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In this work, N-doped biomass derived porous carbon (NSBDC) has been prepared utilizing low-cost agricultural
waste–sugarcane bagasse as the prototype, and needle-like PANI as the dopant. NSBDC possesses a special 3D
interconnected framework structure, superior hierarchical pores and suitable heteroatom doping level, which
beneﬁts a large number of applications on ion storage and high-rate ion transfer. Typically, the NSBDC exhibits
the high speciﬁc capacitance (298 F g−1 at 1 A g−1) and rate capability (58.7% capacitance retention at
20 A g−1), as well as the high cycle stability (5.5% loss over 5000 cycles) in three-electrode systems. A twoelectrode asymmetric system has been fabricated employing NSBDC and the precursor of NSBDC (sugarcane
bagasse derived carbon/PANI composite) as the negative and positive electrodes, respectively, and an energy
density as high as 49.4 Wh kg−1 is veriﬁed in this asymmetric system. A NSBDC-based whole symmetric supercapacitors has also been assembled, and it can easily light a 1.5 V bulb due to its high energy density
(27.7 Wh kg−1). In addition, for expanding the application areas of NSBDC, it is also applied to lithium ion
battery, and a high reversible capacity of 1148 mAh g−1 at 0.1 A g−1 is conﬁrmed. Even at 5 A g−1, NSBDC can
still deliver a high reversible capacity of 357 mAh g−1 after 200 cycles, indicating its superior lithium storage
capability.
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1. Introduction

many successful researches. For instance, Zhang et al. reported porous
carbon prepared from lotus pollen, and this kind of CWDC exhibited the
excellent electrochemical performance (applied to SC), which is attributed to the fact that the lotus pollen has a lot of mesoporous
structures [20]; Niu et al. also showed that cattle bones derived carbon
possessed the excellent electrochemical performance (applied to LIB),
which is due to the self-activation induced by hydroxyapatites within
the cattle bone [21]. In addition, incorporation of heteroatoms into
carbon materials could decrease charge transfer resistance and improve
wettability, and thereby further improve the electrochemical performance of carbon materials [22,23]. This method was also applied to
bio-carbon and had made some progress, e.g., the speciﬁc capacitance
of willow catkin derived bio-carbon increased from 249 to 298 F g−1
when bio-carbon was doped with N and S atoms [24].
Sugarcane bagasse (SB), is the solid residue derived from sugarcane
after extracting cane juice, and like the other agricultural wastes, it is a
carbon rich biomass, suitable for bio-carbon production [25]. In our
previous study, we prepared the bio-carbon with 3D interconnected
frameworks and abundant surface oxygenated functional groups by
one-step pyrolysis and activation synthesis method when SB as the
carbon sources [26]. We have found that the 3D interconnected frameworks structure (3DIFS) is favorable for ion diﬀusion, and the surface oxygenated functional groups is suitable for preparation of biocarbon based composites. Herein, we are committed to developing Ndoped SB derived bio-carbon with polyaniline as the dopant. First, SB
derived bio-carbon (SBDC) was obtained based on previous work; then,
SBDC was covered by needle-like polyaniline (SBDC/PANI composite)
via in-situ polymerization method; ﬁnally, nitrogen-doped SBDC
(NSBDC) was prepared by step-by-step carbonization and activation
method (as shown in Scheme 1). For NSBDC, it possesses a 3DIFS attributed to the SBDC framework, and also the suitable nitrogen content
and high speciﬁc surface area due to the carbonized-activated cladding
needle-like PANI. Thence, NSBDC shows excellent rate capability and
superior cycling stability as electrode materials for SC and LIB. This
work may provide a new research idea and method for common crop
waste applied to EESD.

Facing the increasingly serious energy and environmental crisis,
electrochemical energy storage devices (EESD, such as supercapacitors
(SC) [1], lithium ion batteries (LIB) [2], and lithium-sulfur batteries
[3]) have attracted the attention of researchers due to they can eﬃcient
and clean use of energy [4]. Among these materials, carbon materials
exhibit high speciﬁc surface area, good chemical stability, high electronic conductivity, long cycling life and adjustable surface functional
groups [5]. Hence, carbon materials are considered to be superior
electrode materials for EESD [6]. At present, many kinds of carbon
materials, such as graphene [7], carbon nanotube [8], carbon nanoﬁber
[9], have been used for EESD. However, the preparation process of the
above carbon materials are complex [10,11]. Moreover, in order to
meet the electrochemical performance requirements of EESD, they need
further processing (such as nitrogen doping treatment [12] and activation treatment [13]), and these preparation processes limit their
widespread application to EESD. Therefore, the development of new
types of carbon materials with excellent electrochemical performance
and simple preparation method has become a key element in EESD
research.
Biomass materials have evolved over millions of years in nature and
possess the multi-dimensional, polymorphic and renewable characteristics. Crop waste is the most common biomass material, and many
countries have harvested a large amount of them every year by agricultural production. However, most of crop waste is treated by burning
directly into air especially in developing country. This approach not
only causes waste of biomass energy, but also causes great pollution to
the environment [14]. Actually, the main ingredients of crop waste are
cellulose, hemicellulose and lignin [15], which are excellent carbon
sources. Therefore, in recent years, researchers are committed to converting crop waste into carbon materials, and various crop wastes resources such as rice straws, corncobs, kenaf stems, and peanut skins
have been reported as the precursor to preparation carbon materials
[16–19].
In particular, some crop waste derived carbons (CWDC) are very
suitable as the electrode material of EESD due to their advantages of
multi-dimension and polymorphism, which has been conﬁrmed by

Scheme 1. Schematic illustrations of the preparation process of NSBDC.
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2. Experimental

compressed at 10 MPa for 5 min (the mass loading of active material
was about 3 mg cm−2). The electrochemical tests were carried out by
an electrochemical workstation (CHI 660D, Shanghai Chenhua, China)
in 25 mL 1 M H2SO4 electrolyte. In three-electrode systems, saturated
calomel electrode and platinum foil were used as the reference and
counter electrode, respectively. In asymmetric two-electrode systems,
the active materials of positive and negative electrode were SBDC/PANI
and carbon materials (SBDC, NPDC and NSBDC), respectively.
Moreover, the electrochemical tests of the whole NSBDC-based symmetric supercapacitors were determined in a two-electrode cell conﬁguration (CR2032 coin-type cell, with 150 μL 1 M H2SO4 electrolyte).
The two electrodes preparation was still carried out using above described method (the current collector was stainless mesh with a diameter of 12 mm, the mass loading of NSBDC was about 0.97 mg cm−2),
and they were separated by ﬁlter papers. Galvanostatic charge/discharge (GCD), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS, were carried out in the frequency range from 105 to
10−2 Hz at open circuit potential with as ac perturbation of 5 mV) tests
were performed in three-electrode systems, asymmetric two-electrode
systems and whole NSBDC-based symmetric supercapacitors, respectively. The speciﬁc capacitance Cm (F g−1) based on the GCD tests was
calculated according to the following equation (Eq. (1)):

2.1. Sample preparation
SBDC was obtained by one-step pyrolysis and activation method
according to the previous reported work [26], and the brief process is as
follows: SB pieces cleaned with distilled water and dried at 80 °C for
24 h. 1 g cleanly SB and 1 g KOH were poured into 20 mL ethanol with
stirring and heated at 60 °C until ethanol was completely evaporated,
then dried at 70 °C for 12 h. The obtained mixture was pyrolyzed at
800 °C in N2 for 2 h. Finally, the obtained sample was washed by 1 M
HCl and distilled water, and collected after drying at 80 °C for 12 h.
SBDC/PANI composite was prepared by in-situ polymerization
method. In a typical process, 0.51 g SBDC was dispersed in 60 mL 1 M
HCl with 10 min sonication, followed by the addition of 1 mL aniline
and 20 mL ethanol with vigorous stirring for 10 min. And then, ammonium persulfate (APS) solution (3.75 g APS dissolved in 15 mL 1 M
HCl) was added drop by drop to the mixture to start the polymerization,
and the reaction was performed at room temperature for 4 h. Finally,
the resultant product was removed from solution, washed by distilled
water and dried in vacuum at 50 °C for 12 h to obtained the SBDC/
PANI. In addition, pure PANI was also prepared by the similar method
for comparison.
NSBDC was prepared by step-by-step carbonization and activation
method. SBDC/PANI was carbonized in an N2 atmosphere to 800 °C at a
heating rate of 10 °C min−1, and held for 2 h. The obtained product is
the precursor of NSBDC (PNSBDC). Afterward, NSBDC was obtained by
KOH activation method. KOH and PNSBDC was mixed by milling (mass
ratio is 1:1), and the mixture was carried out at 800 °C for 1 h under N2
atmosphere with a heating rate of 5 °C min−1, followed by washing
with HCl solution and distill water, and dried at 80 °C for 12 h.
Moreover, pure PANI also underwent the same process and obtained
the nitrogen-doped PANI derived carbon (NPDC).

Cm =

I×t
ΔV × m

(1)

where m (g) is mass of active material on working electrode in threeelectrode systems, and the total mass of active material on two working
electrodes in asymmetric two-electrode systems or whole symmetric
supercapacitors. I (A), t (s) and △V (V) are discharge current, discharge
time and potential window, respectively [27,28].
For LIB tests, the working electrode preparation process was similar
to that of SC test except that the collector was replaced by nickel foams
(diameter of 12 mm, and the mass loading and density of active materials on electrode was about 2.5 mg and 0.18 g cm−3, respectively),
and the electrochemical tests were performed using CR2016 coin-type
cells. LIB was assembled by using the lithium tablet and Celgard 2400
as the counter electrode and the separator, respectively, and 1 M LiPF6
solution with a mixture of ethylene carbonate and diethyl carbonate
(1:1 v/v) was used as the electrolyte. The whole assembly process was
performed under an Ar atmosphere in a dry glovebox. After assembly,
the cell was charged/discharged using a Land CT2001A battery test at
various current densities in a voltage window of 0.01–3 V, and the
current density was calculated based on the mass of the active materials.

2.2. Characterization
The morphologies of the samples were characterized by ﬁeldemission scanning electron microscopy (SEM, HITACHI S-4800) and
transmission electron microscopy (TEM, TECNAI F30). The crystallographic structures and defects of the samples were observed by X-ray
diﬀraction (XRD, Rigaku mini Flex 600 with Cu Kα radiation,
λ = 1.5418 Å, the operating voltage and the current were 40 kV and
15 mA, respectively) and Raman spectroscopy (HORIBA Xplora, with
the 532 nm Ar-ion laser), respectively. The surface chemical functional
groups of samples were conﬁrmed by Fourier transform infrared spectroscopy (FTIR, Nicolet IS5 spectrometer). The chemical compositions
were analyzed via X-ray photoelectron spectroscopy (XPS) and was
performed on PHI Quantum 5000 equipped with an Al Kα radiation
source. Nitrogen adsorption-desorption isotherms were measured at
liquid nitrogen temperature (−196 °C) using Micromeritics ASAP-2020,
and the speciﬁc surface area was calculated according to the BrunauerEmmett-Teller (BET) equation. A commercial drop shape analysis
system (Powereach JC2000C1, Shanghai Zhongchen Digital Technique
Equipment Co. Ltd., China) was used for the contact angle measurement
to ascertain the LIB electrolyte wettability to SBDC and NSBDC, and the
contact angle was measured using 5 points ﬁtting method. Test electrode preparation process: the sample slurry (contains 90 wt% sample,
5 wt% acetylene blank and 5 wt% polytetraﬂuoroethylene) was coated
on a copper foil, and then dried at 80 °C for 12 h.

3. Results and discussion
3.1. Structural characterization
The morphology and structure of samples were initially investigated
by the SEM and TEM, and the results were shown in Fig. 1. The SBDC
was obtained by one-step carbonized and activated sugarcane bagasse,
and it exhibited a highly 3DIFS (Fig. 1a). Meanwhile, the TEM image of
SBDC (Fig. 1e) further revealed its hierarchical porous structure (HPS).
Studies have pointed out that there are two key strategies for achieving
high ion accessible surface area: one is to build HPS including micro-,
meso- and macro-pores, and the other is to design a 3DIFS which favors
ion diﬀusion by providing short pathways [29,30], precisely, SBDC has
these two special structures. Hence, SBDC derived carbon materials or
composites may exhibit excellent performance when they are applied to
EESD due to the special microstructure of SBDC. Afterwards, SBDC/
PANI was prepared and its SEM and TEM images are shown in Fig. 1b
and f. The surface of SBDC is completely covered by needle-like PANI
(the inset of Fig. 1b), and this phenomenon will be detrimental to the
HPS of SBDC (further conﬁrmed by the analysis of pore size distribution). However, the 3DIFS of SBDC is maintained. When SBDC/PANI is

2.3. Electrochemical measurement
For SC tests, the working electrode was prepared by loading the
mixture of 90 wt% sample, 5 wt% acetylene blank and 5 wt% polytetraﬂuoroethylene (PTFE) binder on the stainless mesh followed by
drying at 80 °C for 12 h. Then the stainless mesh (1 × 1 cm2) was
188
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Fig. 1. SEM and TEM images of SBDC (a, e), SBDC/PANI (b, f), PNSBDC (c, g) and NSBDC (d, h).

C=O stretching of carbonyl groups [33,34]. In the spectra of pure PANI
(Fig. S1a), the characteristic peaks are as follows: C-H in-plane and outplane bending of aniline ring peak at 810 and 1123 cm−1, respectively;
C-N stretching vibration occurs at 1299 cm−1, accompanying with a
shoulder peak at 1242 cm−1; the C-C stretching vibration of quinoid (N)
and benzenoid (B) rings take place at 1572 and 1484 cm−1, respectively
[35]. Once SBDC is composited with PANI, the feature peaks of PANI
are still observed and just have some redshift, suggesting that the surface of SBDC is completely covered by PANI nanoparticles. The spectra
of PNSBDC is similar to SBDC except the feature peak of C-O bonds has
some redshift (peaking at 1570 cm−1), and this is attributed to C-N
stretching, indicating that nitrogen has been successfully doped into
carbon framework [33]. Compared with PNSBDC, the spectra of NSBDC
is more close to SBDC, which may be due to the fact that the content of
nitrogen is reduced (this view will further be conﬁrmed by XPS analysis).
XRD patterns were conducted to characterize the phase structure of
the samples. As presented in Fig. 2b, raw SB displays two well-deﬁned
peaks around 15.5° and 22.3°, which are corresponded to the (110) and
(200) plane of cellulose [36]. After carbonization process (SBDC), two
broad peaks at approximately 25.5° and 44.1° can be attributed to the

directly carbonized, for PNSBDC sample (Fig. 1c and g), the needle-like
morphology of PANI is survived except the size of nanoparticles is
smaller than before carbonization (the inset of Fig. 1c), and the surface
of SBDC is still covered by needle-like PANI derived carbon nanoparticles. Finally, the target sample NSBDC (Fig. 1d and h) is obtained
via activation of PNSBDC. Similar to PNSBDC, the needle-like carbon
nanoparticles on the surface of SBDC is still survived, and furthermore,
the TEM images reveal the amorphous porous structure (further conﬁrmed by analysis of pore size distribution). This porous structure may
have a positive impact on electrochemical performance of NSBDC.
Fig. 2a shows the FTIR patterns of raw SB and samples. For raw SB,
the peak at 893 cm−1 is for β-glycosidic linkages between the sugar
units of cellulose. C-O stretch and C-H deformation in cellulose and
hemicellulose peak at 1043 and 1379 cm−1, respectively. Peaks at
1258, 1518 and 1629 cm−1 are attributed to the aromatic skeletal vibrations of lignin. In addition, the peaks at 1731 and 2922 cm−1 are
assigned to the unconjugated C=O stretch in xylans and C-H stretching,
respectively [31,32]. In the spectra of SBDC, the peak centered at
1114 cm−1 originates from the rich oxygen-containing functional
groups of C-O bonds, the peak near 1405 cm−1 derives from B-type
carbonate groups, and the peak at 1582 cm−1 should be attributed to

Fig. 2. FTIR spectra (a) and XRD patterns (b) of SB, SBDC, SBDC/PANI, PNSBDC and NSDBC; Raman spectra (c) of SBDC, NPDC and NSBDC; nitrogen adsorption/
desorption isotherm and pore size distribution of SBDC (d), NPDC (e) and NSBDC (f).
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displays the feature of HPS (corresponds to TEM analysis). This should
be attributed to the activation process of NSBDC, and these features of
microstructure will have a profound impact on the electrochemical
performance of NSBDC.
To determine the chemical contents and valence states of each
element in samples, XPS spectra was performed and the results are
shown in Fig. 3. The XPS full spectrum exhibits a strong C 1s peak and a
dominant O 1s peaks, moreover, a weak N 1s peak is observed except
SBDC (Fig. 3a), indicating that N has been doped into the carbon materials. The contents of C, N and O in samples are summarized in
Table 1 and S1. The N content of SBDC/PANI (5.9%) is largely decreased to be 2.1% after undergoing the carbonization and KOH activation process (NSBDC), and the N content of NPDC (pure PANI
through the same treatment process, 2.3%) is basically equivalent to
NSBDC. However, the target product NSBDC displays the maximum
heteroatom content compared with SBDC and APDC, which conﬁrms
the inference of Raman spectra analysis. The high-resolution C 1s
spectra of SBDC (Fig. 3e) is deconvoluted into three peaks centered at
284.5, 285.5 and 287.4 eV, attributed to C-C/C-H, C-O and C=O bond
[42], respectively. However, a new peak centered at 286.2 eV caused by
C-N/C=N bond [43] appears in C 1s spectra of SBDC/PANI, PNSBDC
and NSBDC (Fig. 3f ∼ h), and the same as N content, the content of CN/C=N gradually decreases with the treatment process. The high-resolution N 1s spectra of SBDC/PANI (Fig. 3b) can be deconvoluted into
three peaks assigned to the pyridinic nitrogen (398.8 eV, N-1), pyrrolic
nitrogen (400.2 eV, N-2) and graphitic nitrogen (401.5 eV, N-3), respectively [43]. Besides, the N 1s spectra of PNSBDC and NSBDC
(Fig. 3c and d) exhibit a new peak centered at 404.6 eV (oxydic nitrogen, N-4) also caused by the treatment process. The doped N is
commonly considered that it can enhance the electrochemical performance of carbon materials from the following: N-1 combines with two
carbon atoms and donates a p electron to the aromatic π-conjugated
rings, therefore, it has higher charge mobility and further improves
electronic conductivity of carbon materials; N-2 possesses a good
electron-donor characteristic, thus it has a huge contribution to the
pseudocapacitance; N-1 and N-2 also contribute to reinforce the carbon
surface activity and further enhance the wettability of carbon materials,
thereby, they can improve the interface of electrode/electrolyte (conﬁrmed by SI 4, the contact angle of NSBDC is signiﬁcantly less than that
of SBDC) [44]. In addition, the high-resolution O 1s spectra for all
samples are ﬁtted into three peaks as follows: C-OH/C=O (531.7 eV),
C-O-C (533.1 eV) and O-C=O (534.6 eV) [45], indicating that there are
some lactone, carboxyl and quinone groups on the surface of samples
[46], respectively.
In short, the target product NSBDC is successfully prepared by stepby-step carbonization and activation method based on SBDC. It maintains the HPS feature of SBDC, meanwhile, possesses large SBET and
high heteroatom doping ratio. Therefore, it is expected to have an excellent performance when it applies to EESD.

(002) and (100) plane of graphite, indicating its amorphous state [37].
For pure PANI (Fig. S1b), three diﬀraction peaks at 15.2°, 20.3° and
25.1° are observed, and they are assigned to the (010), (100) and (110)
plane of PANI, respectively [38]. The feature peaks of SBDC/PANI are
exactly the same as the pure PANI, further indicating that the surface of
SBDC is completely covered by PANI nanoparticles. Similar to SBDC,
PNSBDC and NSBDC also exhibit the two feature peaks of graphite,
revealing the relatively perfect graphitization. Beyond that, the peak
intensity of NSBDC is signiﬁcantly decreased, which is probably derived
from K+ insertion during activation process, this phenomenon making
the graphite crystallites disorderly (further conﬁrmed by Raman
spectra). Meanwhile, compared with PNSBDC, the peak center of
NSBDC is slight tendency toward the low angle, indicating the existence
of rich pore structure [29,39].
The defects on the carbon layers were surveyed by Raman spectroscopy. Fig. 2c depicts the Raman spectra of SBDC, NPDC and NSBDC
ﬁtted by three Gaussian peaks, which exhibit the characteristic D, G A
and I peaks, respectively. The G band, located at ∼1580 cm−1, is
generally observed in all carbon materials and assigned to the E2g vibration mode present in the sp2-bonded graphitic carbon; the D band,
located at ∼1350 cm−1, is attributed to the disorder induced by the sp3
defect sites on the graphitic plane; the I band, located at 1100 cm−1, is
derived from impurities or heteroatoms (for NPDC and NSBDC, it is
derived from the heteroatoms of N and O; for SBDC, it is only derived
from the heteroatoms of O) on the graphitic plane [40,41]. The contents
of these peaks are summarized in Table 1. As shown in Table 1, the
content of D band is much higher than the other bands, indicating that
many defects are generated on carbon layers during the activation
process, and this also corresponds the inference of XRD analysis.
Moreover, the NSBDC exhibits the highest I band content, hence we can
reasonably suppose that NSBDC possesses the highest degree of heteroatom doping (will be further proved by XPS analysis). In short, the
XRD and Raman spectra synergistically suggest that the target product
NSBDC possesses many defects and high degree of heteroatom doping.
To explore the surface area and pore size of the samples, nitrogen
adsorption-desorption isotherm was performed and the result is shown
in Fig. 2d ∼ f. The SBDC possesses a large SBET (Table 1), moreover, the
isotherm plot and pore size distribution conﬁrm the co-existence of
micro- and mesopores (Fig. 2d), further revealing the feature of HPS.
However, compared with SBDC, the SBET is drastically reduced
(71.8 m2 g−1) and the feature of HPS disappears for SBDC/PANI (Fig.
S2a, corresponds to TEM analysis), similar to FTIR and XRD analyses.
This is attributed to the fact that the surface of SBDC is completely
covered by needle-like PANI nanoparticles. Interestingly, the feature of
HPS appears again in PNSBDC (Fig. S2b), which is caused by the fact
that the mesopores structure of SBDC is exposed again when the size of
needle-like PANI nanoparticles reduces during the carbonization process. In spite of this, the SBET of PNSBDC (237.2 m2 g−1) is still far less
than SBDC. From Table 1, the NPDC possesses a large SBET equal to
SBDC, however, it does not have the feature of HPS (Fig. 2e), and the
micropores structure is in an absolute dominance. Noteworthy, the
target product NSBDC not only possesses the largest SBET, but also

Table 1
Raman spectra analysis, pore structure parameters and compositions of SBDC, NPDC and NSBDC.
Sample

SBDC
NPDC
NSBDC
a
b
c
d

Raman spectra analysis

Pore structure parameters
a

(m2 g−1)

D (%)

G (%)

I (%)

S

69.7
71.5
68.7

24.1
24.3
24.5

6.2
4.2
6.8

1540.9
1525.4
1939.9

BET

XPS spectra analysis

VTb (cm3 g−1)

V

0.88
1.12
1.30

0.47
0.84
0.78

Speciﬁc surface area calculated by BET equation.
The total pore volume was determined by BJH method.
The pore volume of micropores calculated by BJH method.
The pore width calculated by BJH method.
190

c
micro

(cm3 g−1)

D

d
average

3.1
1.2
3.2

(nm)

C/at.%

O/at.%

N/at.%

92.6
93.5
92.3

7.4
4.2
5.6

–
2.3
2.1
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Fig. 3. XPS survey spectra (a) of SBDC, SBDC/PANI, PNSBDC and NSBDC; high resolution N 1s XPS spectra of SBDC/PANI (b), PNSBDC (c) and NSBDC (d); high
resolution C 1s and O 1s XPS spectra of SBDC (e, i), SBDC/PANI (f, j), PNSBDC (g, k) and NSBDC (h, l).

scan rate of 0.01 V s−1. It is can be seen that the CV curves of all
samples exhibit a quasi-rectangular shape, indicating their ideal
double-layer capacitance behavior [47]. Furthermore, the area of CV
curves of samples is NSBDC > NPDC > SBDC, meaning the large
speciﬁc capacitance of NSBDC. The CV curves of SBDC, NPDC and

3.2. Electrochemical performances of samples for supercapacitors
The performance of samples as supercapacitors electrodes was
ﬁrstly conducted by CV, GCD and EIS in a three-electrode conﬁguration. Fig. 4a compares the CV curves of SBDC, NPDC and NSBDC at a

Fig. 4. CV (a), GCD (b) and EIS (c) curves of SBDC, NPDC and NSBDC; GCD curves (d) of NSBDC at diﬀerent current densities (1–20 A g−1); speciﬁc capacitance
versus current density of SBDC, NPDC and NSBDC (e); cycle stability of NSBDC at a current density of 6 A g−1 (f).
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NSBDC at scan rates from 0.01 to 0.18 V s−1 are exhibited in Fig. S5.
The results demonstrate that the CV curves of SBDC and NSBDC
maintain the quasi-rectangular shape at various scan rates, while the CV
curves of NPDC displays an obvious change at high scan rates. This
phenomenon attributed to the 3DIFS feature of SBDC framework brings
superior rate capability. Fig. 4b shows the GCD curves of SBDC, NPDC
and NSBDC tested at a current density of 1 A g−1. The NSBDC exhibits
the longest discharge time (the inset of Fig. 4b). Based on discharge
time (by Eq. (1)), the speciﬁc capacitance of SBDC, NPDC and NSBDC
are 160, 212 and 298 F g−1, respectively, and this result is consistent
with CV analysis. The NSBDC achieves the highest speciﬁc capacitance,
and the speciﬁc capacitance of SBDC is obviously less than that of
NPDC. These results are mainly owing to the N doping, which can be
explained as follows: compared with SBDC, N doping of NPDC increases
the speciﬁc surface area utilization of the material (because N doping
can improve the wettability of carbon materials), and further improves
the capacitive performance of NPDC, although the speciﬁc surface area
of SBDC is similar to that of NPDC; while for NSBDC, it has not only a
suitable N doping ratio, but also the largest speciﬁc surface area, hence,
it exhibits the most excellent electrochemical performance. For a better
comparison, the speciﬁc capacitance of NSBDC biomass derived carbon
materials in literature reports are summarized in Table 2. EIS was
employed for further studying the capacitive behavior of the samples
(Fig. 4c). All samples present similar shapes, and are composed of these
parts: a steep linear curve in the low frequency region, corresponding to
nearly ideal capacitive performance; a nearly diagonal curve in the
medium frequency region, corresponding to diﬀusion resistance; a
semi-circle in the high frequency region, corresponding to charge
transfer resistance [24]. Obviously, the NSBDC exhibits the steepest
slope of the curve and smallest diameter of semi-circle, suggesting the
ideal capacitive behavior and small charge transfer resistance. Furthermore, the intercept at the real part is related to the internal resistance, including the contact resistance between the sample and
electrolyte, and the intrinsic resistance of sample and bulk electrolyte
[56]. The inset of Fig. 4c shows that the internal resistance of SBDC,
NPDC and NSBDC are 1.12, 1.08 and 1.05 Ω, respectively, which indicates that the internal resistance of the samples are reduced when
they are doped with nitrogen atoms, and this is attributed to the fact
that the intrinsic resistance of sample is reduced under nitrogen doping
condition.
And again, the GCD curves of NSBDC at current densities from 1 to
20 A g−1 are exhibited in Fig. 4d. The GCD curves of NSBDC display
highly linear and symmetrical shapes even at the current density of
20 A g−1 (the inset of Fig. 4d), further suggesting an ideal capacitive
behavior. The speciﬁc capacitance of NBSDC at diﬀerent current densities is also obtained by Eq. (1) and summarized in Fig. 4e. Basically,
the speciﬁc capacitance gradually decreases with the current density
increases, while it still reaches up to 175 F g−1 at current density of
20 A g−1, and the capacitance retention is 58.7% (compared with
298 F g−1, at the current density of 1 A g−1). For comparison, the
speciﬁc capacitance of SBDC and NPDC at various current densities is

also summarized in Fig. 4e. Obviously, the speciﬁc capacitance of NPDC
drops linearly and its capacitance retention is only 47.1% at the current
density of 10 A g−1, suggesting the inferior pore openness and inappropriate pore size distribution of NPDC. Moreover, the obvious IR
drop of NPDC at high current density further (the inset of Fig. 4e) indicates that the excessively micropores do increase the resistance
during the charge-discharge time [21]. On the contrary, SBDC achieves
a high capacitance retention (77.5% at the current density of 10 A g−1),
and similar to SBDC, PNSBDC also exhibits the high capacitance retention (Fig. S6e, 74.2% at the current density of 10 A g−1). Summary
the analysis, for SBDC, PNSBDC and NSBDC, they all possess the feature
of 3DIFS, and this feature can bring the excellent rate capability. Cycle
stability is an important parameter to estimate electrode materials for
practical applications. The cycle stability of NSBDC was measured by
GCD method at a current density of 6 A g−1 for 5000 cycles, as shown in
Fig. 4f. The speciﬁc capacitance of NSBDC has a slight decline of about
5.5% after 5000 cycles, suggesting outstanding cycle stability. More
importantly, the GCD curve of NSBDC after the cycle still remains the
highly linear and symmetrical (the inset of Fig. 4f) shape, which intuitively indicates that NSBDC has the excellent electrochemical reproducibility.
To further understand the superiority of NSBDC as supercapacitors
electrodes, an asymmetric two-electrode system was assembled (positive
and negative electrodes materials were SBDC/PANI and NSBDC, respectively, denoted as SBDC/PANI//NSBDC), and the CV, GCD and EIS measurements were also performed in this system. For conﬁrming the voltage
window of SBDC/PANI//NSBDC, the capacitive performance of SBDC/
PANI was ﬁrst measured in a three-electrode system, and the results is
shown in Fig. S6. In the CV curve of SBDC/PANI (Fig. S6a), the two pairs of
peaks P1/P2 and P3/P4 are observed, associated with the redox of PANI
molecules (leucoemeraldine and pernigraniline species) and benzoquinone/
hydroquinone redox transitions, respectively [57]. Meanwhile, SBDC/PANI
also exhibits the high capacitance retention (Fig. S6b, 78.6% at the current
density of 10 A g−1), which is still attributed to the 3DIFS feature of SBDC.
Fig. 5a shows the CV curves of SBDC/PANI//NSBDC in diﬀerent voltage
windows to determine the suitable working window. It is clear that the
rectangular shape is maintained in the range of 0–0.6 V and two pairs of
redox peaks appear in all CV curves, indicating that the double-layer capacitance and pseudocapacitance are simultaneously exist. Moreover, there
is no signiﬁcant increase of anodic current even at 1.5 V and initial rapid
increase of anodic current appears at 1.6 V (Fig. S7), suggesting that the
suitable voltage window of SBDC/PANI//NSBDC is 0–1.5 V. For comparison, SBDC and NPDC are also used as the negative electrode of asymmetric
two-electrode systems (denoted as SBDC/PANI//SBDC and SBDC/PANI//
NPDC, respectively) at the working voltage of 0–1.5 V, and their CV curves
are shown in Fig. 5b. All the CV curves exhibit a similar shape, and similar
to three-electrode systems, the SBDC/PANI//NSBDC possesses the largest
CV curve area, meaning its large capacitance. Fig. 5c shows the speciﬁc
capacitance of all asymmetric two-electrode systems at the current densities
from 1 to 10 A g−1. Consistent with the results in three-electrode systems,
SBDC/PANI//NSBDC also exhibits the high speciﬁc capacitance (158 F g−1

Table 2
Comparison of the speciﬁc capacitance for previously reported biomass derived porous carbon materials.
Carbon type

Electrolyte

Mass loading (mg cm−2)

Current density

Speciﬁc capacitance (F g−1)

Ref.

Silk derived carbon (Silk-DC)
Pomelo mesocarps-DC
Willow catkin-DC
Eggshell membrane-DC
Rice husk-DC
Polyaniline Coated Bacterial Cellulose-DC
Seaweeds-DC
Glucose-DC
Lignin-DC
NSBDC

1 M H2SO4
2 M KOH
6 M KOH
1 M KOH
1 M NaSO4
6 M KOH
1 M H2SO4
6 M KOH
6 M KOH
1 M H2SO4

∼3.2
∼0.4
∼4.4
∼3.0
–
∼3.0
–
∼5.0
∼1.0
∼3.0

0.1 A g−1
0.5 A g−1
0.5 A g−1
4.0 A g−1
1.0 A g−1
2.0 mV s−1
0.2 A g−1
0.5 A g−1
50 mV s−1
1.0 A g−1

264
245
249
228
112
296
264
260
196
298

[48]
[49]
[24]
[50]
[51]
[52]
[53]
[54]
[55]
This work
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Fig. 5. CV curves (a, scan rate of 0.01 V s−1) of SBDC/PANI//NSBDC at diﬀerent potential windows; CV curves (b, scan rate of 0.01 V s−1), speciﬁc capacitance
versus current density plots (c), EIS curves (d) and Ragone plot (e) of SBDC/PANI//SBDC, SBDC/PANI//NPDC and SBDC/PANI//NSBDC at a potential window of
0–1.5 V; cycle stability of SBDC/PANI//NSBDC at a current density of 7 A g−1 (f, inset is a Ragone plot of before and after 2000 cycles); speciﬁc capacitance versus
current density plots (g), Ragone plot (h) and cycle stability (i, performed by GCD test at a current density of 5 A g−1, inset is an EIS spectra of before and after
cycling) of NSBDC//NSBDC.

at the current density of 1 A g−1) and capacitance retention (56.3% at the
current density of 10 A g−1); SBDC/PANI//NPDC also displays the obvious
IR drop (the inset of Fig. 5c, at the current density of 10 A g−1) and inferior
capacitance retention (37.1% at the current density of 10 A g−1). All of
these results are still owing to the advantages of the microstructure from
SBDC. EIS measurement results are consistent with the above analyses,
SBDC/PANI//NSBDC still possesses the small charge transfer resistance and
internal resistance (2.05 Ω, from the inset of Fig. 5d).
Energy density (E, Wh kg−1) and power density (P, W kg−1) are two
main practical parameters for supercapacitors, which are tested in twoelectrode systems and calculated from the GCD curves according to the
following equations [30,34]:

E=

1
Cm (ΔV )2
2

p=

E
t

kg−1 to 12.1 Wh kg−1). Again based on the foresight of GCD, the SBDC/
PANI//NSBDC achieves the maximum energy density of 49.4 Wh kg−1
with a power density of 751 W kg−1, and even if the power density is
increased to 7758 W kg−1, the energy density is still as high as 27.8 Wh
kg−1. The value is superior to previously reported carbon-based
asymmetric supercapacitors, such as graphene oxide (GO)/polypyrrole
(PPy)//active carbon (21.4 Wh kg−1) [58], PPy/layered double hydroxide//graphene (RGO) (46 Wh kg−1) [59], Co(OH)2/N modiﬁed
RGO//PPy/RGO (24.9 Wh kg−1) [60], RGO/RuO2//RGO/PANI
(26.3 Wh kg−1) [61], RGO/multiwalled carbon nanotube (MCNT)/
PANI//RGO (41.5 Wh kg−1) [62], MnO2//3D RGO hydrogel (23.2 Wh
kg−1) [63], Mn3O4//RGO/CNT/PPy (14.3 Wh kg−1) [64], and NiO/Ni
foam//AC (18 Wh kg−1) [65]. The cycle stability of SBDC/PANI//
NSBDC was also examined by GCD test at the current density of 7 A g−1
and the results are shown in Fig. 5f. The speciﬁc capacitance is decreased slightly and the capacitance retention is 92.2% after 2000 cycles. In addition, the energy density of SBDC/PANI//NSBDC is still as
high as 45 Wh kg−1 after 2000 cycles (the inset of Fig. 5f, obtained by
GCD curve of Fig. S8b). These results further evidence the excellent
cycle stability and electrochemical reproducibility of SBDC/PANI//
NSBDC.
Finally, a coin-type NSBDC-based symmetric supercapacitors (denoted as NSBDC//NSBDC) was assembled, and its capacitive

(2)
(3)
−1

where Cm (F g ) is the speciﬁc capacitance, △V (V) is the working
window and t (s) is the discharge time. Ragone plot, is the energy
density as a function of the power density, and Fig. 5e shows the Ragone plots of all asymmetric two-electrode systems. The energy density
of SBDC/PANI//NPDC is consistent with GCD results, which still
drastically reduces as power density increases (reduces from 32.5 Wh
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Fig. 6. Electrochemical performance of SBDC, NPDC and NSBDC as the anode of LIB. Initial discharge/charge curves (a) of the SBDC, NPDC and NSBDC measured at
a current density of 0.1 A g−1; the 1st, 2nd and 3rd discharge/charge curves (b) of the NSBDC at a current density of 0.1 A g−1; discharge/charge curves of NSBDC (c)
at diﬀerent current densities from 0.1 to 5 A g−1; capacity comparisons of SBDC, NPDC and NSBDC at diﬀerent current densities (d); cycle stability and coulombic
eﬃciency of NSBDC at a current density of 5 A g−1 (e).

reduction after cycles, suggesting that the unique 3DIFS and HPS
structures of NSBDC are still very beneﬁcial to ion diﬀusion even after
5000 cycles.

performance is shown in Fig. 5g, h and i. The voltage window of
NSBDC//NSBDC is still 0–1.5 V (as shown in SI 9a, the anodic current
dramatically increases at 1.6 V). GCD tests were performed at diﬀerent
current densities and the results are shown in Fig. 5g. Overall, the
speciﬁc capacitance of NSBDC//NSBDC is decreased with increasing
current density, yet, has a slight drop at the current density of
10–15 A g−1. Compared with the current density of 1 A g−1, the capacitance retention is 64% at the current density of 15 A g−1 (speciﬁc
capacitance is 89 and 57 F g−1 at 1 and 15 A g−1, respectively). These
results indicate that NSBDC possesses the superior rate capability in real
supercapacitors. The Ragone plots of NSBDC//NSBDC are shown in
Fig. 5h. A high energy density of 27.7 Wh kg−1 is obtained with the
power density of 743 W kg−1, and 17.8 Wh kg−1 could be delivered at
11250 W kg−1. The values are better than previously reported carbonbased symmetric supercapacitors, such as carbon aerogels (22.75 Wh
kg−1) [33], artemia cyst shells derived carbon (25.3 Wh kg−1) [66],
pomelo peel derived carbon (9.4, 20 and 17.1 Wh kg−1) [67,68,70],
batata leaves and stalks derived carbon (25.8 Wh kg−1) [69], hollow
carbon spheres anchored on carbon nanotubes (11.3 Wh kg−1) [71] and
N, B Co-doped graphene (8.7 Wh kg−1) [72]. Moreover, from the inset
of Fig. 5h, NSBDC//NSBDC could easily light a 1.5 V bulb owing to its
high energy density, and this intuitively demonstrates the practical
value of NSBDC in energy storage. The cycle stability of NSBDC//
NSBDC was still investigated by GCD test at the current density of
5 A g−1, and a 4.5% variation is obtained after 5000 cycles (Fig. 5i),
indicating the excellent cycle stability. EIS curves of before and after
5000 cycles are shown in the inset of Fig. 5i. Similar to that in asymmetric two-electrode systems, they contain a short arc, a nearly diagonal line and a nearly vertical line. The EIS spectra could be ﬁtted by
software of ZSimpWin based in the equivalent circuit (composed of Ri,
internal resistance; Rct, charge transform resistance; Rw, diﬀusion resistance; C1, double-layer capacitance; C2, pseudocapacitance), and the
ﬁtting results are shown in Table SI2. The Rct has a signiﬁcant increase
after cycles, and this may be due to the fact that the electron-donating
ability of N atoms is weakened by cycling. However, Rw has a certain

3.3. Electrochemical behavior of samples as lithium ion battery anodes
In order to expand the application areas of NSBDC, the LIB was
assembled by employing the homemade carbon materials as anodes and
the lithium tablets as cathodes. Fig. 6a shows the discharge/charge
curves of SBDC, NPDC and NSBDC for the ﬁrst cycles at a current
density of 0.1 A g−1. All the discharge curves are similar to those previously reported for porous carbonaceous materials [73], including
three parts: an obvious slope at 1.5–3 V, corresponding to extraction of
lithium from defect sites with high energies; an indistinct voltage plateau sloped from 0.5 to 0.8 V, attributed to the formation of solid
electrolyte interphase (SEI) and other side reactions; an obvious voltage
plateau below 0.1 V, caused by the insertion of lithium ions in the
carbon materials [9,74]. All samples showed high discharge capacity
(the discharge capacity of SBDC, NPDC and NSBDC are 1033, 924 and
1513 mAh g−1, respectively) during the initial cycle, however, SBDC
and NPDC also exhibit the poor reversible capacity of 649 and 518 mAh
g−1, respectively. For NSBDC, it still displays the excellent performance, whose reversible capacity is as high as 1148 mAh g−1, more
than 3 times higher than the theoretical value of graphite (372 mAh
g−1), and its initial columbic eﬃciency is 75.8%, which is higher than
that of the reported N-doped carbon [74,75]. The discharge/charge
curves at a current density of 0.1 A g−1 for the initial three cycles of the
NSBDC are shown in Fig. 6b. From Fig. 6b, the indistinct voltage plateau at 0.5–0.8 V disappears at the second discharge curve, and the
columbic eﬃciency increased dramatically (the columbic eﬃciency of
second and third cycles are 95.2% and 95.0%, respectively). These
phenomena also appear in SBDC and NPDC (Fig. S10), indicating that
the capacity becomes stable and reversible after ﬁrst cycles.
Due to the unique microstructure and appropriate doping level,
NSBDC exhibits outstanding capability both at low and high current
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densities. The discharge/charge curves of NSBDC at diﬀerent current
densities (0.1–5 A g−1) are shown in Fig. 6c. The reversible capacities of
NSBDC are 1111, 791, 680 and 454 mAh g−1 at 0.1, 0.5, 1 and 3 A g−1,
respectively. Even at a high current density of 5 A g−1, a reversible
capacity (363 mAh g−1) equivalent to the theoretical value of graphite
still remains. For comparison, the rate performance of SBDC, NPDC and
NSBDC at diﬀerent current densities from 0.1 to 5 A g−1 are shown in
Fig. 6d. For NSBDC, the reversible capacities generally keep constant at
various current densities, even that the current density returns to
0.1 A g−1 after 80 cycles, the reversible capacity still maintained at
1052 mAh g−1. These results suggest that the electrical and structural
integrity levels of NSBDC could be well retained even after experiencing
high current density discharge/charge cycles. However, the reversible
capacity of NPDC is reduced from 495 to 104 mAh g−1 with the current
density increasing from 0.1 to 5 A g−1, and the reversible capacity retention (the reversible capacity of 0.1 A g−1 VS 5 A g−1) is only 21.0%,
far less than that of NSBDC (33.5%). Obviously, SBDC exhibits a slower
fading of reversible capacity with the current density increasing than
that of NSBDC. This is mainly due to SBDC possesses a limited accessible speciﬁc surface area (attributed to its poor wettability, as shown in
SI 4), thence, its descent space of accessible speciﬁc surface area will be
very limited. The above conclusions further aﬀect SBDC shown the
minimum fading of capacity with the current density increasing.
Nevertheless, the reversible capacity of NSBDC at the current density of
5 A g−1 is still higher than that of SBDC. In short, NSBDC still possesses
considerable reversible capacity and rate performance in lithium ion
battery due to its microstructure features. The cycle stability performance of NSBDC was evaluated by discharge/charge test at a current
density of 5 A g−1 and the results are shown in Fig. 6e. Speciﬁcally, the
NSBDC electrode retains a reversible capacity of 357 mAh g−1 after 200
cycles, and the coulomb eﬃciency always around 96% during 200 cycles, suggesting excellent cycle stability with high current density. In
summary, the NSBDC still achieves very impressive performance in lithium ion battery owing to its unique microstructure, which is expected
to expand its application areas.
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4. Conclusions
In conclusion, NSBDC has been successful prepared by a universal
and facile method with low-cost agricultural waste sugarcane bagasse
as precursors and needle-like PANI as dopant. Owing to the synergistic
eﬀect of the suitable heteroatoms doping ratio and unique microstructure (the hierarchical porous structure and 3D interconnected
frameworks structure), NSBDC exhibits high speciﬁc capacity, excellent
rate capability and cycle stability either in supercapacitors or lithium
ion batteries. The design and synthesis of N-doped biomass-derived
porous carbon in the present work have great revelations in developing
future high performance carbon materials for energy storage device on
a large scale by common agricultural waste resources.
Acknowledgements
We gratefully acknowledge the ﬁnancial support of National Natural
Science Foundation of China (No. 21273185) and National Found for
Fostering Talents of Basic Science (J1310024).
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.jpowsour.2018.04.056.
References
[1] D. Pech, M. Brunet, H. Durou, P.H. Huang, V. Mochalin, Y. Gogotsi, et al.,
Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon, Nat.
Nanotechnol. 5 (2010) 651–654.

195

Journal of Power Sources 390 (2018) 186–196

B. Wang et al.

[54] J. Wang, L. Shen, B. Ding, P. Nie, H. Deng, H. Dou, et al., Fabrication of porous
carbon spheres for high-performance electrochemical capacitors, RSC Adv. 4 (2014)
7538–7544.
[55] S. Hu, S. Zhang, N. Pan, Y.L. Hsieh, High energy density supercapacitors from lignin
derived submicron activated carbon ﬁbers in aqueous electrolytes, J. Power Sources
270 (2014) 106–112.
[56] T.W. Cai, M. Zhou, D.Y. Ren, G.S. Han, S.Y. Guan, Highly ordered mesoporous
phenol–formaldehyde carbon as supercapacitor electrode material, J. Power
Sources 231 (2013) 197–202.
[57] P. Yu, Z. Zhang, L. Zheng, F. Teng, L. Hu, X. Fang, A novel sustainable ﬂour derived
hierarchical NitrogenDoped porous carbon/polyaniline electrode for advanced
asymmetric supercapacitors, Adv. Energy Mater. 6 (2016) 1–10.
[58] L.Q. Fan, G.J. Liu, J.H. Wu, L. Liu, J.M. Lin, Y.L. Wei, Asymmetric supercapacitor
based on graphene oxide/polypyrrole composite and activated carbon electrodes,
Electrochim. Acta 137 (2014) 26–33.
[59] M.F. Shao, Z.H. Li, R.K. Zhang, F.Y. Ning, M. Wei, D.G. Evans, et al., Hierarchical
conducting Polymer@Clay core–shell arrays for ﬂexible all-solid-state supercapacitor devices, Small 29 (2015) 3530–3538.
[60] X.Y. Cai, S.H. Lim, C.K. Poh, L.F. Lai, J.Y. Lin, Z.X. Shen, High-performance
asymmetric pseudocapacitor cell based on cobalt hydroxide/graphene and polypyrrole/graphene electrodes, J. Power Sources 275 (2015) 298–304.
[61] J.T. Zhang, J.W. Jiang, H.L. Li, X.S. Zhao, A high-performance asymmetric supercapacitor fabricated with graphene-based electrodes, Energy Environ. Sci. 4 (2011)
4009–4015.
[62] J.L. Shen, C.Y. Yang, X.W. Li, G.C. Wang, High-performance asymmetric supercapacitor based on nanoarchitectured polyaniline/graphene/carbon nanotube and
activated graphene electrodes, ACS Appl. Mater. Interfaces 5 (2013) 8467–8476.
[63] H.C. Gao, F. Xiao, C.B. Ching, H.W. Duan, High-performance asymmetric supercapacitor based on graphene hydrogel and nanostructured MnO2, ACS Appl. Mater.
Interfaces 4 (2012) 2801–2810.
[64] Y.J. Peng, T.H. Wu, C.T. Hsu, S.M. Li, M.G. Chen, C.C. Hu, Electrochemical characteristics of the reduced graphene oxide/carbon nanotube/polypyrrole composites
for aqueous asymmetric supercapacitors, J. Power Sources 272 (2014) 970–978.
[65] H. Inoue, Y. Namba, E. Higuchi, Preparation and characterization of Ni-based positive electrodes for use in aqueous electrochemical capacitors, J. Power Sources
195 (2010) 6239–6244.
[66] Y.F. Zhao, S.F. Huang, M.R. Xia, S. Rehman, S.C. Mu, Z.K. Kou, Z. Zhang, Z.Y. Chen,
F.M. Gao, Y.L. Hou, N-P-O Co-doped high performance 3D graphene prepared
through red phosphorous-assisted “Cutting-Thin” Technique: a universal synthesis
and multifunctional applications, Nano Energy 28 (2016) 346–355.
[67] Q.H. Liang, L. Ye, Z.H. Huang, Q. Xu, Y. Bai, F.Y. Kang, Q.H. Yang, A honeycomblike porous carbon derived from pomelo peel for use in high-performance
Supercapacitors, Nanoscale 6 (2014) 13831–13837.
[68] J.Y. Liu, H.P. Li, H.S. Zhang, Q. Liu, R.M. Li, B. Li, J. Wang, Three-dimensional
hierarchical and interconnected honeycomb-like porous carbon derived from pomelo peel for high performance supercapacitors, J. Solid State Chem. 257 (2018)
64–71.
[69] X.J. Wei, Y.B. Li, S.Y. Gao, Biomass-derived interconnected carbon nanorings
electrochemical capacitors with high performance in both strongly acidic and alkalic electrolytes, J. Mater. Chem. A 5 (2017) 181–188.
[70] C. Peng, J.W. Lang, S. Xu, X.L. Wang, Oxygen-enriched activated carbons from
pomelo peel in high energy density supercapacitors, RSC Adv. 4 (2014)
54662–54667.
[71] Q. Wang, J. Yan, Y. Wang, G. Ning, Z. Fan, T. Wei, J. Cheng, M. Zhang, X. Jing,
Template synthesis of hollow carbon spheres anchored on carbon nanotubes for
high rate performance supercapacitors, Carbon 52 (2013) 209–218.
[72] Z.S. Wu, A. Winter, L. Chen, Y. Sun, A. Turchanin, X.L. Feng, K. Müllen, Threedimensional nitrogen and boron Co-doped graphene for high-performance all-solidstate supercapacitors, Adv. Mater. 24 (2012) 5130–5135.
[73] X.Y. Zhou, J.J. Tang, J. Yang, J. Xie, B. Huang, Seaweed-like porous carbon from
the decomposition of polypyrrole nanowires for application in lithium ion batteries,
J. Mater. Chem. A 1 (2013) 5037–5044.
[74] L. Qie, W.M. Chen, Z.H. Wang, Q.G. Shao, X. Li, L.X. Yuan, et al., Nitrogen-doped
porous carbon nanoﬁber webs as anodes for lithium ion batteries with a superhigh
capacity and rate capability, Adv. Mater. 24 (2012) 2047–2050.
[75] Z.H. Wang, X.Q. Xiong, L. Qie, Y.H. Huang, High-performance lithium storage in
nitrogen-enriched carbon nanoﬁber webs derived from polypyrrole, Electrochim.
Acta 106 (2013) 320–326.

[31] X.B. Zhao, L. Wang, D.H. Liu, Technical Note Peracetic acid pretreatment of sugarcane bagasse for enzymatic hydrolysis: a continued work, J. Chem. Technol.
Biotechnol. 83 (2008) 950–956.
[32] W.H. Chen, Y.J. Tu, H.K. Sheen, Disruption of sugarcane bagasse lignocellulosic
structure by means of dilute sulfuric acid pretreatment with microwave-assisted
heating, Appl. Energy 88 (2011) 2726–2734.
[33] X.J. Wei, S.G. Wan, S.Y. Gao, Self-assembly-template engineering nitrogen doped
carbon aerogels for high-rate supercapacitors, Nano Energy 28 (2016) 206–215.
[34] S.Y. Gao, X.G. Li, L.Y. Li, X.J. Wei, A versatile biomass derived carbon material for
supercapacitor, oxygen reduction reaction and oil/water separation, Nano Energy
33 (2017) 334–342.
[35] Y. Yang, Y. Hao, J. Yuan, L. Niu, F. Xia, In situ preparation of caterpillar-like
polyaniline/carbon nanotube hybrids with core shell structure for high performance
supercapacitors, Carbon 78 (2014) 279–287.
[36] A. Mandal, D. Chakrabarty, Isolation of nanocellulose from waste sugarcane bagasse (SCB) and its characterization, Carbohyd. Polym. 86 (2011) 1291–1299.
[37] F.L. Cheng, W. Liu, Y. Zhang, H.L. Wang, S. Liu, E.C. Hao, et al., Squid inks-derived
nanocarbons with unique “shell@pearls” structure for high performance supercapacitors, J. Power Sources 354 (2017) 116–123.
[38] D. Zhang, J. Zhao, C. Feng, R. Zhao, Y. Sun, T. Guan, et al., Scalable synthesis of
hierarchical macropore-rich activated carbon microspheres assembled by carbon
nanoparticles for high rate performance supercapacitors, J. Power Sources 342
(2017) 363–370.
[39] X. Wei, S. Wan, X. Jiang, Z. Wang, S. Gao, Peanut-Shell-like porous carbon from
nitrogen-containing poly-N-phenylethanolamine for high-performance supercapacitor, ACS Appl. Mater. Interfaces 7 (2015) 22238–22245.
[40] S. Maldonado, S. Morin, K.J. Stevenson, Structure, composition, and chemical reactivity of carbon nanotubes by selective nitrogen doping, Carbon 44 (2006)
1429–1437.
[41] C.Z. Guo, W.L. Liao, Z.B. Li, L.T. Sun, C.G. Chen, Easy conversion of protein-rich
enoki mushroom biomass to nitrogen-doped carbon nanomaterial as a promising
metal-free catalyst for oxygen reduction reaction, Nanoscale 7 (2015)
15990–15998.
[42] H.B. Feng, H. Hu, H.W. Dong, Y. Xiao, Y.J. Cai, B.F. Lei, et al., Hierarchical structured carbon derived from bagasse wastes: a simple and eﬃcient synthesis route
and its improved electrochemical properties for high-performance supercapacitors,
J. Power Sources 302 (2016) 164–173.
[43] J.Z. Chen, J.L. Xu, S. Zhou, N. Zhao, C.P. Wong, Nitrogen-doped hierarchically
porous carbon foam: a free-standing electrode and mechanical support for highperformance supercapacitors, Nano Energy 25 (2016) 193–202.
[44] J. Zhou, J. Lian, L. Hou, J. Zhang, H. Gou, M. Xia, et al., Ultrahigh volumetric
capacitance and cyclic stability of ﬂuorine and nitrogen co-doped carbon microspheres, Nat. Commun. 6 (2015) 8503–8510.
[45] V. Datsyuk, M. Kalyva, K. Papagelis, J. Parthenios, D. Tasis, A. Siokou, et al.,
Chemical oxidation of multiwalled carbon nanotubes, Carbon 46 (2008) 833–840.
[46] D.Y. Zhang, M. Han, B. Wang, Y.B. Li, L.Y. Lei, K.J. Wang, et al., Superior supercapacitors based on nitrogen and sulfur co-doped hierarchical porous carbon: excellent rate capability and cycle stability, J. Power Sources 358 (2017) 112–120.
[47] C. Merino, P. Soto, E. Vilaplana-Ortego, J.M.G.D. Salazar, F. Pico, J.M. Rojo, Carbon
nanoﬁbres and activated carbon nanoﬁbres as electrodes in supercapacitors, Carbon
43 (2005) 551–557.
[48] Y.S. Yun, S.Y. Cho, J.Y. Shim, B.H. Kim, S.J. Chang, S.J. Baek, et al., Microporous
carbon nanoplates from regenerated silk proteins for supercapacitors, Adv. Mater.
25 (2013) 1993–1998.
[49] H. Peng, G.F. Ma, K.J. Sun, Z.G. Zhang, Q. Yang, Z.Q. Lei, Nitrogen-doped interconnected carbon nanosheets from pomelo mesocarps for high performance supercapacitors, Electrochim. Acta 190 (2016) 862–871.
[50] Z. Li, L. Zhang, B.S. Amirkhiz, X. Tan, Z. Xu, H. Wang, et al., Carbonized chicken
eggshell membranes with 3D architectures as high-performance electrode materials
for supercapacitors, Adv. Energy Mater. 2 (2012) 431–437.
[51] A. Ganesan, R. Mukherjee, J. Raj, M.M. Shaijumon, Nanoporous rice husk derived
carbon for gas storage and high performance electrochemical energy storage, J.
Porous Mater. 21 (2014) 839–847.
[52] C. Long, D. Qi, T. Wei, J. Yan, L. Jiang, Z. Fan, Nitrogen-doped carbon networks for
high energy density supercapacitors derived from polyaniline coated bacterial
cellulose, Adv. Funct. Mater. 24 (2014) 3953–3961.
[53] E.R. Piñero, M. Cadek, F. Béguin, Tuning carbon materials for supercapacitors by
direct pyrolysis of seaweeds, Adv. Funct. Mater. 19 (2009) 1032–1039.

196

