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Abstract Phenolic resins were employed to prepare
electrospun porous carbon nanofibers with a high specific
surface area as free-standing electrodes for high-
performance supercapacitors. However, the sustainable
development of conventional phenolic resin has been
challenged by petroleum-based phenol and formaldehyde.
Lignin with abundant phenolic hydroxyl groups is the
main non-petroleum resource that can provide renewable
aromatic compounds. Hence, lignin, phenol, and furfural
were used to synthesize bio-based phenolic resins, and the
activated carbon nanofibers were obtained by
electrospinning and one-step carbonization activation.
Fourier transform infrared and differential scanning
calorimetry were used to characterize the structural and
thermal properties. The results reveal that the apparent
activation energy of the curing reaction is 89.21 kJ-mol™!
and the reaction order is 0.78. The activated carbon
nanofibers show a uniform diameter, specific surface area
up to 1100 m?-g~!, and total pore volume of 0.62 cm>-g~".
The electrode demonstrates a specific capacitance of
238 F-g! (0.1 A-g") and good rate capability. The
symmetric supercapacitor yields a high energy density of
26.39 W-h-kg! at 100 W-kg™! and an excellent capaci-
tance retention of 98% after 10000 cycles. These results
confirm that the activated carbon nanofiber from bio-based
phenolic resins can be applied as electrode material for
high-performance supercapacitors.
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1 Introduction

Supercapacitors have attracted widespread attention due
to their excellent performance at high power density, fast
charge—discharge rate, long cycle life, and safety [1-3].
Therefore, they have widely satisfied the requirements of
the applications for vehicles, portable electronics, etc. [4].
Carbon materials, such as activated carbon [5], carbon
nanotubes [6], graphene [7], carbon nanofibers (CNFs)
[8], and carbide-derived carbons [9], are extensively used
as electrodes to store the electric charges on the surface
and internal pore structure of the electrode through
reversible ion adsorption/desorption at the electrode/
electrolyte interface [10]. The specific capacitance of
supercapacitors is mainly related to the specific surface
area (SSA) of electrode materials [11]. Therefore, CNFs
have received substantial attention as promising
candidates for efficient electrode materials due to their
high conductivity, large SSA, and free-standing property
[12]. Ma et al. [8] successfully prepared CNFs with an
SSA of 416 m?-g! and a remarkable specific capacitance
of 171 F-g’! at a low scanning rate of 5 mV-s~'. This
result suggests that CNFs can be used as effective
electrode material for supercapacitors and other energy
storage devices.

Electrospinning is a facile method to prepare three-
dimensional networks of CNFs with diameters ranging
from tens of nanometers to several micrometers. Phenolic
resin has been widely used as a carbon precursor due to
certain features, such as high carbon yield, good thermal
stability, good spinnability, and low cost [13]. However,
the sustainable development of phenolic resin demands
alternatives to feedstocks from expensive and non-
renewable fossil resources. The World Health


https://doi.org/10.1007/s11705-022-2260-1

Yongsheng Zhang et al. Electrospun bio-based ACNF as free-standing electrodes

Organization’s International Agency for Research has
classified formaldehyde as a carcinogen with genotoxicity
[14]. Therefore, the development and utilization of green,
healthy and bio-renewable precursor materials to synthe-
size phenolated depolymerized-lignin furfural resin
(PDLF) is an optimal strategy. According to previously
reported, lignin shows great potential for the preparation
of value-added materials because of its low cost, eco-
friendliness, high carbon contents, and unique aromatic
structure [15]. Cheng et al. [16] successfully synthesized
phenolic resins using aromatic and phenolic chemicals
from alkali lignin depolymerization to replace petroleum-
based phenol. Although there have been studies on the
use of CNFs as electrode material for supercapacitors, to
date, very few studies have examined the preparation of
CNFs using bio-based phenolic resin synthesized from
lignin and furfural as electrode material for supercapa-
citors.

In this work, aromatic and phenolic chemicals were
obtained from lignin partially replacing phenol and
furfural substituting formaldehyde in the synthesis of
PDLF resin. Free-standing activated carbon nanofibers
(ACNF-PDLF) with a high SSA were obtained by
electrospinning combined with one-step carbonization
activation. The mixture of KCI and ZnCl, as an activator
avoids equipment corrosion and can be recycled. The
structure, thermal properties, and porosity of ACNF-
PDLF were characterized, as well as their electrochemical
properties as electrodes for supercapacitors were tested.
ACNF-PDLF with a novel micro/mesoporous structure
and excellent electrochemical performance has great
potential for application in electrochemical and advanced
materials.

2 Experimental

2.1 Materials

Alkali lignin was supplied by Duly Reagent Co. Ltd.,
Nanjing, China. Analytical grade solvents and chemicals
were purchased from Aladdin Reagent Co. Ltd., Shang-
hai, China, including ethanol, methanol, phenol, formalde-
hyde (37 wt %), tetrahydrofuran (containing 250 ppm
butylated hydroxytoluene), furfural (99%), potassium
carbonate (99%), sodium hydroxide (96%), potassium
hydroxide (90%), polyvinyl butyral (PVB, M, =
40000-70000), and epoxy resins.

2.2 Synthesis of PDLF resin

Briefly, to obtain low molecular weight lignin, 20 g lignin
and 200 mL water—ethanol co-solvent (50/50 by volume)
were added to an autoclave and catalyzed by NaOH.
Then, the autoclave was purged with N, for 1 min to
remove the air completely. Lignin was depolymerized
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under N, (270 °C for 2 h, 100 r-min”!) from the pre-set
pressure 1.5 MPa. The degraded mixture was filtered with
filter paper and the solid residue was rinsed with ethanol.
The filtrate was neutralized with 1 mol-L™' HCI and the
solvents were removed with a rotary evaporator under
reduced pressure at 55 °C to obtain depolymerized-lignin
(DL).

Then 14 g DL, 14 g phenol, and 0.8 g NaOH, were
mixed into a three-neck flask. The DL was phenolated
with stirring for 1.5 h at 90 °C. The mixture was adjusted
with 1 mol-L™! HCI until pH 7 and dried at 55 °C to
obtain phenolated depolymerized-lignin (PDL).

PDLF resin was synthesized with PDL as the replace-
ment for phenol. First, 13.54 g PDL and 0.85 g NaOH
were mixed into a flask. The mixture was heated up to
70 °C and 11.63 g of furfural was added dropwise, and
maintained at 70 °C for 1.5 h. Then the remaining furfural
(4.98 g) was added at 120 °C and polymerized for 1.5 h.
Finally, the PDLF resin was treated in vacuum oven at
55°C for 5 h.

Conventional phenol formaldehyde resin (PF) was
synthesized through a typical reaction; 11.2 g water,
28 mL ethanol, and 2.8 g NaOH were charged into a
three-neck flask and stirred at 50 °C for 1 h. Then, 28 g
phenol was added and kept at 80 °C for 2 h. The mixture
was then cooled at 70 °C and 31.4 g formaldehyde was
added and maintained at 80 °C for 2 h.

2.3 Preparation of CNF and ACNF

To obtain the spinning precursor of CNFs, 0.06 g PVB,
5 g PDLF, 0.5 g epoxy resin, and 4.44 g methanol were
blended. PVB was used to improve the spinnability and
viscosity of the spinning fluid.

The spinning fluid was inhaled into a 10 mL syringe
and installed to the corresponding position of the elec-
trostatic spinning machine (HD-2335, Beijing Yongkang
Entertainment Industry Co. Ltd., China) under room
temperature and humidity. The spinning potential differ-
ence between the electrodes was 14 kV, and the distance
between the tip and the collector was 15 cm. The injected
rate and needle horizontally moving rate were 1 mL-h™!
and 5 mm-s ™, respectively.

Nanofibers (NF) were cured under ramping temperature
profiles of 100, 130, 150, and, 180 °C for 1 h. Afterward,
NF was carbonized at 800 °C in a tube furnace for 2 h
under N, atmosphere. To further enhance the porosity,
NF was immersed in a mixed solution of potassium
chloride and zinc chloride (KCl:ZnCl, = 1:1 by mol) for
2 h, then filtered and dried at 60 °C. ACNF was gained at
800 °C in furnace for 2 h in an N, atmosphere. ACNF
from traditional phenol formaldehyde resin were obtained
accordingly.

2.4 Characterization

Fourier transform infrared (FTIR, PerkinElmer, USA)
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spectra of samples were obtained using the potassium
bromide tablet method at wavenumbers of 400—4000
cm™'. The chemical structure of PDL and PDLF resin was
analyzed on a 600 MHz 'H nuclear magnetic resonance
instrument (NMR, HD400MH, BrukerAvance, Germany)
at room temperature. The molecular weight distribution
profiles of PDLF resin were measured by gel permeation
chromatography (GPC, CO-1000 RI at 40 °C, PL-gel
3 um MIXED-E 300 x 7.5 mm column at 45 °C, Agilent,
USA) using tetrahydrofuran as the eluent at 1 mL-min~!.
Linear polystyrene of various molecular weights was
employed as a standard for molecular weight calibration.
The microstructure of the CNFs was characterized by
scanning electron microscopy (SEM, SU 3500, Hitachi,
Japan) and transition electron microscopy (TEM, JEM-
2100F, JEOL, Japan). Raman analysis was performed on
a LabRAM HR Evo from France. The conductivity data
of fiber samples were obtained on a four-probe tester
(ST2258C, Suzhou Lattice Electronics Co. Ltd., China).
The surface elements of the carbon nanofibers were
evaluated by an X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi, ThermoFischer, USA). The thermal
curing properties of the CNFs and curing kinetics of
PDLF resin were evaluated with a thermogravimentry-
differential scanning calorimetry (TG-DSC) system
(DTG-60H, Shimadzu, Japan) under 50 mL-min' N, at
different heating rate between 30 and 300 °C. N, adsorp-
tion/desorption isotherms were obtained at —196.15 °C
using an ASAP 2020 physisorption analyzer (Microme-
titics, USA).

2.5 Electrochemical measurements

CNFs or ACNF (1 cm x 1 cm, 2 mg) was pressed on
nickel foam as the working electrode. The three-electrode
test was carried out in 6 mol-L~' KOH solution, using Pt
plate and Hg/HgO as the counter electrode and reference
electrode, respectively. Symmetric supercapacitors were
prepared by using fiber samples with similar weights
(914 mm, 9 mg) as anode and cathode, polypropylene as
separator (@16 mm), and 1 mol-L! Na,SO, as
electrolyte. The electrochemical performances were
measured on electrochemical workstation (AUT86544,
Metrohm Co. Ltd.) and a battery test system (Land
CT2001A, Wuhan Jinnuo Electronic Co. Ltd.), including
cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS, test frequency ranging from 0.01 to
100000 Hz), and galvanostatic charge—discharge (GCD).
The voltage ranges in the two- and three-electrode test
systems were 0—1 and —0.98-0 V, respectively.

For the three-electrode system, the mass ratio
capacitance of the CNFs was calculated according to the
GCD curves and the following equation:

IAT

= 1
C=mau O

Front. Chem. Sci. Eng. 2023, 17(5): 504-515

where C (F-g™!) is the mass ratio capacitance, I (A) is the
constant discharging current, AT is the discharging time,
AU is the potential window and m (g) is the weight of the
CNFs. For the two-electrode system, the mass ratio
capacitance, energy and power density of the samples
were calculated as follows:

C= 2I X AT )
 mxAU’
1
E= ECAUZ, 3)
E
P=ar @

where E (W-h-kg™') is the specific energy density and P
(W-kg ™) is the specific power density.

2.6 Curing kinetics of PDLF
The activation energy and reaction order are important

parameters that can be calculated according to the
Kissinger (Eq. (5)) and Crane (Eq. (6)) formula:

v AR\ E,
ln(T_pz):m(Ea)_RTp’ (5)
d(Inv) _E
W TR’ ©
dl —
TP

where v (°C'min"), 7, (°C), E, (kJ-mol') and n are the
heating rate, peak temperature, apparent activation
energy, and reaction order, respectively.

3 Results and discussion

3.1 PDLF characterization

FTIR and NMR were used to analyze the functional
group information of samples (Fig. 1). As shown in
Fig. 1(a), the obvious absorption bands at 3359 cm™' are
attributed to the stretching vibrations of O—H bonds. The
sharp absorbance of aromatic vibrations at 1585 cm’!
represents the abundance of aromatics of lignin, PDL,
and PDLF resin. In addition, the saturated CH,—
stretching vibration absorption peaks are also confirmed
at 2812 cm™! in PDL and lignin, while the absorption
peak in PDLF resins is disappeared. This indicates that
the methylene produced during the phenolation process
has nucleophilic addition reaction with the aldehyde
group. The wavenumbers of 928 and 883 cm™! are the
bending vibration peaks of C—H on the furan ring
structure of furfural. The absorbance at 1223 cm™!
belongs to the bending vibrations of ether bonds (C—O-C)
in aromatic ring structure and furfural. For PDL, no peaks
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Fig. 1 FTIR spectrum of (a) lignin, PDL, and PDLF resin and (b) "H NMR spectra of PDL and PDLF resin.

are observed at 1223 cm™!, which indicates that the ether Table1 Band assignments for FTIR and 'H NMR spectra
bond is broken during the phenolation process. The ¢rr IH NMR
absorption peak at 732 cm™' corresponds to the Shitvppm
substituted -CH- bending vibration peaks on the benzene  Wavenumber/cm™ Assignment “PDL_ pDLE_ Assignment
ring structure. These peaks are typical. characteristic 3359 O-H stretching 9 19 OH
peaks of phenolic resin. Consistent with the FTIR 1661 Aromatic vibrations 3.3 33 CH
assignments, the 'H NMR spectra (Fig. 1(b)) feature 928 C-H vibrationon 3.6 CH,
hydrogen shifts, as summarized in Table 1. The strong gg3 the furan ring 49 49 CD,0
peak at 4.9 ppm was from solvent CD,O. The aromatic 1223 C-O-C bending 6.7 6.6-7.8 Aromatic H
peaks of both samples remained at 6.5-7.7 ppm. The 732 —CH- bending 7.1
aliphatic peaks of the resin samples were slightly reduced 2812 —CH,~ bending 9.6 CHO

between 0.6 and 1.8 ppm, which was probably attributed
to the complete involvement of PDL in the condensation
reaction. Compared with PDL, the new peak at 9 ppm
may be related to the introduction of phenol and aldehyde
groups during the synthesis process [16].

Based on FTIR and NMR analysis and previous reports
on resin [17], the reaction mechanism of DL phenolation
and PDLF resin synthesis has been proposed (Scheme 1).
As shown in Scheme 1(a), due to the electron-induced
effect of phenolic hydroxyl groups on depolymerized
lignin, nucleophilic substitution reaction can easily occur
with the o-p-position of phenol, which effectively
increases the active sites of phenolic hydroxyl groups in
DL. Scheme 1(b) shows that the electron-rich carbons of
the para-positions of phenol in PDL and the electrophilic
aldehyde group in furfural can undergo nucleophilic
addition. Finally, PDLF resin formed a linear and slightly
branched structure.

The approximate molecular weights of PDL, PDLF,
and PF resin were obtained by GPC and are presented in
Fig.2 and Table S1 (cf. Electronic Supplementary
Material, ESM). Due to the hydrolysis of ether bonds and
free radical cleavage of C-O or C—C bonds in the
depolymerization process of lignin, its molecular weight
decreased to 1002 g-mol™' [18]. These small molecular
structures were more beneficial for participating in the
resin condensation reaction. The GPC profiles of PF and
PDLF resin showed that they had similar peaks and
retention times, but the molecular weights were
significantly different, since PDL had a much larger

molecular weight than phenol. In addition, Fig 2(b) shows
that the initial temperature of thermal decomposition
behavior of PF and PDLF resin was 148 and 175 °C,
respectively. Thermal decomposition behavior may be
caused by the alkyl chain breaking in the resin during the
heating process, and part of the oligomer monomer
forming gas is discharged with nitrogen [19]. At 900 °C,
the remaining solid residues of PF and PDLF resin were
46.45 and 57.89 wt %, respectively. These results
indicated that PDLF resin have better thermal stability
and higher carbon yield because of the introduction of
aromatic lignin [20].

3.2 Curing kinetics of PDLF

DSC was applied to further elaborate the curing reaction
behavior of PDLF and PF resins (Fig. 3). The single peak
at different heating rates in Figs. 3(a) and 3(d) indicated
that the curing reaction of the materials was completed in
one step [21]. When the heating rate increases, the
exothermic peak shifts toward a higher temperature
region. The reason is that with increasing heating rate, a
large temperature difference will be generated in unit
time, thereby yielding larger thermal inertia [21]. DSC
scanning thermodynamic parameters of the PDLF and PF
resins at different heating rates are summarized in Table
S2 (cf. ESM). As shown in Fig. 3(b), according to Eq.
(5), the E, values of the PDLF and PF resins were 89.21
and 80. 45 kJ-mol™!, respectively. The higher molecular
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Scheme 1 (a) Reaction mechanism of PDL preparation and (b) the PDLF resin formation.
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Fig.2 (a) GPC curves of PDL, PF and PDLF resin, and (b) TG curves of PF and PDLF resin.

weight and steric hindrance of PDLF resin demand a
higher activation energy than PF resin. According to Eq.
(6), the reaction order of n was 0.78 and 0.72 for PDLF
and PF resin, respectively (Fig. 3(e)). The fitting curves
of the peak temperature and end temperature under
different heating rates (Figs. 3(c) and 3(f)) for PDLF and
PF resins were calculated. The results showed that the
peak curing temperatures were 133 and 158 °C, while the
ending temperatures were 155 and 189 °C for PDLF and
PF resin, respectively. This result is mainly due to the
abundant methylol groups in lignin forming methylene
bridges, which promote the cross-linking curing reaction
of the resin [22]. This is also consistent with previous
reports that the curing temperature of phenolic resin can
be effectively reduced under the action of biophenol
materials [23]. For example, Cheng et al. [24] prepared
bio-oil-phenol-formaldehyde resol resins with a curing

temperature of 145.5 °C and Cheng et al. [16] prepared
organosolv lignin phenol-formaldehyde resins with a
curing temperature of 138.5 °C, both of which were lower
than that of conventional PF resins (149.5 °C).

3.3 CNF and ACNF characterization

The microstructure and morphology of the fibers were
examined via SEM (Fig.4) and TEM (Fig.5). The
ACNF-PF exhibited many protrusions and droplets, as
shown in Figs. 4(a, b), which caused the irregular surface
of the fibers. This result may be attributed to the low
molecular weight and poor spinnability of traditional PF
resins. The surface of CNF-PDLF in Figs. 4(c, d) was
relatively smooth, with a diameter between 400 nm and 1
pm. Upon activation, the free-standing ACNF-PDLF
exhibited a uniform surface with a consistent diameter of
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Fig.3 DSC profile at different heating rates of (a) PDLF and (d) PF, (b) apparent activation energy and pre-finger factor fitting
curve, (e) reaction series fitting curve of PDLF and PF, and curing temperature extrapolation curve of (c) PDLF and (f) PF.
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Fig. 4 SEM images of (a, b) ACNF-PF, (c, d) CNF-PDLF and (e, f) ACNF-PDLF.

approximately 400 nm. The porous structures of ACNF-
PDLF were further analyzed by TEM and Brunaner—Em-
mett—Teller (BET) techniques.

TEM images of ACNF-PDLF in Fig.5 show a
distinctively porous structure on the surface of the carbon
nanofibers. These interconnected micro/mesoporous
structures were advantageous because they served as an
ion buffer repository and shorten the ion diffusion
pathways. Noteworthy, the yellow ring in Fig. 5(b) shows
an aligned lattice stripe on the edge of the carbon fibers,

which indicating that a partial graphitization region that
forms in the carbon matrix can improve its electrical
conductivity. The red ring exhibited a distinct interplanar
spacing of 0.39 nm, which corresponded to the (002)
graphitic plane.

The crystalline structure, graphitization degree, surface
elements, and SSA of samples were characterized by
XRD, Raman spectroscopy, XPS, and BET, respectively
(Fig. 6). As exhibited in Fig. 6(a), the most relevant
characteristic peaks at 23.4° and 43.4° were assigned to
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Fig. 5 TEM images of ACNF-PDLF.
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respectively [25]. The peaks of the samples were strong
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demonstrated that the samples possessed amorphous
features with a small amount of graphite microcrystalline
structure. All samples presented two distinct peaks at
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distributions.
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showed a good graphitization degree, which ensures high
electrical conductivity and subsequently effectively
improves the electrochemical performance of the CNFs.
The surface elemental composition of the CNFs was
evaluated by XPS in Figs. 6(c, d). The XPS spectra of
Cls can be deconvoluted into four peaks which corres-
ponded to C—C (C1, 283.71 eV), C-O (C2, 284.63 eV),
C=0 (C3, 285.83 eV) and COO- (C4, 288.42 eV),
respectively. The Ols was fitted into three peaks at
531.47, 532.84 and 533.55 eV, corresponding to C=0
(01), C-0 (02) and COO- (03), respectively [28].

A typical type IV curve with a distinct type H,
hysteresis loop shown in Fig. 6(e), which confirms the
presence of micro/mesoporous structure [29]. The
adsorption capacity was significantly enhanced at low
relative pressure, especially for the ACNF-PDLF, which
can be attributed to the capillary condensation resulting
from abundant micropores. The detailed porosity
parameters are summarized in Table 2. The ACNF-PDLF
display a BET SSA of 1100 m?>g! and a total pore
volume of 0.62 cm3-g™!, which is much higher than those
of ACNF-PF (869 m>-g”!, 0.48 cm’-g™!) and CNF-PDLF
(376 m?>-g7!, 0.20 cm>-g!). One can be speculated that
ZnCl, acted as a Lewis to effectively remove H and O in
the form of water vapor to generate pores on the surface
of the fibers; in addition, the evaporation of ZnCl, in the
high temperature activation process could form pores.
Furthermore, KCl reacted with carbon during the
activation process, resulting in a large number of porous
structures in the fibers. Therefore, the SSA of CNFs was
significantly increased under the action of the salt
activator. The pore size distribution is exhibited in Fig.
6(f). The results showed that the ACNF-PDLF had
substantial mesopores at approximately 4 nm. The
mesopores can effectively improve the rate of electrolyte
ion transfer and storage capacity of electrode materials.

3.4 Electrochemical performance

The electrochemical properties of CNFs and ACNF were
evaluated by CV (Fig. 7). As shown in Fig. 7(a), the
approximately rectangular CV curve indicates a typical
electrical double-layer capacitive (EDLC) behavior
[30,31]. The largest CV curve integral area of ACNF-
PDLF was consistent with its highest specific capacita-
nces compared with that of ACNF-PF and CNF-PDLF.
This phenomenon is attributed to the large SSA, good

Table 2 Porosity and electrochemical properties of the samples
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electrical conductivity, and proper porosity of ACNF-
PDLF, as evidenced by the BET and Raman results.
These properties can synergistically and substantially
accelerate ion diffusion, shorten the transport distance,
and achieve high electrochemical performance. Figures
7(b—d) show the CV curves of the CNFs and ACNF
samples at 5-100 mV-s™\. The CV curve without an
obvious change in shape at 100 mV-s™!, indicates an
excellent capacitor response and rate capability [32].

To further verify the influence of the SSA and pore
structure on the electrochemical performance, the rate
performance and cycling stability of CNFs and ACNF
electrodes were evaluated (Fig.8). The GCD of all
specimens showed triangular shapes with good symmetry
in Fig. 8(a), which represents the EDLC behavior and
excellent electrochemical reversibility [33,34], and is
consistent with the CV measurement. As shown in Fig.
8(b) and Table S3 (cf. ESM), ACNF-PDLF possessed a
specific capacitance of 238 F-g~! at 0.1 A-g~!, which was
superior to ACNF-PF (185 F-g’!) and CNF-PDLF
(222 F-g!), demonstrated that the porous ACNF-PDLF
facilitated the ion transport of the electrolyte and reduced
the ion diffusion lengths. The discharge time was higher
than charging time (e.g., 2270 versus 1372 s for ACNF-
PDLF), indicating excellent coulombic efficiency. The
gravimetric capacitance (C/(F-g™!)) values of ACNF-PF,
CNF-PDLF, and ACNF-PDLF at various current
densities (0.1 to 20 A-g™") were calculated according to
Eq. (1) as illustrated in Fig. 8(b). ACNF-PDLF exhibited
excellent specific capacitances of 238 and 168 F-g™! at
0.1 and 20 A-g’!, respectively, with a capacitance
retentions of 71%. Furthermore, when the current density
gradually increased from 0.1 to 20 A-g’!, the
corresponding C values of ACNF-PF and CNF-PDLF
decreased to 147 F-g~! with capacitance retentions of 80
(80%) and 66%, respectively. Compared to ACNF-PF
and CNF-PDLF, ACNF-PDLF consistently exhibited the
highest value of C at various current densities. This may
be speculated that the large SSA and proper porosity of
ACNF-PDLF favors the diffusion of electrolyte ions to
the active sites of the surface by reducing the transfer
distance. As shown in Fig. S1 (cf. ESM), the quasi-
triangular structure presented good symmetry even at a
high current density of 20 A-g”!, indicating excellent rate
performance. These results correspond to the CV curves
in Figs. 7(b—d) and reflect the good rate performance and
stability of the carbon fibers. Furthermore, cycle life tests

Sample Spr/(m*g ) Syic?/(m?-g ") Vi /em® g ") Vyie/em™> g ™) Pore size¥/nm Cron?/(F-g™")
ACNF-PF 869 551 0.48 0.29 2.6 155
CNF-PDLF 376 345 0.20 0.18 4.3 165
ACNF-PDLF 1100 902 0.62 0.48 32 208

a) Specific surface area calculated by BET equation; b) specific surface area of micropores calculated by t-plot method; c) total pore volume was obtained
by N, adsorption isotherm at p/p, = 0.995; d) pore size distribution was calculated from N, adsorption isotherm by BJH theory; ) specific capacitance

obtained at current density of 1 A-g”! in 6 mol'L™' KOH.
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Fig. 8 (a) GCD curves at current density of 0.1 A-g!, (b) rate performance, (c) cyclic performance curve of ACNF-PF, CNF-PDLF

and ACNF-PDLF.

were conducted at 1 A-g' (Fig. 8(c)). For ACNF-PDLF
electrodes, the initial specific capacitance retained 84%
after 10000 cycles while the capacitance retentions of
ACNF-PF and CNF-PDLF was 94% and 98%,
respectively. The high capacity retention rate indicates
the excellent stability of the free-standing fiber samples.
The diffusion resistance and charge transfer resistance
of CNFs and ACNF were related to the characteristics of
EIS curves in Fig. 9. All samples in the low-frequency
region showed good linear shapes (Fig. 9(a)), which
represent the typical EDLC behavior. The R, values for
ACNF-PF, CNF-PDLF, and ACNF-PDLF were 0.42,
0.43, and 0.53 Q, respectively, from the EIS fitting curve
(Fig. S2 (cf. ESM), EIS data were fitted using Zview2
software). The lower R was attributed to the binder-free

and free-standing nature of CNFs (see Fig. 9(b)).
Apparently, the ACNF-PDLF possessed the smaller
diameter of semicircle, the shortest length and the
steepest slope of the curves, suggesting the lowest charge
transfer resistance, diffusion resistivity, and high
capacitance [35,36]. Thus, ACNF-PDLF had the largest
specific capacitance, which corresponded to the results of
GCD and CV. In addition, the conductivity test results of
fiber samples demonstrated that ACNF-PDLF had better
conductivity (0.38 S-cm™!) than ACNF-PF (0.24 S-cm™!)
and CNF-PDLF (0.29 S-cm™!). With low resistance and
high conductivity, ACNF-PDLF was conducive to the
rapid transmission of electrons and achieved a large
specific capacitances.

To further investigate the electrochemical cell perfor-



Yongsheng Zhang et al. Electrospun bio-based ACNF as free-standing electrodes

mance (Fig. S3, cf. ESM), symmetric supercapacitors
(SSCs) were assembled using two identical carbon fibers
electrodes. To verify the durability and cycle stability of
the carbon fibers electrodes, GCD tests were performed
for up to 10000 cycles at 1 A-g™' (Fig. S3(a)). ACNEF-
PDLF possessed a specific capacitances of 144 F-g™! at 1
A-g”!, which was superior to ACNF-PF (90 F-g!) and
CNF-PDLF (110 F-g''). The results elucidate that
ACNF-PDLF has a large SSA and rich porosity, which
improved the surface accessibility and speed up
electrolyte ion transfer in the process of double electrical
layer energy storage. All samples had remarkable cycling
stability after 10000 cycles.

The electrochemical performance of SSCs at different
current densities was studied, as shown in Fig. S3(b).
ACNF-PDLF exhibited excellent specific capacitances of
190 and 100 F-g! at 0.1 and 5 A-g!, respectively. The
ACNF-PF and CNF-PDLF electrodes exhibited specific
capacitances of 106 and 150 F-g' at 0.1 A-g’,
respectively. With gradually increasing the current
density from 0.1 to 5 A-g™!, the corresponding C values
of ACNF-PF and CNF-PDLF decreased to 65 and 95
F-g ! with capacitance retentions of 61 (61%) and 63%,
respectively. The specific capacitances of the carbon
fibers decreased with increasing current density, mainly
due to the fact that the electrolyte ions cannot reach the

(@) 300 :
= ACNF-PF R, Ca
250} o CNF-PDLF Warhurg
4 ACNE-PDLF A
200 - :
S 150t
N
" 100t . -
s
50+ AA "
of V

Fig. 9 (a) Nyquist impedance plot of ACNF-PF, CNF-PDLF and
ACNF-PDLF. The insets are the equivalent electrical circuit
diagram and enlarged high-frequency region of the plots. (b) The
binder-free ACNF-PDLF electrode has good self-supporting
characteristics.
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electrode surface in a limited time to form a double layer.
Therefore, the specific capacitance was lower at a high
current density.

The energy density and power density (as shown in Fig.
10 and Table S3 (cf. ESM)) of SSC were calculated by
using Egs. (3) and (4) [37,38]. The ACNF-PDLF SSC
could supply a maximal energy density of 26.39
W-h-kg™! where the power density was 100 W-kg™,
which was superior to that of ACNF-PF (14.72 W-h-kg ™)
and CNF-PDLF (20.83 W-h-kg™!). ACNF-PDLF SSC
performed better than the recently reported biomass-
based electrode materials, such as N, S co-doped porous
carbon nanosheets derived from willow catkin [39],
cellulose acetate carbon nanofibers [40], hierarchical
porous carbons derived from corn straw [41], and
halloysite nanotube/carbon [32]. The energy density of
the three samples remained above 9.03 W-h-kg™! even at
a high power density of 5 kW-kg™!. The electrochemical
performance of carbon nanofibers prepared from different
materials as electrode materials of supercapacitors is
shown in Table 3. Compared with the literature, ACNF-
PDLF has a higher specific capacitance and a longer
cycle life. Its excellent electrochemical properties were
due to the combined effect of the high SSA, suitable pore
structure, and low resistance. Thus, the free-standing
ACNF-PDLF is expected to be widely used as an
effective energy storage material for supercapacitors.

30
A = ACNF-PF

~25t . o CNF-PDLF
il N 4 ACNF-PDLF
=20 | =@N.S-PCNs [39]
2 | X % *
< £ [}
%‘15-5-._ HNT/C [32] ¢ 4
gt "oe ’
S 10L° 0 .
o HPC [41] -
(=]
w5t
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Fig. 10 The Ragone plots of the symmetric cell and comparative
performance of the symmetric cell versus previously reported ones
(Refs.: N,S-PCNs [39], CA-CNFs [40], HPC [41], HNT/C [32]).

Table 3 Electrochemical performance for carbon nanofibers reported in the literature.

Materials Electrolyte Current density or scanrates ~ C/(F-g™!) Cyclic stability Ref.
Phenolic-based carbon nanofiber webs 6 mol'L™! KOH 0.1A¢g! 157 - [8]
PAN/PMMA-derived carbon nanofibers 2 mol-L™' KOH 2mV-s! 210 2000/100% [42]
Porous carbon nanofibers 0.5 mol-L™! H,S0, 02Ag’! 104.5 2000/94% [43]
Carbon nanofiber/graphene 6 mol-L~! KOH 1Ag! 183 4500/92% [44]
Nitrogen-doped porous carbon nanofibers 6 mol-L™! KOH 0.1Ag’! 202 3000/97% [45]
Porous carbon nanofiber webs 6 mol-L™! KOH 10mVv-s~! 140 / [46]
ACNF-PDLF 6 mol-'L~! KOH 0.1 Ag! 238 10000/84% This work
190 10000/98% (SSCs)
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4 Conclusions

The present work provides a feasible approach to prepare
free-standing activated carbon nanofibers with binder-free
and high specific surface areas from PDLF resins. The
ACNF-PDLF obtained by salt activation has an
interconnected pore structure, which is composed of
abundant mesopores and micropores, showing excep-
tional electrochemical performance. The ACNF-PDLF
exhibits a remarkable specific capacitance of 238 F-g™! at
0.1 A-g”!, as well as significant rate performance and
cyclic stability. The ACNF-PDLF based symmetric
supercapacitor, prepared with a two-electrode configura-
tion, exhibits an energy density of 26.39 W-h-kg™,
whereas the power density was 100 W-kg™'. Furthermore,
it shows an outstanding capacitance retention of 98%
even after 10000 charge—discharge cycles. These results
might provide a route for preparing bio-based carbon
fibers with a high specific surface area and appropriate
pore structure from PDLF resins for high-performance
supercapacitors.
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