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One-step preparation of N,O co-doped 3D
hierarchically porous carbon derived from soybean

dregs for high-performance supercapacitorsy
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@ Junyou Shi2**9 and Wei Ou-Yang

Hierarchically porous carbon (HPC) material based on environmental friendliness biomass has spurred
much attention, due to its high surface area and porous structure. Herein, three-dimensional (3D) N,O
co-doped HPC (N-O-HPC) was prepared by using a one-step fabrication process of simultaneously
carbonizing and activating soybean dregs and used as an electrode for supercapacitors (SCs). The
obtained N-O-HPC with 4.8 at% N and 6.1 at% O exhibits a pretty small charge transfer resistance (0.05
Q) and a large specific capacitance (408 F g~ at 1 A g™%), due to its 3D hierarchically porous framework
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structure with extremely large specific surface area (1688 m? g~Y). Moreover, a symmetrical SC

assembled with the HPC electrode exhibits an amazingly high energy density (22 W h kg™t at 450 W
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1. Introduction

Recently, electronic devices with lightweight and portable
properties,"™ such as transistors,™® solar cells,” photodetec-
tors,*** light-emitting diodes™ and so on, have spurred the
development of high-performance rechargeable energy storage
systems. Compared with Zn-air batteries™ and lithium
batteries,' supercapacitors (SCs) have attracted intense atten-
tion for portable electronics, electric vehicles and other high
power applications, mainly owing to their excellent perfor-
mances, such as long cycle life and large power density.'**°
However, the active electrode materials of SCs reported so far
exhibit low energy density, which impedes their further appli-
cations in next generation electronic devices.*

In order to meet the demand for energy devices, the devel-
opment of active electrode materials with large energy density
has become a hot topic.””*® It is well known that carbon mate-
rials for SCs have gained more and more attention, like gra-
phene,* carbon nanotubes, carbon hollow particles,* carbon
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kg™ and a stable long cycling life with only 6% capacitance loss after 5000 cycles in 1 M Na,SO4
solution. This work provides a facile, green, and low-cost way to prepare electrode materials for SCs.

spheres*?* and carbon black, because of their unique chemical
and physical characteristics.>*?” But the low performance-to-
price ratio, harsh synthetic conditions and toxic procreant
intermediates of those carbon materials limit their commercial
applications. Therefore, developing porous carbon materials via
more effective, eco-friendly and low-cost ways remains highly
necessary.>»**3* Recently, abundant biomass resources and
their derivatives have shown great advantages to prepare the
porous carbon material structures, which arouse rapidly
increasing interest to be used as SC electrode materials.**** For
instance, porous carbon based on pomelo mesocarps was re-
ported by Peng et al., and showed a high specific surface area
(975 m* g ') and a high specific capacitance (240 F g at
0.5 A g ") for SCs.** Wheat straws derived porous carbon dis-
played a large specific surface area (892 m* g~ ') and a high
specific capacitance (260 F g ' at 0.5 A g~ ').* It is known that
specific surface area of porous carbon plays an important role in
the capacitive performance of SCs. However, the relationship
between specific surface area and capacitance performance is
non-linear. The appropriate pore size structure distribution
(e.g., micropores, mesopores, and macropores) of porous
carbon materials is very important to enhance their capacitance
performance. Micropores can provide their high accessible
surface area and rich ion adsorption sites, while mesopores and
macropores can decrease inner-pore ion-transport resistance
and shorten diffusion distance.*®*” The 3D hierarchically
porous carbon (HPC) possesses appropriate hierarchically
porous framework structure with a large specific surface area,
which can enhance electro-active surface area for ion storage
and shorten diffusion pathways.>**®* Meanwhile, many
researchers found that doping heteroatoms (e.g., N, O or S) into

This journal is © The Royal Society of Chemistry 2019
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porous carbon materials could improve the surface wettability
and enhance the electrical conductivity.***° Furthermore, these
heteroatoms can also generate extra pseudocapacitance due to
their electron-donor characteristics.** Therefore, it is highly
desirable to explore a facile, renewable and cost-effective
strategy to prepare HPC with heteroatom doping.*>**

Herein, 3D N,O co-doped HPC was facilely and cost-
effectively prepared with low-cost soybean dregs for a high-
performance SC application, using one-step simultaneous
carbonization and activation. As a raw material, the soybean
dreg with a high content of protein is a low-cost biomass
offering the possibility for practical applications, which could
act as a natural template to prepare HPC with N,O co-doping.
The obtained 3D N-O-HPC material displays outstanding
capacitive performance, owing to its large specific surface area
(1688 m> g~") with a unique 3D hierarchical framework struc-
ture and high N (4.8 at%) and O (6.1 at%) contents, offering
a large ion-accessible surface area, abundant active sites and
efficient electrolyte-ion transport pathways. Importantly, the
symmetric SCs assembled by HPC electrodes exhibit an amaz-
ingly high energy density (22 W h kg™ " at a power density of
450 W kg™ ') in 1 M Na,SO, solution. The capacitance retention
ratio can reach up to 94% over 5000 cycles, showing a long life
cycling stability.

2. Experimental section
2.1 Preparation of N-O-HPC

The soybean dregs were crushed and sieved with a 200 mesh
sieve. Subsequently, 3.0 g of soybean dregs was dispersed into
the aqueous solution (50 mL) with different weights of ZnCl,
and Mg(NOs), under continuously stirring for 12 h, followed by
a freeze-drying process (Freezone, Labconco) to obtain a solid
mixture. The mixture was treated in a tube furnace under a N,
flow (800 °C for 2 h, heating rate: 5 °C min~ "), and then soaked
in 6 M HCI solution for 24 h. After washing with ultrapure water
and drying at 70 °C for 24 h, the hierarchically porous carbon
material was obtained. All samples were named as N-O-HPC-0,
N-O-HPC-1, N-O-HPC-2, and N-O-HPC-3 according to the
weights of activating agent (Mg(NO3), and ZnCl,) (0 and 0 g), (3
and 0 g), (0 and 3 g), and (3 and 3 g), respectively.

2.2 Characterizations

The surface morphologies and microstructures of all samples
were observed by transmission electron microscopy (TEM,
Tecnai G2 F20) and scanning electron microscopy (SEM,
QUANTA250). The crystallinity of the samples was characterized
by Raman spectroscopy (Horiba Xplora-plus) and X-ray diffrac-
tion (XRD, Rigaku Smartlab). The chemical bond structure of
materials was examined by the X-ray photoelectron spectro-
scope (XPS) using Thermo Scientific ESCALab 250Xi system.
The N, adsorption/desorption isotherms of as-prepared
samples were obtained by ASAP 2020 system (Micromeritics,
Norcross, GA). The Brunauer-Emett-Teller (BET) specific
surface areas, total pore volumes and pore size distributions
were analyzed through N, adsorption/desorption isotherms.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

2.3 Electrochemical measurement

The obtained slurry of electrode materials was fabricated by
mixing the obtained sample (80%), polyvinylidene fluoride
(PVDF, 10%) and acetylene black (10%) using a certain amount
of N-methyl-2-pyrrolidone (NMP) as solvent, which was cast on
a carbon paper (20 x 20 mm?) as working electrode. Then the
working electrode was dried (70 °C for 24 h). The loading mass
of electrode materials is 4 mg for electrochemical tests. In the
three-electrode system, an Ag/AgCl electrode and a Pt foil elec-
trode (10 x 10 mm?) acted as the reference and counter elec-
trode, respectively. The electrochemical measurements, such as
electrochemical impedance spectroscopy (EIS, 0.01-100000 Hz)
at an open circuit potential, cyclic voltammetry (CV, 2-100 mV
s~ ") and galvanostatic charge/discharge (GCD, 1-20 A g~ "), were
carried out with a CHI660E electrochemical workstation (CHI
Instruments Co.) using a 1 M H,SO, aqueous solution. The
specific capacitances (Cg, F g ') of all samples were obtained
from the GCD curves as follows:

IdXAt

C= (1)

mx AV

where AV (V) is the applied voltage window, I3 (A) is the
discharge current, At (s) is discharge time and m (g) is the mass
of active materials.

The symmetrical SCs were assembled by HPC electrodes and
measured using a two electrode system in 1 M H,SO, and 1 M
Na,SO, solutions, respectively. To investigate the electro-
chemical performances of the symmetrical SCs, CV, GCD and
life cycling measurements were performed using a CHI660D
electrochemical workstation (CHI Instruments Co.). Energy
density (E, W h kg™ ') and power density (P, W kg™ ") of the
symmetrical SCs were calculated by equations below:

Ez%xchmﬂ (2)

E
P = 3600 x 3)

where m (g) is the total mass of active materials.

3. Results and discussion

The composition and crystallinity of as-prepared samples were
measured by XRD and Raman techniques. The XRD patterns of
as-prepared samples are shown in Fig. 1a, where the observed
broad and weak peaks at about 24° and 45° are attributed to the
diffraction of (002) and (100) planes of graphite,**** respectively.
Compared with N-O-HPC-0, the XRD peaks of other samples
shift to a lower angle, meaning that they are formed by the
defective nature of carbon.*® Meanwhile the patterns display an
obviously enhanced intensity at 26 < 20°, which demonstrates
the presence of more micropores.*® Raman spectra were tested
to further confirm the structure of as-prepared samples. The
observed peak at about 1350 cm™ ' corresponds to D band
(defective graphitic structures or disordered carbon), and the
peak at about 1580 cm ™' is assigned to G band (graphitic layers)
as shown in Fig. 1b. The intensity ratio of two bands (Ip/Ig)
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represents the defective graphitic structures or disordered
carbon.” The Ip/I; of N-O-HPC-3 is the largest (0.99), indicating
more disorders and defects in the sample. It should be noted
that the disorders and defects can provide extra sites for ion
accommodation, which is beneficial to electrochemical
performance.

The surface microstructure and morphologies of all samples
were examined by using SEM, TEM, HRTEM and SAED tech-
niques. As shown in Fig. 2a, N-O-HPC-0 exhibits a relatively
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smooth surface without porous structure. After being activated
with Mg(NO3), or ZnCl,, many porous structures are observed
on the surfaces of as-prepared N-O-HPC-1 and N-O-HPC-2 as
shown in Fig. 2b and c. It should be noted that N-O-HPC-3
possesses a 3D hierarchically porous framework structures
with a plenty of mesopores and macropores due to the
Mg(NOj3), and ZnCl, co-activation as shown in Fig. 2d. As shown
in Fig. 2e and f, the TEM image of N-O-HPC-3 displays an
ultrathin sheet-like pore wall, due to the highly interconnected
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Fig. 1 XRD patterns (a) and Raman spectra (b) of N-O-HPC-0, N-O-HPC-1, N-O-HPC-2 and N-O-HPC-3.

Fig. 2 SEM images of (a) N-O-HPC-0, (b) N-O-HPC-1, (c) N-O-HPC-2 and (d) N-O-HPC-3. (e and f) TEM images of N-O-HPC-3. Inset is

SAED pattern.
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porous structure, which is beneficial to the quick transportation
of electrolyte ions. In addition, the SAED pattern of N-O-HPC-3
without any lattice structure is displayed in the inset of Fig. 2f,
confirming the high defective graphitic structure. Therefore, it
is expected that the N-O-HPC-3 with porous structures and high
defective graphitic structure can enhance capacitive behavior.

To further identify pore structures of as-prepared samples,
the N, adsorption/desorption isotherms were measured.
Compared with N-O-HPC-0, the others show I type isotherms as
shown in Fig. 3a. The strong adsorption (P/P, < 0.01) and
broadened knees (0.01 < P/P, < 0.4) of N-O-HPC-1, N-O-HPC-2
and N-O-HPC-3 mean that there exists a high porosity of
micropores in combination with mesopores. Meanwhile,
a slight upward tendency presents at the relative high pressure
(P/Py = 0.95-1.0), corresponding to the presence of macropores.
As shown in Table 1, the total pore volumes of N-O-HPC-0, N-O-
HPC-1, N-O-HPC-2 and N-O-HPC-3 are 0.001, 0.69, 0.71 and
1.28 ecm® g™, and their specific surface areas are 1.3, 972, 1008
and 1688 m> g~ ', respectively. It can be seen that N-O-HPC-
0 displays the smallest total pore volume and specific surface
area. Meanwhile N-O-HPC-3 exhibits the largest total pore
volume (1.28 cm® g™') and specific surface area (1688 m> g~ '),
which can provide more electrochemical active sites. Further-
more, the pore size distributions of all samples are analyzed by
density functional theory (DFT) model, as shown in the Fig. 3b.
It can be seen that the as-prepared samples show the hierar-
chical porosity. Notably, N-O-HPC-3 possesses more micro-
pores, mesopores and macropores, showing a better
hierarchical porosity structure.
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The surface chemical composition and elemental bond
states of as-prepared samples are examined by XPS. As shown in
Fig. 4a, all samples show three characteristic peaks at about
533, 400 and 284 eV in the XPS spectra, corresponding to the
binding energies of N 1s, O 1s and C 1s species, indicating
the N,O co-doping during carbonizing.”*** The surface
elemental contents are calculated and shown in Table S1.f It
can be seen that there is no obvious change in N content after
ZnCl, or Mg(NO;), treatment. In the activation process, O
content obviously decreases while O content of N-O-HPC-3 can
still reach 6.1%. To further evaluate the surface element
chemical states of as-prepared samples, the high-resolution XPS
C 1s, O 1s and N 1s of N-O-HPC-3 are analyzed. As shown in
Fig. 4b, C spectrum can be fitted by four component peaks,
corresponding to O-C=0 (289.0 eV), C-N (286.5 eV), C-O (285.6
eV) and C-C/C=C (284.5 eV), respectively.”® And O spectrum
can be approximately divided into four peaks at 534.2, 533.4,
532.3 and 531.6 eV in Fig. 4c, which correspond to O-C=0, O=
C-0-C=0, 0O-C and O=C, respectively.* According to the
previous reports, O-C and O=C can contribute to pseudoca-
pacitance to enhance electrochemical performances.”** The
presence of other O containing functional groups is beneficial
to surface wettability, which can potentially facilitate the
accessibility of the electrolyte ions.”*** As shown in Fig. 4d, N
spectrum can be approximately fitted by three component peaks
at 402, 400.4, and 398.4 eV, corresponding to quaternary N (N-
Q), pyrrolic/pyridone-N (N-5) and pyridinic N (N-6), respec-
tively. According to the studies reported previously, N-5 and N-6
can contribute to pseudocapacitance as follows:*>*¢

54
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= 41 0.010
)
mE 3 Mesopores Macropores
o
~2
a
=
o 3
2> 1
=
0 50 100
0 20 40 60 80 100

Pore size / nm

(a) N, adsorption/desorption isotherms and (b) pore size distributions of N-O-HPC-0, N-O-HPC-1, N-O-HPC-2 and N-O-HPC-3.

Table 1 Specific surface area (Sget), total pore volume (Vioia), Rs and Rey of N-O-HPC-0, N-O-HPC-1, N-O-HPC-2 and N-O-HPC-3

Samples SBET (ml gil) Smica (mZ gil) Sextb (mZ gil) Vtotal (Cm3 gil) RS (Q) Rct (Q)
N-O-HPC-0 1.3 0.72 0.58 0.001 1.67 0.64
N-O-HPC-1 972 811 161 0.69 1.57 0.07
N-O-HPC-2 1008 662 346 0.71 1.22 0.06
N-O-HPC-3 1688 1056 632 1.28 0.63 0.05

“ Specific surface area of micropores.  Specific surface area of other pores.

This journal is © The Royal Society of Chemistry 2019
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In addition, N-Q can improve high conductivity and facilitate
electron transfer of carbon materials.®” The higher surface N/O
ratio (Table S1t) of N—-O-HPC-3 compared with other samples is
more favorable for electrochemical performance, because of
higher electrochemical stability of the nitrogen groups than
oxygen groups.®**®

In a three-electrode system, electrochemical performances of
all electrodes were firstly tested in a 1 M H,SO, electrolyte, as
shown in Fig. 5. EIS curves of as-prepared samples are tested

and shown in Fig. 5a. In the high frequency region (the zoom-in
inset of Fig. 5a), the diameter of semi-circle represents the
charge transfer resistance (R.), and the point intersecting with
the real axis is internal series resistance of the electrochemical
system (R), whose values are listed in Table 1. And the corre-
sponding equivalent circuit model of EIS is shown in the upper-
left-corner inset of Fig. 5a. The R, values of N-O-HPC-0, N-O-

17312 | RSC Adv., 2019, 9, 1730817317
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(a) XPS survey spectra of N-O-HPC-0, N-O-HPC-1, N-O-HPC-2 and N-O-HPC-3. High-resolution XPS (b) C 1s, (c) O 1s, and (d) N 1s

HPC-1, N-O-HPC-2 and N-O-HPC-3 are 0.64, 0.07, 0.06 and
0.05 Q, and their R, values are 1.67, 1.57, 1.22 and 0.63 Q,
respectively. It can be seen that R.. and Ry of N-O-HPC-3 are
both the smallest, owning to its 3D hierarchically porous
framework structure with largest specific surface area. Fig. 5b
shows the CV curves of as-prepared electrodes and carbon paper
at 10 mV s~ . It should be noted that the CV curves exhibit
quasi-rectangular shapes with reversible humps, indicating
their capacitances contributed by EDLC and pseudocapacitance
(N-5 and N-6). Obviously, N-O-HPC-0 exhibits the minimum
area, because of its low specific surface, leading to the lowest
capacitance.®® N-O-HPC-3 shows the maximum area, corre-
sponding to the highest capacitance, mainly due to its better
hierarchical porosity structure with large specific surface.
Meanwhile, the GCD curves of all samples and carbon paper at
2 A g~ ! are consistent with CV results (Fig. S11). The CV curves
at different scanning rates (2-100 mV s~ ') of N-O-HPC-3 are
shown in Fig. 5c. With the increase of scanning rate, the area of
CV curve is expanded. Even at a scanning rate of 100 mV s, the
CV curve of N-O-HPC-3 electrode displays a quasi-symmetric
rectangular shape, indicating a small resistance and fast ion
transport.®*> To further evaluate the electrochemical perfor-
mances, Fig. 5d displays the specific capacitances of all elec-
trodes at different current densities, which are calculated by the
GCD curves. The specific capacitances of N-O-HPC-0, N-O-HPC-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Electrochemical performances tested in 1 M H,SO,4 electrolyte using a three-electrode system: (a) Nyquist plots of N-O-HPC-0, N-O-
HPC-1, N-O-HPC-2 and N-O-HPC-3. The inset at lower right corner is the zoom-in Nyquist plots and that at upper left corner is corresponding
equivalent circuit model. (b) CV curves of carbon paper, N—O-HPC-0, N-O-HPC-1, N~O-HPC-2 and N-O-HPC-3 at the scan rate of 10 mV s .
(c) CV cures of N—O-HPC-3 at different scan rates (2—100 mV s™4). (d) Specific capacitances of N—O-HPC-0, N—=O-HPC-1, N—~O-HPC-2 and N—
O-HPC-3 at different current densities. Inset shows GCD curves of N-O-HPC-3 at different current densities.

1, N-O-HPC-2 and N-O-HPC-3 are found to be 67, 310, 340 and
408 Fg 'at1Ag ', respectively. Even at 20 A g, the specific
capacitance of N-O-HPC-3 is 180 F g ' (44% of the initial
capacitance at 1 A g~ '), while the capacitance retentions of N-O-
HPC-1 and N-O-HPC-2 are 35% and 37%, respectively. In the
inset of Fig. 5d, the curves of N-O-HPC-3 at different current

densities display triangular symmetry, implying highly revers-
ible charge-discharge behavior. Amazingly, compared with the
other state-of-the-art values reported in the recent literatures
(Table 2),2#¢37* the N-O-HPC-3 in this work displays the highest
specific capacitance, owning to its largest specific surface area
with 3D hierarchically porous structure and N and O co-doping.

Table 2 Electrochemical performances of soybean dregs and other biomass derived-carbon reported in the literatures

Precursor Cm(Fgl/ag™ Electrolyte Ref.
Bamboo stalk 222/0.5 6 M KOH 63
Auricularia 374/0.5 6 M KOH 64
Human hair 340/1 6 M KOH 65
Waste Coca Cola® 352/1 6 M KOH 28
Shell of broad beans 202/0.5 6 M KOH 66
Corn straw 222/1 6 M KOH 67
Sugar industry spent wash waste 121/0.1 6 M KOH 68
Bradyrhizobium japonicum 358/1 6 M KOH 69
Wheat flour 383/0.25 1M H,SO, 70
Gelatin 312/1 1 M H,S0, 71
Hydro-char 279/0.1 1 M H,SO, 72
Yogurt 225/2 1 M H,SO, 73
Olive residues 224/0.25 1 M H,SO, 74
Soybean dregs 408/1 1 M H,S0, This work

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Electrochemical performance of N-O-HPC-3//N-O-HPC-3 symmetric SCs measured in a two-electrode system: (a) CV curves at
different scanning rates (2-100 mV s in the H,SO, electrolyte. (b) GCD curves at different current densities in the H,SO4 electrolyte. (c) CV
curves at different scanning rates (2-100 mV s7Y) in the NapSO., electrolyte. The inset is CV curves with different window at 50 mV s7L. (d) GCD
curves at different current densities in the Na,SO,4 electrolyte. (€) Ragone plot of the symmetrical system. (f) Cycling stability at a current density
of 10 A g~ (inset: photographs of lighting LED powered by N-O-HPC-3//N-O-HPC-3 symmetric SCs).

Table 3 Comparison of the performances of N-O-HPC-3//N-O-HPC-3 symmetric SCs in this work and the biomass-derived carbonaceous
materials based SCs reported in the literatures

Precursor EWhkg )P Wkg " Ref.
Coconut shell 9.38/503.7 75
Sunflower seed shell 4.8/2400 76
Sawdust 9.3/920 77

Sugar cane bagasse 8.7/550 78

Prawn shells 10/1000 79
Harmful aquatic plant 10.5/608 80
Hemicellulose 6.4/760 29
Soybean dregs (N-O-HPC-3) 22/450 (1 M Na,SO,4), 14/500 (1 M H,S0,) Our work

17314 | RSC Adv., 2019, 9, 17308-17317
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To further investigate the electrochemical performances of
as-prepared  N-O-HPC-3, the  N-O-HPC-3//N-O-HPC-3
symmetric SCs were assembled and tested in a two-electrode
system (Fig. 6). The CV curves of the assembled symmetric
SCs at different scanning rates (2-200 mV s~ ') were measured in
1 M H,S0, and shown in Fig. 6a. Even at 200 mV s~ ', the CV
curve displays a nearly symmetrical rectangular shapes. More-
over, Fig. 6b shows the GCD curves at different current densities
(1-20 A g~ 1), which exhibit equilateral triangle shapes. With the
increase of current density, the specific capacitance decreases,
and the values at 1 and 20 A g~ are 100 and 24 F g, respec-
tively. The assembled symmetric SCs were further tested in 1 M
Na,S0, solution electrolyte. Fig. 6¢ exhibits the CV curves of the
symmetric SCs at different scanning rates (2-100 mV s~ ).
Clearly, the CV curve still keeps a rectangular-like shape at
100 mV s~ . Meantime, CV curves in different voltage windows
at 50 mV s ' are also shown in the inset Fig. 6c. It can be seen
that the CV curve at 1.8 V voltage window can still maintain
a rectangular-like shape. Fig. 6d exhibits the GCD curves of the
symmetric SCs at different current densities (0.5-10 A g~ '). All
GCD curves with a small internal resistance (IR) drop are
symmetrically triangular, indicating that the symmetric SCs
show highly reversible charge-discharge behavior. The Ragone
plots of the symmetric SCs derived from GCD curves using 1 M
H,SO, and 1 M Na,SO, as electrolyte are shown in Fig. 6e. It can
be seen that energy density of the symmetric SCs using 1 M
H,S0; as electrolyte is 14 W h kg™ (500 W kg™ '). Meanwhile,
the assembled symmetric SC using 1 M Na,SO, as electrolyte
displays a very high energy density (22 W h kg™ " at 450 W kg™ 1),
which is much higher than recently reported data from biomass
derived carbons (Table 3 and Fig. 6e).>>”>% Furthermore, the
capacitance retentions after 5000 cycles at 10 A g~ using 1 M
H,SO, and 1 M Na,SO, as electrolytes are 91% and 94%,
respectively, as shown in Fig. 6f, indicating the excellent long
cycling stability. Additionally, two N-O-HPC-3//N-O-HPC-3
symmetric SCs in series after being charged to 3.6 V using gel
electrolyte (Na,SO,) can light the blue light-emitting diode
(LED, 3 V) for 90 s.

4. Conclusions

In summary, the as-prepared N-O-HPC-3 as electrode displays
a high specific capacitance (408 F g' at 1 A g ') and the
smallest R, (0.05 Q) and R (0.63 Q), due to its 3D hierarchically
porous structure with large specific surface area (1688 m> g™ ),
total pore volume (1.28 cm® g~ ') and N (4.8 at%) and O (6.1 at%)
co-doping. Moreover, the N-O-HPC-3//N-O-HPC-3 symmetric
SC with a wide voltage window of 1.8 V exhibits a very high
energy density (22 W h kg™ at 450 W kg ') and 94% capaci-
tance retention after 5000 cycles. The much better performance
of N-O-HPC-3 compared with those reported previously
demonstrates that it should be a promising electrode material
for SCs.
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