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Nitrogen-doped hierarchical porous carb
on sheets with high SSA were prepared from clover biomass in air adopting a facile salt-locking strategy com-
bined with hydrothermal treatment on the precursor. The NHPCS exhibits superb specific capacitance, rate capacity and cycling stability as electrodes
for supercapacitors.
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A facile potassium chloride salt-locking technique combined with hydrothermal treatment on precursors
was explored to prepare nitrogen-doped hierarchical porous carbon sheets in air from biomass. Benefiting
from the effective synthesis strategy, the as-obtained carbonpossesses a uniquenitrogen-doped thin carbon
sheet structurewith abundant hierarchical pores and large specific surface areas of 1459 m2 g�1. The doped
nitrogen in carbon framework has a positive effect on the electrochemical properties of the electrodemate-
rial, the thin carbon sheet structure benefits for fast ion transfer, the abundant meso-pores provide conve-
nient channels for rapid charge transportation, large specific surface area and lots of micro-pores guarantee
sufficient ion-storage sites. Therefore, applied for supercapacitors, the carbon electrodematerial exhibits an
outstanding specific capacitance of 451 F g�1 at 0.5 A g�1 in a three-electrode system.Moreover, the assem-
bled symmetric supercapacitor based on two identical carbon electrodes also displays high specific capac-
itance of 309 F g�1 at 0.5 A g�1, excellent rate capacity and remarkable cycling stability with 99.3% of the
initial capacitance retention after 10,000 cycles at 5 A�1. The synthesis strategy avoids expensive inert gas
protection and the use of corrosive KOH and toxic ZnCl2 activated reagents, representing a promising green
route to design advanced carbon electrode materials from biomass for high-capacity supercapacitors.
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1. Introduction

Supercapacitors have attracted considerable attentions due to
their fast charge/discharge rates, excellent power density and
remarkable cycling stability with the increasing demand of clean
and sustainable energy technologies [1–6]. In recent years, porous
carbon has been recognized as the leading electrode material for
supercapacitors because of its excellent characteristic including
large surface area, high electrical conductivity and good physical
and chemical stability [7–13]. However, the supercapatiors based
on pure carbonaceous materials suffer from low specific capaci-
tance and energy density (5–8 Wh kg�1), which limits their practi-
cal applications [14]. To further meet the fast-growing energy
demands for next generation supercapacitors, there is a critical
need to develop advanced carbon electrode materials to improve
the energy density which is crucial for highly efficient energy stor-
age devices [15,16].

For ideal carbon electrodes, large surface area can provide suf-
ficient electrode/electrolyte interfaces for ion or charge storage
[17–19]; Two dimensional carbon sheet with high electrical con-
ductivity can resolve the contradiction between specific surface
area and electrical conductivity of carbon due to its large surface
area independent of the pore structure [20,21]; Hierarchical pores
in the carbon electrode materials can effectively combine the typ-
ical roles of most pores/channels which serve as the ion-buffering
reservoirs (macro-pores), fast ion transporting channels (meso-
pores) and ion-storage sites (micro-pores) [22,23]; Additionally,
hetero-atoms such as nitrogen and oxygen doping can improve
the electrode performance greatly by tailoring the electron-donor
properties of the materials and introducing pseudo capacitance
[24–30].

Up to date various research groups have devoted great efforts to
explore effective strategies to design optimized carbon electrode
materials for super-capacitors by increasing specific surface area,
constructing reasonable structures such as 2D carbon sheet with
atomically thin layers, optimizing pore architecture and introduc-
ing hetero-atoms doping. To increase the specific surface area
and optimize the pore structures of porous carbons, it is essential
to employ physical activation (activated with O2, CO2, or plasma
treatment) or chemical activation (activated with KOH, ZnCl2,
etc) [31–33] or template assisted methods [34]. However, these
techniques suffered from low activation efficiency, utilization of
strongly corrosive and toxic chemical reagents as well as relatively
expensive templates and delicate post-treatment processes. More-
over, carbon materials are predominantly prepared under inert gas
atmosphere (like N2 and Ar), which requires large scale resource
consumption and harsh equipment requirements. Therefore, alter-
native facile and green strategies to replace inert gas protection,
strong corrosive KOH and toxic ZnCl2 to design excellent porous
carbon electrode materials for supercapacitors are still very desir-
able. In addition, due to the scarcity of fossil resources,
environment-friendly and renewable biomass precursors have
attracted more and more interests from the researchers in the
design of advanced carbon electrode materials for energy storage
[35–45].

Herein, a facile and sustainable salt-locking technique [46]
combined with hydrothermal treatment on precursors was
employed to construct nitrogen-doped hierarchical porous carbon
sheets (NHPCS) under air atmosphere from clover biomass con-
taining high nitrogen concentration. This strategy is based on the
fact [46] that the inert and non-toxic salt KCl covering the precur-
sor can prevent the O2 in air from destroying the formed carbon
products, which avoids using large amount of inert gas such as
N2 or Ar and the corresponding equipment cost. Furthermore, KCl
can also serve as template to introduce hierarchical pores to carbon
structures and trace of oxygen in the system simultaneously take
part in generating pores by etching the carbon structures
[9,46,47]. Benefiting from the promising strategy, the as-obtained
carbon product shows a nitrogen-doped hierarchical porous sheet
structure with large specific surface area of 1459 m2 g�1. The thin
carbon sheet structure with abundant hierarchical pores is conve-
nient for the rapid ion/electronic transportation [20–23], large
specific surface area is favorable for the charge storage in the elec-
trode [17,19] and the nitrogen and oxygen functional groups can
increase available active sites and change the electronic and chem-
ical characteristics of the electrodes effectively [26–28]. Therefore,
as the electrode material, NHPCS exhibits an outstanding specific
capacitance of 451 F g�1 at 0.5 A g�1 in a three-electrode system.
Moreover, the assembled symmetric supercapacitor based on two
same NHPCS carbon electrodes also displays high specific capaci-
tance of 309 F g�1 at 0.5 A g�1, excellent rate capacity and remark-
able cycling stability with 99.3% of the initial capacitance retention
after 10,000 cycles at 5 A�1.
2. Experimental section

2.1. Synthesis of NHPCS

Typically, 5 g of fresh clover stems cut into small pieces was
firstly immersed in 60 ml saturated KCl solution for 24 h. Then
the mixture (clover stems and 60 ml saturated KCl solution) was
transferred into a 100 ml teflon-sealed autoclave and subsequently
hydrothermal treated at 160 �C for 6 h in an oven. After that, the
autoclave was cooled down naturally. The solid product dried
was then mixed and covered with 15 g KCl in a 50 ml porcelain
crucible. The porcelain crucible was then placed in a muffle furnace
and heated in air from room temperature to 850 �C with a heating
rate of 10 �C min�1 and held at 850 �C for 3 h. Then, the reaction
system was naturally cooled under air atmosphere to room tem-
perature. The product was washed with 1 M HCl solution and dis-
tilled water for several times, then collected after drying at 60 �C
for 6 h in an oven. The as-obtained sample was denoted as NHPCS.

The comparison sample AC was also prepared. Firstly, 5 g of clo-
ver stems cut into small pieces were dispersed into 60 ml of deion-
ized water, which was likewise transferred into a 100 ml teflon-
sealed autoclave and heated at 160 �C for 6 h in an oven. Differ-
ently, after that, the solid product dried was mixed with KOH at
a KOH/C ratio of 2:1, and then the mixture was heated to 850 �C
in a horizontal tube furnace at a heating rate of 10 �C min �1 under
a nitrogen (N2, 99.99%) atmosphere (200 ml min �1) and held at
850 �C for 1 h. The product was washed with 1 M HCl solution
and distilled water for several times and dried at 60 �C for 12 h
in an oven. The collected sample was named as AC.

In addition, to investigate the influence of hydrothermal treat-
ment conditions on the product, the comparison sample HT-180
was also prepared. As the synthesis procedures of NHPCS, the mix-
ture (clover stems and 60 ml saturated KCl solution) transferred
into a 100 ml teflon-sealed autoclave was firstly hydrothermal
treated at 180 �C for 6 h in an oven. The obtained dried solid pro-
duct mixed and covered with 15 g KCl in a 50 ml porcelain crucible
was likewise heated in air from room temperature to 850 �C with a
heating rate of 10 �C min�1 and held at 850 �C for 3 h. The as-
obtained dried sample after washing was denoted as HT-180.
2.2. Material characterizations

The morphology and micro-structure of the samples were char-
acterized by field emission scanning electron microscopy (FESEM;
FEI Quanta FEG 250) and transmission electron microscopy (TEM;
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JEM-2100). The crystallographic structure of the sampleswas exam-
ined by X-ray diffraction (XRD; Bruker D8 Advance) equipped with
Cu Ka radiation (k = 1.5418 Å). Atomic force microscopy (AFM)
imaging was scanned using a Bruker Dimension Icon with ScanA-
syst. X-ray photo-electron spectroscope (XPS) measurements were
performed using Perkin-Elmer PHI-5700 ESCA System multifunc-
tional photo-electron spectrometer with Al Ka radiation (1486.6
eV) to analyse the surface chemical species of the samples. NOVA
2000e physic-sorption analyzer was employed to investigate the
porous texture of the samples through the nitrogen-desorption iso-
thermmeasured at 77 K. The sampleswere degassedat 200 �Cunder
vacuum for at least 6 h before the measurements. The specific sur-
face area of the carbon materials was calculated by the Brunauer-
Emmett-Teller (BET) equation from the nitrogen adsorption data
in the relative pressure (P/P0) of 0.03–0.30. The pore size was calcu-
lated using the nonlocal density functional theory (NLDFT) equilib-
rium model for cylinder/slit pores from N2 sorption data. The total
pore volume (Vtotal) was determined at a relative pressure P/P0 =
0.990 and the micro-pore volume (Vmicro) using the t-plot method.
A 4-point probes resistivity measurement system (RTS-9) was used
to measure the electrical conductivity of the samples.

2.3. Electrochemical measurements

Each carbon sample was mixed with carbon black and PTFE bin-
der in a weight ratio of 80:15:5 in ethanol. Then an electrode was
prepared by painting the paste onto a current collector of stainless
steel mesh and dried at 60 �C for 6 h. The mass loading of active
material on each electrode is 3 mg and the area painted is 1 cm2.
The electrochemical tests of the individual electrode were per-
formed in a three-electrode system where a carbon electrode
served as the working electrode, a platinum foil and Ag/AgCl elec-
trode served as the counter and reference electrodes respectively.
The cyclic voltammetry (CV), the galvanostatic charge/discharge
(GCD) and the electrochemical impedance spectroscopy (EIS) were
measured on a CHI660C electrochemical work station in 1 mol L�1

H2SO4 solution at room temperature. CV tests were investigated
between 1 and 0 V (vs. Ag/AgCl) and GCD tests were conducted
at the current densities ranging from 0.5 to 20 A g�1. EIS was col-
lected in the frequency range from 100 kHz to 0.1 Hz with 5 mV
voltage amplitude. The symmetric supercapacitors were assem-
bled with a glassy fibrous separator and tested in a two-
electrode system. The GCD tests of the symmetric cells were per-
formed in the voltage range of 0–1 V at the current densities rang-
ing from 0.5 to 20 A g�1 in 1 mol L�1 H2SO4 solution by the LAND
series battery test system.

Specific capacitance for a single electrode in a three-electrode
system and a supercapacitor in a two-electrode system is calcu-
lated from the discharge curves according to the following equa-
tions respectively:

Cg ¼ IDt
mDV

ð1Þ

Cg ¼ 2IDt
mDV

ð2Þ

where I(A) is the discharge current, Dt(s) denotes the discharging
time, m(g) is the mass of the electro-active materials of one carbon
electrode and DV is the potential change within the discharge time
Dt.

The specific energy density (Ecell) and specific power density
(Pcell) for symmetrical supercapacitors were also calculated based
on the following formulas:

Ecell ¼ CgDV
8� 3:6

ð3Þ
Pcell ¼ Ecell

Dt
ð4Þ

where Cg is the specific capacitance of a symmetric supercapacitor
calculated from the discharge curves based on the total mass of
electro active materials in two electrodes, DV is the voltage range
and Dt is the discharge time.
3. Results and discussion

The synthesis schematic diagram was shown in Fig. 1. In the
synthesis procedure, the formation of NHPCS ascribes to the fol-
lowing reasons. Firstly, the hydrothermal treatment on the precur-
sor in saturated KCl solution before carbonization at high
temperature is convenient for the diffusion and infiltration of KCl
molecules into the tissue structure of clover stems. At the mean-
time, the hydrothermal treatment on the precursor is also helpful
for the construction of uniform carbon structure [49]. In addition,
oxygen in air can partially penetrate the molten salt and oxidize
the bonded carbon atoms to generate the micro-pores or meso-
pores in the carbonization process [9,46]. Meanwhile, the molten
salt would also etch the carbon structures and the salt clusters gen-
erated in the cooling stage can in situ act as templates to regulate
the formation of meso- and macro-pores [46,47].

Fig. 2(a) shows the optical photograph of the precursor clover
which are cultivated in the worldwide all the year round. Clover
stems possess rich fiber tube bundles which consist of multi-
layered tissue substructures as shown in Fig. 2(b). Fig. 2(c, d)
shows the micro structure of the clover sheets after hydrothermal
treatment at 160 �C for 6 h, revealing that the clover stems have
been destroyed into lots of small blocks which are beneficial for
the final formation of uniform carbon sheets [49].

Fig. 3(a, b) shows the SEM images of NHPCS, revealing that large
quantities of uniform thin carbon sheets were achieved. It is
assumed that these thin carbon sheets benefit from the synergistic
contributions of the multi-layered tissue substructures of clover
stems, the hydrothermal treatment and the etching effect of the
molten salt and oxygen in air [46]. Firstly, the hydrothermal treat-
ment on clover stems can produce lots of small blocks from tissue
substructures of clover stems, which is crucial for the formation of
uniform carbon sheets [49]. At the meantime, the molten salt infil-
trated into the tissue structure at high temperature can serve as
‘‘cutting” regent to prohibit the formation of van der Waals force,
which suppresses the stacking of the sp2 coordinated carbon layers
along the C-axis and finally forms the thin carbon sheet structure
[9]. The according AFM image of NHPCS and the curve based on
the thickness of the sample vs. length were further shown in
Fig. 3(c, d), suggesting that the thickness of an individual NHPCS
carbon sheet is �6.13 nm. The ultra-thin carbon sheets can facili-
tate rapid electrolyte ion transfer in the electrode surface and pore
channels [20,21]. Fig. 3(e) shows the TEM image of NHPCS, sug-
gesting that the co-existence of macro- and meso-pores on the car-
bon sheets which can provide unblocked channels for fast charge
or ion transportation. The high resolution TEM image in Fig. 3(f)
further displays the existence of micro-pores on the carbon sheets
which can supply sufficient active sites favorable for the charge
storage. Additionally, the inset of selected area electron diffraction
(SAED) image in Fig. 3(f) displays diffused rings, suggesting that
NHPCS have a partial graphitization structure which consists of
discontinuous graphite stripes as shown in Fig. 3(f). The corre-
sponding element mapping images were further shown in Fig. 3
(g–i), demonstrating that the C, N and O are uniformly distributed
in the carbon framework, which have positive effects on the elec-
trochemical performances of the electrodes [28].

In addition, Fig. 4 further shows the SEM images of the compar-
ison sample AC and HT-180. Fig. 4(a, b) displays the SEM images of



Fig. 1. The schematic illustration for the synthesis procedure of NHPCS in air.

Fig. 2. (a) The optical photograph and (b) SEM image of clover stems, (c, d) SEM images of clover stems after hydrothermal treatment at 160 �C for 6 h.
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AC, suggesting that lots of carbon sheets were also obtained except
some small carbon fragments which is probably due to the exces-
sive corrosion of KOH. Fig. 4(c, d) displays the SEM images of HT-
180, revealing that there were lots of carbon microspheres with
diameters in the range 0.2–2 µm appeared in the product when
the hydrothermal treatment temperature was increased to 180 �C
from 160 �C. The higher hydrothermal treatment temperature is
more helpful for the hydrolysis of cellulose and sugar in biomass,
resulting in the formation of the carbon microspheres. Therefore,
the hydrothermal treatment temperature should be designed in a
suitable range to obtain the uniform carbon sheets.
X-ray diffraction (XRD) spectra of the carbonized product
NHPCS, AC and HT-180 in Fig. 5(a) exhibit two peaks around
23.61� and 43.75� corresponding to the (0 0 2) and (1 0 0) plane
of graphite, demonstrating the formation of carbon structure.
Moreover, the peaks in XRD spectra of NHPCS and HT-180 are obvi-
ously sharper than that of AC, suggesting that NHPCS and HT-180
have higher graphitization degree which permits faster electron
transport [50]. The elemental composition and bonding state of
carbon atoms in NHPCS, AC and HT-180 were further examined
by X-ray photo-electron spectroscope (XPS) measurements. XPS
survey spectra of the samples in Fig. 5(b) show three peaks at bind-



Fig. 3. (a, b) SEM images, (c) AFM image, (d) height of the sample vs. length and (e, f) TEM images of NHPCS (the inset is the SAED image), (g-i) elemental mapping images of
(g) C, (h) N and (i) O.

Fig. 4. (a, b) SEM images of AC, (c, d) SEM images of HT-180.
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ing energy of 284.6, 399.4 and 532.4 eV assigned to C1s, N1s and
O1s. The content of C1s, N1s and O1s of NHPCS, AC and HT-180
are calculated to be about 90.51, 2.59 and 6.90 at%, 90.22, 1.02
and 8.76 at%, and 90.19, 2.06 and 7.75 at% respectively, suggesting
that this salt-locking technique is more favorable to preserve the
N-doping sites which derive from the bio-precursor than tradi-



Fig. 5. (a) XRD patterns and (b) XPS survey spectra of NHPCS, AC and HT-180, (c) high resolution C1s and (d) N1s spectra of NHPCS.
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tional KOH activation. The high-resolution C1s spectra of NHPCS in
Fig. 5(c) further reveal that the four peaks located at 284.6, 285.8,
287.8 and 288.9 eV are attributed to C@C, CAO, C@O/NACAO and
OAC@O groups respectively. The N1s spectra in Fig. 5(d) of NHPCS
can be matched by two major peaks at 399.9 and 401.2 eV repre-
senting pyridinic nitrogen and quaternary nitrogen respectively.
The pyridinic nitrogen can change the electron distribution of the
carbon electrodes and improve the wettability between the elec-
trodes and electrolytes, increasing the active interfaces of carbon
electrodes accessible electrolytes greatly [51]. The quaternary
nitrogen group can enhance the conductivity of the carbon elec-
trodes, which is also beneficial for the supercapacitor perfor-
mances [51]. In addition, the nitrogen and oxygen functional
groups also can introduce pseudo capacitance into the carbon
sheets and improve the electrochemical performances effectively
[28].

The pore structures of NHPCS, AC and HT-180 were further
determined with N2 adsorption/desorption isotherms (Fig. 6(a)).
NHPCS and and HT-180 exhibit typical combined I/IV type adsorp-
Fig. 6. (a) N2 adsorption/desorption isotherms of NHP
tion/desorption isotherms with steep uptakes in the low P/P0 range
and an obvious hysteresis loop at P/P0 > 0.4, indicating the pres-
ence of abundant micro-pores and meso-pores. In addition, the
continuous rise at the high P/P0 range indicates the existence of
macro-pores. By comparison, AC exhibits typical I type adsorp-
tion/desorption isotherms similar to traditional activated carbon,
suggesting that this salt-locking technique is more favorable for
generating hierarchical pores in carbon materials. Moreover,
NHPCS shows the specific surface areas (SSA) of 1459 m2 g�1 with
total pore volume of 0.912 cm3 g�1 superior to that of AC
(SSA:1403 m2 g�1, total pore volume: 0.789 cm3 g�1). However,
the SSA of HT-180 was decreased to 915 m2 g�1 with total pore vol-
ume 0.594 cm3 g�1 probably due to the presence of lots of micro-
spheres in the product. Fig. 6(b) shows the corresponding pore
size distribution curves, further suggesting that NHPCS and HT-
180 both present obvious peaks in the micro-pore range of 0.5–2
nm and meso-pore range of 2–7 nm, while AC just displays two
obvious peaks in the micro-pore range. For NHPCS, abundant
micro-pores in the range of 0.5–2 nm can supply sufficient elec-
CS, AC and HT-180, (b) DFT pore size distribution.
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trode–electrolyte interfaces for charge storage, while large
amounts of meso-pores can provide convenient channels for elec-
trolyte penetration and ion transportation [46].

Hydrothermal treatment, the etching effects of molten salt and
oxygen as well as the salt templates play crucial role on the forma-
tion of NHPCS with such optimized hierarchical pores [46–48].
Firstly, in the process of hydrothermal treatment on clover stems
in the saturated KCl solution at 160 �C, the tissue substructures
of clover stems were destroyed into small blocks which are bene-
ficial for the formation of uniform carbon sheets [49]. At the mean-
time, the hydrothermal treatment process is also helpful for the
homogeneous infiltration of KCl within the substructure of clover
stems which is also very essential for the formation of hierarchical
pores because high energy Cl� ions provided by molten salt media
would etch the carbon structures to form micro- and meso- pore
structures [9,46]. Moreover, salt particles embedded in the carbon
structures can serve as templates to generate more macro- and
meso-pores in the carbon sheets [47]. In addition, from a thermo-
dynamic viewpoint, carbon itself is highly reductive at high tem-
peratures [48], therefore trace of oxygen in air would also etch
the carbon sheets to produce amounts of voids at different sizes
on the carbon sheets [9,46]. Thus, NHPCS with optimized hierarchi-
cal pores were obtained and the introduction of meso-pores can
offer more ion or charge transportation channels for rapid ion dif-
fusion and transfer.

Additionally, the electronic conductivity of the carbon samples
was further measured by a 4-probe method. NHPCS and HT-180
exhibit apparently higher electrical conductivity of 4.16 and 4.12
S cm�1 than that of AC (1.67 S cm�1), which are probably ascribed
to the higher graphitization of NHPCS and HT-180 permitting fas-
ter electron transportation and relatively richer nitrogen content
improving the electron conductivity [51].

NHPCS with above excellent characteristics are extremely
favorable for high-capacity energy storage. The electrochemical
Fig. 7. Electrochemical performance in a three-electrode system: (a) CV curves at 80 mV
rates and (d) the GCD curves at different current densities of NHPCS.
performances of the samples were firstly tested in a three-
electrode system in 1 M H2SO4 aqueous solution. The CV curves
of NHPCS, AC and HT-180 at a scan rate of 80 mV s�1 in Fig. 7(a)
all take roughly rectangular shape and have obvious humps at
0.2–0.6 V due to the redox reactions resulted from the functional
groups in the samples [52,53], suggesting their combined double
layer capacitance and pseudo-capacitance. In addition, NHPCS
exhibits obviously larger encircled area than that of AC and HT-
180, indicating its better capacitance characteristic. The corre-
sponding GCD curves of NHPCS, AC and HT-180 at 0.5 A g�1

(Fig. 7(b)) further demonstrate that NHPCS apparently shows
longer charge–discharge time. Moreover, NHPCS obviously shows
better capacitance performance (Fig. 7(c, d)) by comparison with
the CV curves of AC and HT-180 at a wide range of scanning rate
from 10 to 200 mV s�1 (Fig. 8(a, c)) and the GCD curves at different
current densities from 0.5 to 20 A g�1 (Fig. 8(b, d)).

Calculated from the GCD curves, the specific capacitance of
NHPCS is 451 F g�1 at 0.5 A g�1, obviously superior to that of AC
(263 F g�1) and HT-180 (179 F g�1). The high specific capacitance
of NHPCS attributes to the effective combination of the thin car-
bon sheet structure, abundant hierarchical pores, large specific
surface area, better graphitization and rich N-doping of NHPCS
electrode. The thin sheet structure facilitates the rapid ion trans-
fer [54], large amounts of meso-pores provide unimpeded chan-
nels for electrolyte penetration and ion transportation [54,55],
large SSA of 1459 m2 g�1 supplies sufficient electrode–electrolyte
interfaces for charge storage [54], the better graphitization per-
mits faster electron transport [50] and the rich nitrogen and oxy-
gen co-doped functional groups improve the electron
conductivity of the electrodes and introduce pseudo capacitance
into the sample [51,56]. Therefore, NHPCS still highlight excellent
gravimetric specific capacitance even compared with the reported
biomass-derived carbon electrodes in the literatures illustrated in
Table 1.
s�1 and (b) GCD at 0.5 A g�1 of NHPCS, AC and HT-180, (c) CV curves at different scan



Fig. 8. (a) CV curves at different scan rates and (b) the GCD curves at different current densities of AC, (c) CV curves at different scan rates and (d) the GCD curves at different
current densities of HT-180.

Table 1
Comparison of specific capacitance between NHPCS and the carbon electrodes reported in the literatures.

Carbon precursors Gravimetric specific capacitance (F g�1) Electrolyte Current density Reference

Sugar cane bagasse 300 1 M H2SO4 0.25 A g�1 [57]
Argan seed shells 325 1 M H2SO4 0.25 A g�1 [58]
Defatted soybean 260 1 M H2SO4 0.2 A g�1 [59]
Lessonia nigrescens 264 1 M H2SO4 0.2 A g�1 [60]
Willow catkins 298 6 M KOH 0.5 A g�1 [51]
Auricularia 374 6 M KOH 0.5 A g�1 [61]
Tobacco rods 286 6 M KOH 0.5 A g�1 [62]
Hydro-char 279 1 M H2SO4 0.1 A g�1 [63]
Wheat flour 383 1 M H2SO4 0.25 A g�1 [64]
Clover 451 1 M H2SO4 0.5 A g�1 This work

Fig. 9. (a) Specific capacitance at different current densities and (b) Nyquist plots for NHPCS, AC and HT-180 in a three-electrode system (The inset was the fitting equivalent
circuit).
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Fig. 9(a) further shows the capacitance retention of NHPCS, AC
and HT-180 at various charge/discharge current densities, reveal-
ing that NHPCS still exhibits an outstanding specific capacitance
of 252 F g�1 even at 20 A g�1. The good rate capacity benefits from
the hierarchical pores of NHPCS providing electrolyte reservoirs
and convenient ion transportation channels which ensures effec-
tive accessibility of electrolyte ions to the electrode surface at high
charge/discharge rates. Generally, it is assumed that the superb
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rate capacity of the electrodes is often determined by the low ion
transport resistance and short diffusion distance during the
charge–discharge process [54]. To further explore the electrolyte
ions diffusion and transport kinetics, EIS technique was conducted
in 1 M H2SO4. The Nyquist plots of the samples and the corre-
sponding fitting equivalent circuit to fit the plots were shown in
Fig. 9(b). By comparison, NHPCS has vertical linear curve in the
low frequency region, meaning a desirable capacitive behavior. In
the high frequency region, the shorter semicircle diameter in this
transitional zone implying the lower charge transfer resistance
(Rct, �1.86X) of NHPCS at electrode/electrolyte interface than that
of AC (Rct, �2.98X) and HT-180 (Rct, �4.23X). In addition, the low
Warburg resistance values of NHPCS (Zw, �0.59X), AC (Zw, �0.56
X) and HT-180 (Zw, �0.51X) indicate very efficient diffusion of
the electrolyte ions to the electrodes. These results further confirm
that NHPCS with optimized structure and hierarchical pores has
shortened ion diffusion paths facilitating rapid electrolyte ions
transfer and provided enough room permitting more efficient
access of the electrolyte ions to the electrode surface, which
improves the electrochemical performances of the electrode mate-
rial greatly.
Fig. 10. Electrochemical performance in a two-electrode system: (a) GCD curves and (b
stability at 5 A g�1 up to 10,000 cycles.
Due to the excellent characteristics of NHPCS, the symmetric
supercapacitor assembled with two same NHPCS electrodes in 1
M H2SO4 aqueous electrolyte also display good capacitance perfor-
mances. Fig. 10(a) shows the GCD curves of the devices at 0.5 A g�1

in a two-electrode system. The specific capacitance of NHPCS//
NHPCS is estimated to be 309 F g�1 at 0.5 A g�1, which is obviously
higher than that of AC//AC (148 F g�1) and even superior to that of
reported symmetric supercapacitors employing biomass-derived
carbon electrodes, such as chicken eggshell membranes (284 F
g�1 at 0.2 A g�1) [65], coconut-shell carbon (268 F g�1 at 1 A g�1)
[66], and microorganism (305 F g�1 at 0.2 A g�1) [67]. The high
specific capacitance of NHPCS//NHPCS device is ascribed to the
excellent characteristics of the electrode material including large
SSA and sufficient micro-pores which provided sufficient active
sites for charge storage, abundant macro- and meso-pores which
guaranteed the effective access of the electrolyte ions to the elec-
trode surface and the rich N and O doping which introduced
pseudo capacitance. Fig. 10(b, c) show the GCD curves with negli-
gible IR drop of the devices at different current densities from 0.5
to 20 A g�1 in a two-electrode system, demonstrating excellent
rate capacity. Calculated from the GCD curves, the specific capaci-
) the specific capacitance at different current densities, (c) Ragone plots, (d) cycling



142 C. Wang et al. / Journal of Colloid and Interface Science 523 (2018) 133–143
tances of the devices at different current densities are summarized
in Fig. 10(d). The specific capacitance of NHPCS//NHPCS device still
exhibits high specific remains 248 F g�1 even at 20 A g�1 with a
capacitance retention of 80.2%, highlighting excellent capacitance
and rate performances. The superb rate capacity of the NHPCS//
NHPCS device benefits from the high electron conductivity of the
electrode material (4.16 S cm�1) which reduced the internal resis-
tance of the electrodes and the thin carbon sheet structure with
multilevel hierarchical pores which reduced the charge transfer
resistance by shortening the ion transportation path and providing
fast electrolyte ion transportation channels. Moreover, the energy
and power densities of the symmetric super-capacitor were calcu-
lated and the Ragone plots are shown in Fig. 10(e). Based on its
high specific capacitance, NHPCS//NHPCS exhibits 10.7 Wh kg�1

at a power density of 125 W kg�1, which is higher than that of
AC (5.1 Wh kg�1) and commercial super-capacitors (5–8 Wh
kg�1). Further cycle life tests reveal that the NHPCS//NHPCS device
still shows a high specific capacitance of 271 F g�1 at 5 A�1 after
10,000 cycles with 99.3% of the initial capacitance (273 F g�1 at
5 A�1) retention, suggesting a long-term stability (Fig. 10(f)).
4. Conclusion

In summary, NHPCS were prepared from biomass under air
atmosphere adopting a facile salt-locking strategy combined with
hydrothermal treatment on the precursor. This technique replaces
inert gas protection, strong corrosive KOH and toxic ZnCl2, which
substantially reduces the cost and energy consumption during
the fabrication, representing a green and sustainable synthesis
route. The as-obtained NHPCS posses ultra-thin carbon sheet struc-
ture shortening the ion transfer pathway, abundant macro- and
meso-pores providing unimpeded ion diffusion channels, high
SSA supplying sufficient room for charge capacity and rich N and
O doping introducing pseudo capacitance. As electrodes for super-
capacitors, NHPCS shows a high specific capacitance of 451 F g�1 at
0.5 A g�1 in a three-electrode system. Moreover, the as-assembled
symmetric super-capacitor also delivers a superb specific capaci-
tance of 309 F g�1 at 0.5 A g�1, excellent rate performance and
remarkable cycling stability with 99.3% of the initial capacitance
retention after 10,000 cycles at 5 A�1 in a two-electrode system.
Therefore, this salt-locking technique is a promising strategy for
employing low-cost, eco-friendly biomass to prepare advanced
carbon electrode materials for high-performance supercapacitors.
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