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Abstract
Three-dimensional (3D) carbonaceous aerogels assembled by one-dimensional (1D)
carbon nanofibers (CNF) have attracted much attention, bacause their unique

RI
PT

interconnected and hierarchical porous structure can offer a wide range of applications
in environmental remediation and energy storage. Herein, the residue of gelidium
amansii (mainly endofibers, ~1.6 µm) after extraction of agar were used as precursor to

SC

fabricate nanofibrilated cellulose by using facile ultrosonication treatment. The
nanofibrilated celluloses are highly engineered nanofibers with average diameter of ~
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90 nm. Then the 1D cellulose nanofibers could be assembled into 3D nanofiber aerogels
after freeze drying. The subsequent pyrolysis in NH3 and activition could result in the
formation of N-doped CNF areogel (N-PCNFA), where the oxygen-containing groups
in cellulose macromolecules converted to H2O, CO, and CO2. The N-PCNFA with

TE
D

hierarchically porous structure, high surface area (2290 m2 g−1), N-doping, and 3D
interconnected channels are benificial to electrolyte ions and electron transportation.
The N-PCNFA displayed high capacity and long-term stability as energy storage

EP

material. This work highlights a new strategy in highly efficient utilizing the marine
biomass waste for developing low-cost and functional carbon aerogel for multiple

AC
C

energy storage.
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Carbon nanomaterials, including carbon nanotube, carbon nanosphere, graphene, and
carbon nanofiber (CNF) etc, have been considered as the promising energy storage
materials for lithium ion batteries (LIBs) and supercapacitors (SCs), due to their
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relatively high electronic conductivity, high specific capacity, accessibility, and
excellent stability [1-3]. Particularly, one-dimensional (1D) CNF has been extensively
explored for energy storage because of its oriented electronic/ionic transport pathway,
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excellent mechanical property, and high surface to volume ratio [4, 5]. However, the
ordinary CNF usually cannot meet the increasing requirement for excellent performance
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energy storage devices due to its dissatisfactory electrolyte ions and electron transports.
Constructing porous structure in CNF with high surface area offer sufficient porous
channels and large interface between active sites and electrolyte for promoting the
electrolyte ion diffusion, which can achieve the high requirement of energy storage
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D

devices [6-9]. Recently, three-dimensional (3D) carbonaceous aerogels assembled by
1D porous CNF have been attracted much attention. The adequate space of
hierarchically 3D interconnected CNF-based framework and high length-diameter ratio

EP

of 1D CNF could synergistically promote electrolyte ions diffusion and electron
transpot, further enhancing the energy storage performance.

AC
C

Generally, the fabrication of such 3D hierarchical porous CNF depends on the
pyrolysis of polymer (such as poly(vinyl alcohol), polyacrylonitrile, and polyimide)
nanofiber through simple electrospinning synthetics, generating continuous nanofibers
with controlled size [10, 11]. The non-renewable polymer precursors and toxic byproducts hinder the sustainable applications of such CNF. Thus, low-cost, sustainable,
and large-scale production of 3D porous CNF with cheap and renewable precursors is
still a vital research demand. Nowadays, many valuable CNF derived from sustainable
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biomass have been developed through innovative strategies, which show great potential
in energy storage [12-15]. For example, bacterial cellulose is a promising candidate for
the fabricating of CNF, opening a green and sustainable biomass-converting method. Lu
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et al. controllably synthesized a series of 3D porous CNF aerogel with different
dimeters using earth-abundant bamboo as precursors [12]. With the fast exploration of
ocean, the abundant algae resources, mainly including browm, red, and green algas,

SC

have been extensively concerned [16-25]. Similar to bamboo, some of abundant
seaweed (~ 30,000,000 tons per year) contain high cellulose, making them possible to
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produce CNF aerogel via a sustainable route. For instance, Gelidium amansii (GA), one
of the most abundant red algae species, mainly is composed of mucilaginous materials
and endofibers. After the extraction of agar or carrageenan from polysaccharide
complexes of the mucilaginous materials, the remaining solid endofibers are cellulose

TE
D

(8%-11%) [26, 27]. However, the GA residue shows low value for further utilization at
present.

Herein, we used such GA residue (mainly endofibers, ~1.6 µm) as precursor to

EP

fabricate nanofibrilated cellulose by using facile ultrosonication treatment, since the
ultrosonication process could break the weak macromolecular interfibrillar hydrogen
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bonding and Wander Waals force. The nanofibrilated celluloses are highly engineered
nanofibers with average diameter of ~90 nm. Then the 1D cellulose nanofibers could be
assembled into 3D nanofiber aerogels after freeze drying. The subsequent pyrolysis in
NH3 and activition could result in the formation of N-doped CNF areogel (N-PCNFA).
When used as energy storage material, the important characteristics of N-PCNFA, such
as 3D interconnected network, high surface area (2290 m2 g−1), porous structure and Ndoping, not only increase the contact surface area of active material and electrolyte to
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decrease ion diffusion distance, but also enhance the conductivity of electrode material.
For instance, as lithium storage material, N-PCNFA exhibits a high specific capacity
and good cycling stability (572 mAh g−1 at 1 A g−1 after 600 cycles), and excellent rate
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performance (220 mAh g−1 at high current density of 10 A g−1). It also displays the
excellent capacitive behavior (in a three-electrode system, 320 and 248 F g−1 at 1 and
100 A g−1, respectively) for SCs.

SC

2. Experimental Section
2.1. Materials preparation
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The GA was firstly decolorized by NaClO2 solution to produce bleached GA pulp,
and washed with H2O to pH = 7. Then, the obtained sample was treated with 1 M KOH
solution at 85 °C for 2 h, which has a significant and positive effect on solubilizing the
agar from the GA. After filtration, the filtered residue was endofiber (mainly cellulose).

TE
D

To fabricate cellulose nanofiber, the typically ultrasound method was used. The residue
was put in a beaker with water, and then the pulsed high-intensity (60 KHz, 300 W)
ultrasonication was performed with the water/ice bath for 30 min (setting 50 % duty

EP

cycle for reducing temperature variation). The nanofibrillated cellulose was obtained,
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C

and the cellulose nanofiber/water dispersion was frozen to -70 °C. The freeze-drying
was used to dry it to get the cellulose nanofiber aerogel. Then, the cellulose nanofiber
aerogel was pyrolyzed at 700 °C for 1 h under the ammonia or nitrogen atmosphere
(heating rate: 2 °C min-1) to fabricate the N-doped carbon nanofiber aerogel (N-CNFA)
and carbon nanofiber aerogel (CNFA), respectively. The N-CNFA and CNFA were
activated by KOH at 800 °C for 1 h (weight ratio of KOH/samples = 4/1) under nitrogen
atmosphere and then washed with 1 M HCl and deionized water until pH=7 to obtain
the N-PCNFA and PCNFA, respectively.
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2.2. Characterization.
Scanning electron microscopy (SEM) images were obtained using a JSM-7001F
instrument. Transmission electron microscopy images (TEM) were obtained using a
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JEM-2100F electron microscope with an accelerating voltage of 200 kV. Coupled
thermogravimetric analysis and mass spectrum were obtained using Evolution 16/18
and OMNI star instruments. The crystal structures of samples were characterized by X-
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ray diffraction (XRD, DX2700, China). Raman spectroscopy (Renishaw 1000NR) was
performed at room temperature on a Renishaw 1000 Raman spectrometer using an Ar
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ion laser at 514.5 nm excitation line. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method from data in a relative pressure (P/P0) range
between 0.001 and 0.25 and pore size distribution plots were derived from the
adsorption branch of the isotherms based on the BJH model. The chemical composition

TE
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was investigated by X-ray photoelectron spectroscopy (XPS) using an ESCALab250
electron spectrometer (Thermo Scientific Corporation) with monochromatic 150 W Al
Kα radiation.

EP

2.3. Electrochemical measurements.

The obtain samples were mixed with poly (vinylidene fluoride) (PVDF) and

AC
C

acetylene black at a weight ratio of 8:1:1 using the N-methyl-2-pyrrolidone (NMP) as
solution. Then, the resultant slurry was uniformly pasted on Cu foil and dried in a
vacuum oven at 120 °C for 10 h. The electrolyte was the solution of 1 M LiPF6 in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) (1:1:1, in
wt%). CR2016-type coin cells were assembled in a glove box using Li metal foil as
both the counter and reference electrodes. Cyclic voltammetry (CV) was performed
using on a CHI 760 E electrochemical workstation (CH Instruments, Inc.). The
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galvanostatic charge/discharge (GCD) tests were conducted using a cell testing
instrument (LAND CT2001A).
The samples were tested on three-electrode system and two-electrode system
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with 6 M KOH as the electrolyte for SCs. In a three-electrode measurement
system, Pt wire, Ag/AgCl, and Ni foam were used as the counter, reference
electrodes, and current collector, respectively. For the two-electrode cells, the

SC

electrodes were prepared by mixing 85 wt% active materials, 10 wt% carbon
black, and 5 wt% poly-(vinylidene fluoride). The loading density of the electrode
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is about 2 mg cm−2. The CV, GCD, and electrochemical impedance spectrum
(EIS) test were performed using the CHI 760E electrochemical workstation. For
quantitative considerations, the specific capacitances of the samples were
calculated from the GCD values tested on three-electrode system according to the
formula (1) and two-electrode system according to the formula (2):
I × ∆t
m × ∆V

C=

2 I × ∆t
(2)
m × ∆V

EP

TE
D
C=

(1)

where C (F g-1) is the specific capacitance, I (A) is the discharge current, ∆t (s) is the

AC
C

discharge time, m (g) is the total mass of the one electrode material, and ∆V (V) is the
potential window.

3. Results and discussion
3.1 Characterization of N-PCNFA
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Fig. 1. Schematic illustration on the synthesis process of N-PCNFA.
The preparation process of N-PCNFA is illustrated in Fig. 1. The GA were collected
from Qingdao coastal waters. In the first step, the GA was chemical purified like

TE
D

decolorization and dimineralization to remove impurities like mud, dirt, surface attached
substances, and the red colour to obtain purified GA. Then, the wetted bleached
endofiber with average diameter of ~1.6 µm can be obtained from extracting the agar

EP

from GA through the processes of bleaching, dissolution, and filtration. In this process,
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agar, sugar, and starch were removed, and the algal cellulose were retained. Given that
ultrasonic cavitation can break the macromolecular interfibrillar hydrogen bonding and
the Wander Waals force [28, 29], ultrasonication treatment could gradually disassemble
the micro-scale endofibers into nanofibers. The cellulose nanofibers with average
diameter of ~90 nm were obtained after ultrasonication treatment (60 KHz, 300 W) of
30 min during which the endofiber/water suspention converts to clear solution. Then
after tert-butyl alcohol freeze-drying, the 1D cellulose nanofiber building blocks
assembled into 3D aerogel. To fabricate highly porous N-doped carbon nanofiber
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aerogel (N-PCNFA), the cellulose nanofiber aerogel was pyrolyzed (700 °C) in the
presence of NH3 atmosphere and then was activated by using potassium hydroxide
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activation (800 °C) for 1 h.

Fig. 2. SEM images of (a, c) the fibrous cellulose, (d) the cellulose nanofiber
aerogel, and (f) N-PCNFA. The diameter distributions of (b) the fibrous cellulose,
and (e) the cellulose nanofiber aerogel. (g) TEM and (h) HRTEM images of NPCNFA.
The morphologies of the prepared cellulose endofiber, cellulose nanofiber
aerogel, and N-PCNFA were determined by scanning electron microscopy
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(SEM). The crumpled GA contains bundled and stacked firous cellulose (Fig. S1).
In the agar extraction process, the cytoderm of GA is destroyed by chemicals and
the GA residue is fibrous cellulose with obvious fibrous morphology (Fig. 2a).
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The average diameter of the endofibers is ~1.6 µm (Fig. 2b). Such endofibers also
exhibit crumpled surface (Fig. 2c). Fig. 2d shows the morphology of cellulose
nanofiber aerogel after ultrasonication treatment, producing slender cellulose

SC

nanofibers with average diameter of ~90 nm (Fig. 2e). After pyrolysis in NH3
atmosphere and KOH activation, the N-PCNFA sample was obtained. X-ray
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diffraction (XRD) pattern of N-PCNFA shows broad diffraction peaks located at
about 25°, which corresponds to amorphous carbon structure (Fig. S2). Its
aerogel morphology inherits from the celloluse nanofiber aerogel (Fig. 2f).
However, the average diameter of the carbon nanofibers reduces to ~50 nm, only

TE
D

half of that of the cellulose nanofibers due to the decomposition of cellulose. The
transmission electron microscopy (TEM) was used to characterize microstructure
of the N-PCNFA. As shown in Fig. 2g, the small-sized mesopores (< 10 nm) are

EP

observed in a single carbon nanofiber. This mesoporous structure can offer an
avail the electrolyte storage to shorten the electrolyte ions diffusion distance,
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enhancing the electrochemical performance [30]. The high resolution TEM
(HRTEM) image illustrates that the N-PCNFA shows amorphous carbon
structure (Fig. 2h).
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Fig. 3. (a) TGA curve of cellulose nanofiber aerogel in N2 atmosphere ((heating
rate of 5 °C min−1). (b) The analysis of the outlet gases from the decomposition of

EP

cellulose nanofiber aerogel TG-MS: H2O (pink), CO (olive), and CO2 (purple). (c)
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3D spectra of TG-FTIR of cellulose nanofiber aerogel.
To reveal decomposition process of the cellulose nanofiber aerogel, coupled
thermogravimetric and mass spectrum (TG-MS) was carried out. The TG curve
of

the cellulose nanofiber aerogel presents one distinct weight losses at a

temperature range of 230-380 °C (Fig. 3a). Fig. 3b shows the corresponding
mass spectra for TG curve, which demonstrates the evolved gases are H2O (m/z:
18), CO (m/z: 28), and CO2 (m/z: 44). At the all the decomposition process, a
mass of H2O, CO, and CO2 are evolved from the cellulose macromolecules. A
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obvious peak is observed at 340 °C from the purple curve (CO2), which is
ascrbied to the fast decomposition stage at around 230-470 °C (Fig. 3a),
corresponding to the TG curve. Thus, the whole thermal decomposition process
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PT

of the cellulose nanofiber aerogel is the oxygen-containing groups (such as -C-OC-, and –OH) in cellulose macromolecular converted to H2O, CO, and CO2. The
product of the pyrolysis process is the CNFA with 29.8 wt% retention. TG-

SC

Fourier transform infrared spectroscopy (TG-FTIR) spectra in the thermal
decomposition process of cellulose nanofiber aerogel further gave the evidence
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for the gas components evolved . As shown in Fig. 3c, the peaks located at 38513253 cm-1 and 2360 cm-1 in all the spectra indicate the release of H2O vapour and
CO2 in the whole pyrolysis process. The two peaks positioned at 1682 and 1541
cm-1 are ascribed to the stretching vibration of C=O and C=C, respectively, which

AC
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demonstrate the existence of alkane, ketone, or carboxylic acids.

Fig. 4. (a) Raman spectroscopy of CNFA, N-CNFA, and N-PCNFA. (b) Nitrogen
adsorption-desorption isotherm for CNFA, PCNFA, N-CNFA, and N-PCNFA.
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The Raman spectra of CNFA, N-CNFA, and N-PCNFA are presented in Fig.
4a. The D-band is attributed to the amorphous carbon or defective graphitic
structure, and the G-band is a characteristic feature of graphitic carbon. The
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intensity of ID/IG illustrates the disorder degree in the carbon structure [31, 32].
Compared with the ID/IG of CNFA (0.91) and N-CNFA (0.98), more defects can
be generated through the N-doping. The ID/IG ratio of N-PCNFA (1.01) was

SC

higher than of N-CNFA, indicating that the KOH activation process could
generate more defects on the carbon framework. The defects can increase the
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energy storage sites for LIBs and SCs to enhance the electrochemical
performance. The N2 adsorption/desorption analysis was used to measure the
specific surface area and pore size distributions of N-PCNFA, N-CNFA, PCNFA,
and CNFA. The N2 adsorption/desorption isotherms show that the major

TE
D

absorption of the four samples presents at low relative pressure (P/P0 < 0.02),
which is corresponding to typical type I adsorption isotherm, confirming the
adsorption in micropores (Fig. 4b). In addition, the isotherm of N-PCNFA also

EP

exhibits a hysteresis loop (typical type IV), arising from the mesoporous structure.
The surface areas of N-PCNFA, N-CNFA, PCNFA, and CNFA are 2290, 1536,
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199, and 242 m2 g−1, respectively, indicating the prominent surface areas of NPCNFA and PCNFA result from the KOH activation treatment [33]. The pore
size distributions of N-PCNFA and PCNFA calculated from the adsorption
branch are mainly centered at between 1.5-4 nm, suggesting the formation of
micropores and partly small-sized mesopores through N-doping and KOH
activation (Fig. S3). The high surface area and micro-mesoporous structure can
storage the electrolyte and increase the active material/electrolyte interface area
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to promote the transport of ions, thus facilitating the rate performance for LIBs
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and SCs.

Fig. 5. XPS spectra of N-PCNFA, (a) full survey scan spectrum, (b) C 1s, (c) N 1s,
and (d) O 1s spectra.

EP

X-ray photoelectron spectroscopy (XPS) was used to identify the chemical
state of elementin N-PCNFA. The full survey spectrum shows three peaks located

AC
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at about 284, 400, and 533 eV, corresponding to the characteristic peaks of C 1s,
N 1s, and O 1s, respectively (Fig. 5a). XPS spectrum of N 1s was deconvoluted
into two peaks positioned at 397.6 eV (pyridinic-N) and 400 eV (pyrrolic-N) (Fig.
5b) [34, 35]. Such N-containing structure in the carbon framwork can enhance the
electrochemical conductivity of the sample, favouring the binding of electrolyte
ions [36]. Fig. 5c shows the C 1s spectrum of the N-PCNFA. Three peaks located
at 284.5, 285.6, and 288.9 eV correspond to C=C and C–C, C–O, and O–C=O,

13

ACCEPTED MANUSCRIPT
respectively. Furthermore, the deconvoluted spectrum for O 1s with two peaks
located at 531.3 and 532.9 eV are assigned to C = O and C-OH groups,
respectively (Fig. 5d). The C 1s and O 1s spectra indicate the residual oxygen-
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containing groups bonded with C atom in N-PCNFA after the pyrolysis and
activation process [37].
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3.2 The electrochemical properties

Fig. 6. (a) CV curves of N-PCNFA at different cycles. (b) The galvanostatic
charge/discharge curves of N-PCNFA cycled at the 1st, 2nd, 300th, and 600th between
0.01 and 3.0 V (vs. Li+/Li) at a current density of 1 A g−1. (c) Specific capacity
comparisons at different cycles of CNFA, PCNFA, N-CNFA, and N-PCNFA at a current
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density of 1 A g−1. (d) The charge specific capacity of the N-PCNFA at different current
densities. (e) The optical image of the LEDs lit by one half-cell using N-PCNFA and
Li metal foil as electrodes. (f) Schematic illustration of the advantages of N-PCNFA in
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enhancing lithium storage performance.
The electrochemical properties of the samples as lithium storage materials were
examined in a half-cell test by cyclic voltammetry (CV) and galvanostatic cycling

SC

techniques. Fig. 6a exhibits the CV curves of N-PCNFA electrode, which show the
typical curves of carbon-based materials. For the first cycle, the reduction peaks at 0.53
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and 0.87 V in the cathodic scan are attributed to the formation of solid electrolyte
interphase (SEI) layer. Both peaks disappear from the second cycle because that the
passivation SEI layer prevents the decomposition of electrolyte. The integrated area
intensity in the third cycle is nearly unchanged

compared with the second one,

TE
D

suggesting the good cycling stability of the N-PCNFA electrode. The GCD curves of the
N-PCNFA at 1 A g−1 (vs. Li+/Li, 0.01-3.0 V) are shown in Fig. 6b. For the first discharge
curve, the discharge plateaus at around 0.9 and 0.5 V was due to the formation of SEI

EP

layer, corresponding to the CV curve of the first cycle. The first charge and discharge
specific capacities of N-PCNFA are 480 and 1256 mAh g−1 with a low coulombic
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efficiency of 38.2 %. The specific capacity becomes stable after the first cycle. The NPCNFA exhibits high charge specific capacity and excellent stability (572 mAh g−1 at
current densities of 1 A g−1 over 600 cycles). Under the identical conditions, the CNFA,
PCNFA, and N-CNFA present a charge specific capacity of 182, 422, and 347 mAh g−1
after 600 cycles, respectively (Fig. 6c). The increased capacity of N-PCNFA and
PCNFA after cycling should be ascribed to the continuous activation process of the
highly porous carbon [35]. The rate performance of N-PCNFA was evaluated at the
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current densities of 1, 2, 5, and 10 A g−1 for 30 cycles (Fig. 6d). The N-PCNFA can be
reversibly charged to 320, 263 and 220 mAh g−1 at the current densities of 2, 5, and 10
A g-1, respectively. When the current density returned back to 1 A g−1 after 120 cycles,
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the specific capacity can be increased to 380 mAh g−1. As shown in Fig. 6e, the lightemitting diodes (LEDs) were lit by one CR2016-type coin cell using N-PCNFA and Li
metal foil as electrodes, implying the N-PCNFA is a high performance lithium storage

SC

material.

The unique N-doped hierarchical porous nanofibrous of N-PCNFA showed high
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capacity, excellent stability and rate performance as lithium storage material. As
illustrated in Fig. 6f, the 3D structured CNF aerogel with interconnected hierarchical
pores can provide channels for electron transport, which is crucial for promoting the
conductivity of the electrode. The N-doping and activation processes can generate more

TE
D

defects in the carbon frameworks, allowing more Li+ diffuse into inner carbon to
explore more lithium storage sites, and the N-doping can improve electrochemical
conductivity to enhance the electron transport, which has been proved by the

EP

electrochemical impedance spectroscopy (Fig. S4) [38, 39]. Furthermore, The N atoms
doped in the carbon framework are favourable to bind with Li+ to enhance the specific
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capacity and rate performance of the sample [40].
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Fig. 7. Electrochemical performance characteristics measured in a three-electrode

EP

system. (a) CV curves of N-PCNFA in 6.0 M KOH solution between -0.8 and 0 V at
different scan rates. (b) CV curves of CNFA, PCNFA, N-CNFA, and N-PCNFA in 6.0

AC
C

M KOH solution at a scan rate of 100 mV s−1. (c) Galvanostatic charge/discharge curves
of N-PCNFA at different current densities. (d) Galvanostatic charge/discharge curves of
CNFA, PCNFA, N-CNFA, and N-PCNFA at the current density of 1 A g−1. (e) The
specific capacitances of CNFA, PCNFA, N-CNFA, and N-PCNFA at various current
densities. (f) Capacitance retention ratio for N-PCNFA at a current density of 5 A g−1 for
10000 cycles.
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The electrochemical performances of samples for SCs were tested using threeelectrode system (6 M KOH as electrolyte). Especially, we tested the samples
directly without addition of binder. Fig. 7a shows the CV curves of the N-PCNFA

RI
PT

at different scan ra tes. All of the CV curves display a typical rectangular shape
between -0.8 and 0 V. The CV curves of N-CNFA, PCNFA, and CNFA also
exhibit rectangular shape (Fig. 7b and S5). Fig. 7c presents the GCD curves of N-

SC

PCNFA at different current densities with the symmetric curves, indicating the
excellent electric double layer capacitive properties. The specific capacitances of
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N-PCNFA are determined to be 320, 291, 282, 269, 262, and 248 F g−1 at the
current densities of 1, 5, 10, 20, 50, and 100 A g−1, respectively. The specific
capacitance of N-PCNFA at high current density of 100 A g−1 can still keep about
78.4 % of that value at 1 A g−1, highlighting the excellent rate performance of NPCNFA. Comparing the GCD curves of CNFA, PCNFA, N-CNFA, and N-
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PCNFA at current density of 1 A g−1 (Fig. 7d and S6), the discharge time of the
N-PCNFA is longer than that of others, indicating the N-PCNFA offers a higher

EP

specific capacitance. The rate performances of CNFA, PCNFA, N-CNFA, and NPCNFA are also shown in Fig. 7e. The N-PCNFA has the highest specific
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capacitances at all the current densities among the samples, illustrating that the
N-doping

and

KOH

activation

processes

can

intensely

enhance

the

electrochemical performance for SCs. Moreover, the PCNFA exhibits better rate
performance than that of N-CNFA. In addition, the N-PCNFA suffers from the
issue of low volumetric capacitance attributed to the highly porous structure and
low density [41], nevertheless, the N-CNFA with low surface area may show
higher volumetric capacitance than those of N-PCNFA and PCNFA. The cycling
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stability of N-PCNFA is also excellent and the specific capacitance remains 92.4
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% after 10000 cycles at 10 A g−1 (Fig. 7f).

Fig. 8. Electrochemical performance characteristics measured in a two-electrode

TE
D

system. (a) CV curves of N-PCNFA in 6.0 M KOH solution between 0 and 1 V at
different scan rates. (b) Galvanostatic charge/discharge curves of N-PCNFA at different

EP

current densities. (c) The optical image of the LEDs lit by two SCs in series using NPCNFA as electrodes. (d)Schematic illustration of the advantages of N-PCNFA in
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enhancing SCs.

We also fabricated a symmetric capacitor with the N-PCNFA as electrodes to evaluate
the electrochemical performance in practical SCs application. The CV curves of NPCNFA in a two-electrode system also display rectangular shape between 0 and 1.0 V
(Fig. 8a), suggesting in the excellent double-layer capacitive performance. Fig. 8b
shows the GCD curves of the two-electrode system with symmetric shape and the
specific capacitances are 278, 268, 251, 246, and 239 F g−1 at 1, 2, 5, 7, and 10 A g−1.
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Table 1 summaries the electrochemical performances of carbon materials for
supercapacitors, which the N-PCNFA electrode exhibits high capacitance performance.
However, the amorphous structured N-PCNFA shows inferior capacitance performance
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campared the heteroatoms-doped graphene aerogels [42, 43]. The two symmetric SCs
using N-PCNFA-based electrodes in series can also light the LEDs (Fig. 8c). As the
electrode material for SCs, the specific capacitance and rate performance of N-PCNFA

SC

is higher than that of N-free and pore-less samples. As shown in Fig. 8d, the N-doping
not only improves electronic conductivity of the sample, but also enhances the charge

M
AN
U

density of the carbon framwork to promote the adsorption of electrolyte ions and
generate pseudocapacity [16]. In addition, the large surface area and micro-mesoporous
structure increase the interface between electrolyte and active sites and shorten the
diffusion distance of electrolyte ions, thus enhancing the double layer capacitance and

TE
D

rate performance.

Table 1. Comparison of the electrochemical performances of carbon aerogels based
two-electrode supercapacitor.
Carbon material

EP

Hierarchical porous carbon aerogel
Three-dimensional, S-incorporated
graphene aerogel

AC
C

P-incorporated graphenes with
hierarchical architecture

N-doped porous carbon/graphene aerogel
N-doped graphene aerogel

B/N co-doped porous carbon network
Hierarchical carbon foam

Graphene-carbon nanotube foam
architecture
Graphene oxide sponges
Hierarchical porous graphene frameworks
N-PCNFA

BET specific

Specific capacitance

surface area

(F g−1)

2200

Electrolyte

Reference

255 (1.0 A g−1)

6 M KOH

[5]

359.5

445.6 (5.0 mV S−1)

1 M H2SO4

[42]

383

353 (1.0 A g−1)

1 M H2SO4

[43]

473

290 (1.0 A g−1)

830

1 M H2SO4

[44]

−1

1 M H2SO4

[45]

−1

6 M KOH

[46]

−1

223 (0.2 A g )

2666

214 (0.2 A g )

2772

240 (1.0 A g )

1 M H2SO4

[47]

743

286 (1.78 mA cm−2)

6 M KOH

[48]

239.2

247.6 (1.0 A g−1)

1 M H2SO4

[49]

−1

1 M H2SO4

[50]

6 M KOH

This work

829

278.5 (5.0 mV S )
−1

2290

278 (1.0 A g )
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4. Conclusions
We successfully explored the N-doped porous carbon nanofiber aerogel using
the residue of gelidium amansii after extraction of agar as precursor with a large
area

and

micro-mesoporous

structure

as

high-performance

RI
PT

surface

multifunctional energy storage material. The unique structure of 1 D, N-doping,
and porous structure plays a crucial part in promoting the energy sotage

SC

performance of the carbon-based materials. Given the utilization of the residue of
agar production, this work opens a new way in increasing utilization rate of earthseaweed

resource

for

developing

low-cost

and

large-scale

M
AN
U

abundant

nanostructured carbonaceous energy storage materials via a green pathway and
promotes the development of seaweed industry and energy storage material
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