the LCNs with increasing carbonization temperature.
To assess the electrochemical performance of the LCNs

carbonized at different temperatures, we constructed super-

capacitors with different LCN electrodes (C800−1400) in an
aqueous 6 M KOH electrolyte (noted as SC-Ls), in which two
LCN electrodes were brought in contact with Inconel plates as
current collectors and separated with filter paper as
demonstrated in Figure 5a. The total mass of both electrodes
was ∼2 mg. The cyclic voltammetry (CV) curves of all the SC-
Ls tested at various scan rates (5−100 mV s−1) are shown in
Figure 5b−e. Obviously, CV curves of C1200 and C1400 are
more rectangular in shape, suggesting better electrode
materials for supercapacitor compared to C800 and C1000.
However, the curves of the SC-Ls with C800 and C1000
electrodes have larger integrated area than those with C1200
and C1400 under the same scan rate, indicating their higher
specific capacitances. The specific capacitances of all the LCNs
(Celec) were calculated via eq 1 and are summarized in Figure
5f. It is found that C800 and C1000 outperformed C1200 and
C1400 at all scan rates. This is converse with the previous

Figure 5. Electrochemical performance of the LCNs in an aqueous 6 M KOH electrolyte. (a) Schematic of the two-electrode setup used in the
electrochemical measurements with the liquid electrolyte. (b−e) Cyclic voltammograms of the SC-L with (b) C800, (c) C1000, (d) C1200, and
(e) C1400 electrodes at a scan rate of 5−100 mV s−1. (f) Specific capacitances of the C800−1400 networks at different CV scan rates and their
corresponding contact angles with the electrolyte.

Figure 6. (a) Galvanostatic charge−discharge curves of the SC-L with C1000 electrodes under different current densities. (b) Ragone plot of the
calculated energy and power densities for the SC-Ls in charge−discharge measurements. (c) Nyquist diagrams measured with electrochemical
impedance spectroscopy of the SC-Ls for C800−1400 electrodes.
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results showing that C1200 and C1400 had larger SSA, higher
carbon contents, and more ordered carbon structure (Table 1,
Figure 2, and Figure 4). To further analyze the reason for this,
the contact angles of the LCNs with the aqueous 6 M KOH
electrolyte were measured and are shown in Figure 5f (the
ones with distilled water are shown in Figure S8). The contact
angle dramatically increased from 11° to 136° with the
increase in carbonization temperature, which implies that
C800 and C1000 were hydrophilic and easily wetted with the
aqueous KOH electrolyte, whereas C1200 and C1400 were
much more hydrophobic and therefore difficult to wet. The
trend of increasing hydrophobicity is due to the higher carbon
content and loss of polar surface groups of the nanofiber
networks as revealed by XPS analysis (Figure 2). Therefore,
the hydrophobic nature of C1200 and C1400 hindered ions of
the electrolyte from being adsorbed on the surface of the
LCNs,52 leading to a reduced Celec.
Galvanostatic charge−discharge (GCD) curves of the SC-Ls

at different current densities are shown in Figure S9, and those

of the SC-L by using C1000 electrodes at 0.8, 2.1, and 4.2 A
g−1 are shown in Figure 6a as representatives exhibiting good
triangular shapes. The Celec of C800−1400 were also calculated
from the related GCD curves (eq 2, Figure S10), which agree
with those determined from the CV curves (Figure 5f). A
comparison of the Celec of the green carbon nanofiber networks
developed in this study and the values of various other carbon
materials reported in the literature is shown in Table 2. It can
be seen that the LCNs prepared from renewable raw materials
have very competitive Celec even compared to the carbon
materials decorated with functionalized nanomaterials. How-
ever, it needs notifying that according to Figure 6a the
Coulombic efficiency of the LCNs was ∼95%. Reasons behind
this can be the charge redistribution due to the unoptimized
surface structure of the LCNs and the existence of parasitic
Faradaic reactions because of the presence of non-carbon
elements in the LCNs.53 One should be also noticed that
asymmetric electrode materials may also decrease the
Coulombic efficiency.

Table 2. Comparison of the Celec of the LCNs Prepared in This Study and That of Various Carbon Materials Reported in the
Literature

materials SSA [m2 g−1] cell configuration electrolyte scan rate or current density Celec [F g−1] ref

nitrogen-doped carbon 6 two-electrode 6 M KOH 1.0 A g−1 99.4 54
activated carbon from banana 1097 three-electrode 1 M Na2SO4 5 mV s−1 86 55
graphene nanosheet/carbon black 586 three-electrode 6 M KOH 10 mV s−1 175.0 56
modified carbon nanotube N/A two-electrode 0.5 M Na2SO4 5 mV s−1 <100 57
activated carbon nanofibers 1389 three-electrode 0.5 M Na2SO4 5 mV s−1 56.8 58

1.0 A g−1 ∼50
carbon spheres/MnO2 964 three-electrode 1 M Na2SO4 1.0 A g−1 ∼150 59
green carbon nanofibers 797−1672 two-electrode 6 M KOH 5 mV s−1 241.4 this study

10 mV s−1 206.7
0.8 A g−1 179.2

Figure 7. Demonstration, mechanical behavior, and electrochemical performance of FS1000. (a) Schematic of the FS1000 assembled with two
C1000 electrodes and solid-state PVA/H3PO4 electrolyte. (b) Photographs of the thin and free-standing FS1000 illustrating its flexibility. (c)
Representative stress−strain curves of FS1000 (content of C1000 was 5 wt % of the total device weight) and the PVA/H3PO4 electrolyte from
tensile testing. (d) Cyclic voltammograms of FS1000 at different scan rates. (e) GCD curves of FS1000 at various current densities. (f) Device
capacitance of FS1000 at different current densities compared to other all-solid-state supercapacitors reported in the literature.
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The energy densities (Ed, eq 4) and power densities (Pd, eq
5) of the SC-Ls are displayed in the Ragone plot in Figure 6b,
showing that the SC-Ls performed similarly to other
nanostructured carbon-based devices.7 The SC-Ls with C800
and C1000 still had better performance than those with C1200
and C1400 due to the better wetting. The best performing SC-
L with C1000 electrodes demonstrated an energy density of
6.5 Wh kg−1 at a power density of 0.2 or 2.5 Wh kg−1 at 10 kW
kg−1. The Nyquist diagrams (Figure 6c) from the electro-
chemical impedance spectroscopy (EIS) measurements show
that the equivalent series resistance (Rs) of the SC-Ls, which
describes the resistance between the LCNs and the Inconel
current collectors as well as the resistance of the electrolyte
were rather small, varying between 0.5 and 1.5 Ω. However,
the charge transfer resistance (Rct), which corresponds to the
charge transport through the electrode−electrolyte interface,
was much higher for C1200 and C1400 (17.5 and 19.2 Ω,
respectively) than C800 and C1000, which could be attributed
to the superior wetting ability of the latter. Such high charge
transfer resistances limited the charge/discharge rates and
compromised the overall capacitor performance, especially at
higher current densities and frequencies which can be seen in
the power performance of the assembled devices.
Under the consideration of both structure and electro-

chemical performance, C1000 was chosen for assembling free-
standing, flexible all-solid-state supercapacitor devices using
PVA/H3PO4 as electrolyte as shown in Figure 7a (coded as
FS1000). The use of solid-state electrolyte can not only avoid
the risk of the leakage of conventional liquid electrolyte but
also eliminate the need for separators which prevent short-
circuiting of the two electrodes in ordinary devices.10 As shown
in Figure 7b,c, the thin FS1000 device inherited the flexibility
of C1000 and showed good mechanical properties which allow
it to be integrated to potential wearable electronics. With 5 wt
% of C1000, the elastic modulus of FS1000 was enhanced
drastically by 5 times (Table S1 and Figure S11), which is due
to the high stiffness of the carbon networks. Meanwhile, the
elongation at break of FS1000 reached around 20% before the
carbon networks start breaking (Figure 7c), which further
confirms its excellent flexibility.
Similar to CV curves of the SC-L with C1000 as electrodes

(Figure 5b−e), all CV curves of FS1000 in Figure 7d are
capacitive and symmetric. The gradual loss of their rectangular
shape as the scan rate increases was due to the high Rs in the
system (according to the EIS results shown in Figure S12).

However, despite the less-efficient charge drift, FS1000
exhibited excellent capacitance according to the GCD tests
(Figure 7e), and the corresponding specific capacitance of
C1000 in the FS1000 is plotted in Figure S13. Moreover, as a
readily assembled supercapacitor device, the device capacitance
of FS1000 was also calculated via eq 3 and is shown in Figure
7f. FS1000 had device capacitances of 60.4 and 52.4 F g−1

under current densities of 80 and 120 mA g−1, respectively.
These values outperform many fiber-based supercapacitor
devices consisting of various carbon nanomaterials as electro-
des and PVA/H3PO4 or PVA/H2SO4 as the electrolyte (Figure
7f).10,60−62 Furthermore, FS1000 had an energy density of 2.7
Wh kg−1 while the power density reached 500 W kg−1 (Figure
S14), which meets the characteristics of typical carbon-based
electrostatic double-layer capacitors.63 In addition, the quite
high Rs of FS1000 shown in Figure S12 was likely arisen from
the significantly lower ion conductivity of the solid-state
electrolyte as well as the insufficient contact between the
current collector and the electrode caused by a thin layer of
solid electrolyte present in between.64−66 The high Rs can also
be evaluated from the notable voltage drop at the beginning of
the discharge curves (Figure 7e). These drawbacks limit the
current density that can be applied to the supercapacitors and
also restrict the electrochemical performance of the super-
capacitors. Thus, for future practical applications of the all-
solid-state devices, further careful optimization of the electro-
lyte system is necessary.
To further study the potential of using FS1000 in wearable

electronic devices, its cycling stability and flexibility related to
the electrochemical performance were analyzed (Figure 8). In
the cycling stability test, the assembled FS1000 was charged
and discharged continuously with a current density of 1 A g−1,
and the corresponding Celec in every cycle was calculated by
using eq 2. As shown in Figure 8a, <10% of the initial
capacitance was lost after 1050 cycles. The loss in the
capacitance can be due to the dehydration of the electrolyte
caused by resistance-induced heating during the continuous
cycling test or some irreversible electrochemical reactions
caused by the impurities from the electrode materials.67 In the
flexibility test, FS1000 was bent to different angles, and the
corresponding CV curves under a scan rate of 20 mV s−1 were
recorded. It can be seen from Figure 8b that the overall shape
of the CV curves did not change even at a harsh bending angle
(180°). The slight difference when FS1000 was nearly fully
charged or discharged is probably attributed to the

Figure 8. Cycling stability and flexibility analysis of FS1000. (a) Capacitance retention of FS1000 versus the number of cycles according to the
GCD measurements. Current density: 1 A g−1. (b) Cyclic voltammograms of FS1000 at different bending states of 0°, 45°, 90°, and 180°. Scan
rate: 20 mV s−1. Bending angle was determined by the tangent of both ends of FS1000. (c) Capacitance retention of FS1000 versus the number of
times that the FS1000 was bent to 180°. The capacitance was measured at the bending state of 180°.
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deformation of the FS1000 which influenced the charge
transfer path between the electrode and the electrolyte.
Moreover, FS1000 was also bent for 180° for 1000 times,
and the GCD tests were conducted after every 50 times of
bending. The capacitance of FS1000 had almost 95% retention
after 1000 times of harsh bending, which also indicates the
good connections between the electrodes and electrolyte.68,69

Thus, one may conclude that this device is promising to be
integrated in a wearable device with further optimization.

■ CONCLUSION

In conclusion, we showed that the abundant but highly
underutilized lignin can be transformed into electrically
conductive, flexible, free-standing, and highly porous LCNs
of high SSA that can be used as supercapacitor electrodes with
excellent properties. In our methods, the carbonization process
was optimized to find advanced microstructure and surface
chemistry, which were the key to reach Celec of up to 241.4 F
g−1, outperforming many other materials. Furthermore, the
electrodes showed great mechanical integrity, making them
feasible for assembling advanced all-solid-state supercapacitor
devices by using PVA/H3PO4 electrolytes and having
remarkable device capacitances of up to 60.4 F g−1. The
processing steps of the proposed methods are robust, up and
down scalable, and affordable, and the used materials are
renewable. Thus, this study paves the road for superb energy
devices derived from biomaterials.

■ EXPERIMENTAL SECTION
Materials. Lignin (alkali, low sulfonate content, Mw of ca. 10000),

poly(vinyl alcohol) (PVA, Mw of 89000−98000, ≥99% hydrolyzed),
potassium hydroxide (KOH, pellets, ≥85%), and phosphoric acid
solution (H3PO4, 85 wt % in H2O) were purchased from Sigma-
Aldrich (St. Louis, MO) and used without any further purification.
Electrospinning of Lignin/PVA Solution. A 5 wt % PVA

solution was prepared by adding PVA powder to distilled water and
heating to 80 °C under continuous stirring until a clear solution was
obtained. A certain amount of lignin powder was added to the cooled
PVA solution, making the lignin/PVA weight ratio 75/25. This blend
was then stirred for 2 h. The viscosity, conductivity, and pH of the
solution were tested by using a viscometer (SV-10 Vibro, A&D Co.,
Tokyo, Japan), a conductivity meter (S30 SevenEasy, Mettler Toledo,
Schwerzenbach, Switzerland), and a pH meter (pH 21 pH meter,
Hanna Instruments, Woonsocket, RI), respectively. The nanofiber
networks were formed by using a Fluidnatek LE-10 electrospinning
setup (Bioinicia SL, Spain). The newly prepared lignin/PVA solution
was transferred to a 12 mL syringe (HSW NORM-JECT, Henke-Sass,
Bremen, Germany), which was connected to a nozzle with a 0.6 mm
capillary through a polytetrafluoroethylene (PTFE) pipe (outer
diameter 1/8 in.). The feeding rate and voltage applied were 0.5
mL h−1 and 17 kV, respectively. The distance between the tip of the
capillary and the collector was 20 cm.
Stabilization and Carbonization of Lignin/PVA Nanofiber

Networks. The as-spun lignin/PVA nanofiber network was placed on
a stainless-steel plate and stabilized in a tube furnace (Nabertherm
RHTC-230/15, Nabertherm GmbH, Lilienthal, Germany) in an air
atmosphere. The heating procedure was as follows: (i) from room
temperature to 100 °C (heating rate 5 °C min−1) and maintain for 2
h; (ii) from 100 to 180 °C (heating rate 1 °C min−1) and maintain for
16 h; (iii) from 180 to 220 °C (heating rate 0.5 °C min−1) and
maintain for 8 h. Afterward, the stabilized nanofiber network was
placed in a ceramic boat and carbonized at 800, 1000, 1200, and 1400
°C, respectively, in the same tube furnace under a constant nitrogen
flow. A heating rate of 5 °C min−1 was applied, and the network was
maintained at the targeted carbonization temperature for 1 h before
being cooled to room temperature.

Preparation of FS1000. The PVA/H3PO4 electrolyte was
prepared by mixing 6 g of PVA powder and 7 g of H3PO4 solution
in 59 g of distilled water. The mixture was heated at 80 °C under
stirring until a clear solution was obtained and then cooled to room
temperature. The electrolyte solution was applied to two pieces of
C1000 with same size by the hand-lay-up method, and afterward the
assembled device was dried in an oven at 50 °C for 1 h to obtain the
final solid-state FS1000.

Characterization. Scanning electron microscopy (SEM, Magellan
400 XHR-SEM, FEI Company, Hillsboro, OR) was used to
investigate the microstructures of the nanofiber networks. The as-
spun and stabilized networks were coated with tungsten (Bal-Tec
MED 020, Leica, Wetzlar, Germany). The “FibreApp” was used to
determine the fiber diameters.70 Diameter values from more than 100
fibers (in at least five different areas) were assessed, and the average
values were calculated. The chemical composition of the nanofiber
networks was studied by using energy-dispersive X-ray spectroscopy
(EDX) and X-ray photoelectron spectroscopy (XPS). The EDX tests
were conducted by using a scanning electron microscope (JEOL JSM
6460LV, JEOL Ltd., Tokyo, Japan) equipped with a silicon drift
detector (Oxford X-MaxN 50 mm2, Oxford Instruments, Oxfordshire,
UK). The XPS analysis was performed with a Thermo Fisher
Scientific Escalab 250 XI system using an Al Kα source at 1486.6 eV.
The data were evaluated by using the Thermo ScientificTM Avantage
software. The BET surface analysis was conducted by using an ASAP
2020 Plus surface area analyzer (Micromeritics Instrument Corp.,
Norcross, GA). The LCNs were degassed at 350 °C for 1200 min
prior to the N2-adsorption test at 77 K. Thermogravimetric analyses
of the nanofiber networks were conducted by using a TA Q500
thermogravimetric analyzer (TA Instruments, New Castle, DE) under
a nitrogen atmosphere to 950 °C at a heating rate of 10 °C min−1.
The carbon structure of the LCNs was analyzed by using a Bruker
Senterra dispersive Raman spectroscope (Bruker Corp., Billerica, MA)
with a 533 nm laser beam and a power of 2 mW. Contact angle
measurements of the LCNs with the 6 M KOH electrolyte and
distilled water were conducted with an EASYDROP measuring system
by using the static sessile method by applying liquid droplets of 4 μL
to the surface. Images were captured 3 s after the droplet was placed
on the LCNs. The mechanical performances of FS1000 and the PVA/
H3PO4 electrolyte were characterized by tensile testing using a
Shimadzu AG-X universal testing machine (Shimadzu Corp., Kyoto,
Japan) with a SLBL 1 kN load cell. At least five specimens from each
sample were tested with a gauge length of 10 mm and a crosshead
speed of 5 mm min−1 at 22 °C and 12% humidity. The
electrochemical measurements were performed using a Princeton
Applied Research VersaSTAT 3 potentiostat/galvanostat. For electro-
chemical measurements of SC-Ls, a two-electrode cell consisting of
LCN electrodes (10 × 10 mm2 pieces), a separator made from a
Whatman qualitative filter paper (Grade 1, GE Healthcare, Diegem,
Belgium), and collector plates made from Inconel 600 superalloy were
used. The setup was held together by crocodile jaws during the
measurement. Before assembly, the electrodes and separator were
wetted with 6 M KOH electrolyte. For the solid-state supercapacitor,
FS1000 was tested directly in a two-electrode configuration without
separator, and Inconel 600 superalloy plates were used as current
collectors. In the bending and cycle stability test of the FS1000, the
current collectors were replaced by flexible and conductive copper
foils. The assembled FS1000 was carefully bent to desired angles, and
the bending angle was determined by the tangent of both ends as
shown in Figure 8b. The specific gravimetric capacitances of the
electrodes (Celec) were calculated from the CV curves according to

C
A

V t U m
2

d /delec = ·
·Δ · (1)

where A is the area covered by the CV curve, dV/dt is the scan rate,
ΔU is the applied voltage window, and m is the total mass of both
electrodes. Alternatively, Celec can also be calculated from charge−
discharge curves:
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C
I t
V m

4
elec = · ·Δ

Δ · (2)

where I is the sourced current, ΔV is the measured voltage window,
and Δt is the discharge time. Consequently, the device capacitances of
supercapacitors (Ccell) in a two-electrode cell were calculated by using

C C /4cell elec= (3)

The gravimetric energy densities (Ed) of the supercapacitors were
determined by using

E
C V
2 3.6d
cell

2

=
·Δ

× (4)

The gravimetric power densities (Pd) of the supercapacitors were
determined from GCD curves by using

P
E

td
d=

Δ (5)
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