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A B S T R A C T

Biomass-derived hydrochar (HC) was used as the precursor to synthesize porous and nitrogen-rich
carbons for supercapacitor electrodes. Porous carbon (HC/KOH) activated by potassium hydroxide was
used to prepare nitrogen-rich porous carbon (HC/KOH/N) by subsequent calcination in melamine.
Similarly, HC/N/KOH was obtained from nitrogen-rich carbon (HC/N) calcined in melamine by
subsequent KOH activation. It is found that KOH plays an important role on the creation of porous
structures and selective production of active pyridinic and pyrrolic nitrogen species. HC/KOH samples
with abundant pores are excellent as supercapacitor electrodes in basic medium, whereas HC/N/KOH
samples enriched with nitrogen functionalities are especially applicable in acidic medium. Typically, HC/
KOH and HC/N/KOH show the highest specific capacitance of 279 and 492 F g�1 at the current density of
0.1 A g�1 in KOH and H2SO4 electrolytes, respectively. Their specific energy density and power density are
up to 8.1–12 Wh kg�1 and about 24 W kg�1 at 0.05 A g�1 in two-electrode cell. The excellent
electrochemical properties of as-made carbons may be attributed to the high specific surface
(1197 m2g�1) for the former, and to the synergistic effect of combined accessible specific surface area
(566 m2g�1) and doped nitrogen (4.38 wt.%) for the latter. This research provides a new routine for the
development of high-performance electrochemical supercapacitors with carbonaceous electrodes
derived from biomass precursors.

ã 2014 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta
1. Introduction

Electrochemical supercapacitors as power storage devices have
exhibited many advantages including high power density, good
reversibility and long cycle life, which enable wide applications in
electric systems such as consumer electronics, energy manage-
ment and mobile electrical system [1,2]. The charge storage
mechanism of supercapacitors is based on the electrical double
layer of electrodes (EDLCs) with high specific surface area, and/or
based on the pseudocapacitance associated with fast surface redox
reactions [3,4]. The electrode material is the key factor determining
the capacitance performance of supercapacitors, of which porous
carbons are the commonly used electrode materials [5–8]. Various
carbon materials including activated carbon (AC), mesoporous
carbon (MC), carbon nanotubes (CNTs) and graphene have been
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explored as electrode materials for EDLCs. Among them, ACs
produced by different activation processes from various precursors
are the most commonly used electrode materials because of their
high specific capacitance and moderate cost [9]. In comparison
with AC, template synthesized MC with regular structure and
suitable pore size holds a great promise as supercapacitor
electrodes due to its superior specific capacitance, approx. 100–
300 F g�1 in aqueous medium and 50–150 F g�1 in organic medium
[10–13]. Recently, CNTs with unique tubular porous structures and
graphene with large specific surface have been widely used for
electrode materials, however the high production cost limits their
widespread use [14–18]. In contrast to EDLCs, some nitrogen doped
(N-doped) carbons exhibit a pseudocapacitance related to charge
or mass transfer between the electrodes and the electrolyte ions
[19,20]. N-doped porous CNTs exhibit a reversible specific
capacitance of 202 F g�1 at the current density of 1.0 A g�1 in
6.0 mol L�1 aqueous KOH electrolyte [21]. Similarly, N-rich
nonporous carbons derived from melamine/mica composite have
high volumetric capacitance, even reach 280 F cm�3 in KOH
electrolyte and 152 F cm�3 in H2SO4 electrolyte [22]. Besides the
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Fig. 1. Schematic illustration of chemically modified carbons by different chemical
routes using HCs as the carbon precursor.
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great efforts on the synthesis of carbon-based electrodes with good
capacitive performance, the exploration of renewable carbona-
ceous raw materials is a much-needed tangible work considering
the wide application of good performance supercapacitor with low
cost.

Due to the cheap, abundant, and sustainable advantages,
biomass-based carbon materials have been applied in the fields
of catalysis, adsorbent and energy storage [23–28]. Recent
researches demonstrate that carbohydrate dehydration via hydro-
thermal approach allows the production of novel carbon materials
from natural precursors without toxic chemicals used [23,24]. The
resulting solid carbons (named hydrochars, HCs for short) exhibit
controllable size as well as high content of oxygen-containing
functional groups [29,30], and have been used as catalyst supports,
encapsulated nanoparticles and Li-storage materials [25,31].
Unfortunately, the HCs generally possess a low surface area (less
20 m2g�1) and low porosity, which potentially limit their practical
applications. It is known that physical or chemical activation on
HCs can produce pores as well as functional groups. HCs have also
been reported as the precursor for porous carbons used as anode
materials in supercapacitor. For example, microporous carbons
with high specific surface area and pore volume derived from HCs
exhibit a specific capacitance of up to 236 F g�1 in a symmetric
two-electrode system [32,33]. Similarly, porous N-doped carbons
produced by hydrothermal carbonization of D-glucosamine
followed by chemical activation also show the superior perfor-
mance in supercapacitors [34]. Based on the reports, the activation
and N-doping of hydrochars are very crucial to yield the electro-
active materials. Thus the need to explore effective way to modify
hydrochars for supercapacitor application leads to a deep-
exploration of this field.

Herein, we present an effectively chemical activation process to
synthesize porous and N-rich carbons using hydrochar as carbon
source. This chemical activation can be easily accomplished by
KOH activation and/or melamine treatment in different sequences.
The synthesis of carbons based on the chemical treatment and
their electrochemical performances are detailed discussed in the
present paper.

2. Experimental

2.1. Synthesis of HCs

2.28 g commercial glucose (purchased from Shanghai, China)
was sufficiently dissolved in 23 mL distilled water to form a clear
solution. The solution was then transferred to a 30 mL Teflon-
sealed autoclave, sealed and then treated at 180 �C for 7 h. The puce
product was separated by 5 cycles of centrifugation, cleaned by
washing, and dried at 80 �C. The obtained HCs were used as carbon
precursor for further chemical activation. For comparison, HC was
calcined in N2 at 800 �C for 1 h to yield HC-800 sample.

2.2. Synthesis of KOH activated carbons (HC/KOH)

HC was impregnated in 2 M KOH solution for 12 h with 1:2 of
the mass ratio of HC to KOH. The resultant material was dried at
80 �C, followed by calcination at 800 �C for 1 h with a heating rate of
5 �C min�1 in argon. The sample was designated as HC/KOH after
removal of the residues by sufficient washing and drying at 80 �C.

2.3. Synthesis of N-doped carbons (HC/N)

Melamine was used as nitrogen donor to prepare N-doped
carbons. The mixture with 1:5 of the weight ratio between HC and
melamine was fully ground followed by calcination at 800 �C for 1 h
with a heating rate of 5 �C min�1 in argon ambient. Finally, the
sample left in the furnace was denoted as HC/N.

2.4. Synthesis of both N-doped and KOH activated carbons (HC/N/KOH
and HC/KOH/N)

The synthesis process of HC/N/KOH sample was similar to that
of above HC/KOH sample (see Section 2.2), the only difference was
HC/N instead of HC as carbon source. HC/KOH/N sample was also
similarly synthesized as HC/N sample (see Section 2.3) by using
HC/KOH sample instead of HC as carbon precursor.

2.5. Measurements

The electrochemical properties of as-obtained samples were
investigated using a three-electrode cell configuration at room
temperature. The working electrodes were fabricated by mixing
the prepared powders with 10 wt% acetylene black and 5 wt%
polytetrafluoroethylene (PTFE) binder. A small amount of ethanol
was added to the mixture to produce a homogeneous paste. The
mixture was pressed onto nickel foam (in KOH solution) or
titanium mesh (in H2SO4 solution) current-collector (1.5 cm in
diameter) to make electrodes. The mass of the active materials was
in a range of 3–5 mg per electrode, and the thickness of the
electrodes was about 100 mm. Before the electrochemical test, the
as-prepared electrode was soaked overnight in a 6 M KOH or 1 M
H2SO4 solution. Platinum foil and Hg/HgO electrode or Hg/Hg2SO4

electrode were used as the counter and reference electrodes,
respectively. Furthermore, two identical electrodes were used for
the test in 2-electrode symmetric cell configuration with about
3.5 mg active materials on one electrode. The cyclic voltammetry
(CV) measurement was conducted on a LK2005A electrochemical
workstation (Tianjin Lanlike Company, China). The galvanostatic
charge-discharge measurement was performed on a Land CT2001A
cycler at room temperature (Wuhan Land Instrument Company,
China).

The morphologies and structures of the as-obtained products
were examined using field emission scanning electron microscopy
(SEM, Hitachi Ltd SU8010), X-ray photoelectron spectroscopy (XPS,
Thermo VG Scientific Sigma Probe spectrometer) and elemental
analysis (Elemental Analyzer Vario EL III). The Brunauer-Emmett-
Teller (BET) surface area of as-synthesized samples was deter-
mined by physisorption of N2 at 77 K using a Micromeritics ASAP
2020 analyzer.

3. Results and discussion

The synthesis of porous and N-doped porous carbons using HCs
as carbon precursor was described in Fig. 1. Firstly, HCs were
hydrothermally produced at 180 �C from glucose, then the
resultant HCs were annealed at 800 �C after mixing with melamine
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and/or KOH. The resultant carbons were labeled according to the
different chemical processes: HC/N (melamine treatment on HCs),
HC/KOH (KOH activation on HCs), HC/N/KOH (KOH activation on
HC/N sample) and HC/KOH/N (melamine treatment on HC/KOH
sample). For comparison, HC-800 was also obtained after
calcination of HCs at 800 �C in the absence of both melamine
and KOH.

SEM images of carbons derived from HCs are shown in Fig. 2.
HC-800 sample exhibits a spherical shape with the uniform
diameter of about 500 nm (Fig. 2a). The resulting HC/N and HC/N/
KOH also show the similar morphology like HC-800 (Figs. 2b and
2c), revealing little variation in shapes regardless of the melamine
treatment, even after the subsequent KOH activation. However, the
morphologies of HC/KOH and HC/KOH/N both firstly activated by
KOH are very different from that of HC-800, where the compact
networks of intercalated particles instead of sphere morphologies
are given in Figs. 2d and 2e. Such results indicate that KOH can etch
the sphere-like HCs and create a rough surface with many small
pores. Remarkably, the resulting carbons are decorated with
disordered meso/micorpores (see the inset images of Figs. 2c and
2e), which would play an important role in charge accommodation
for supercapacitor application [35].

To further investigate the porosity of the resulting carbons after
different treatments, N2 sorption isotherms are shown in Fig. 3A. It
is observed that HC-800 sample exhibits type II isothermal, while
the other samples display combined type I/IV sorption isotherms.
Detailed information on the BET surface area (SBET) and pore size
distributions of all samples are summarized in Table 1. It is found
that the structural characters of the samples are seriously affected
by the synthetic conditions. HC-800 shows a SBET of 75 m2g�1,
while nonporous HC displays a very low SBETabout 11 m2g�1 in this
case. Such increased surface area of HC-800 can be attributed to
the creation of porosity by decomposition of the abundant
functional groups (such as ethers, carbonyl and carboxylic groups)
in HC [36,37]. Porosity is greatly developed during melamine
treatment and/or KOH activation of HCs. In case of melamine
treatment, the SBETof HC/N increases to 148 m2g�1, which is almost
twice that of HC-800. Furthermore, HC/N/KOH activated by KOH
from HC/N shows larger SBET of 566 m2g�1 than 148 m2g�1 of HC/
Fig. 2. SEM images of (a) HC-800, (b) HC/N, (c) HC/N/KOH, (d) HC/KOH
N. Similarly, SBET values of HC/KOH and HC/KOH/N have
respectively been increased to 1197 and 341 m2g�1. It is obvious
that KOH activation plays an important role on the creation of
porosity due to the oxidation of carbons [38,39]. The change of pore
volume for the obtained samples follows the same order as their
surface area. Besides, the pore sizes of the resultant samples are
centered at 1�10 nm. It is believed that the coexistence of micro/
meso-scale pores is required for rapid ion transport and high
power characteristic of supercapacitors [35].

To confirm the influence of chemical activation process on the
composition of the synthesized carbon samples, XPS and element
analyses were conducted. Table 2 shows the contents of nitrogen,
carbon and oxygen in the resultant samples obtained from
elemental analyses. Carbon content decreases from 90.1% for
HC-800 to 85.6% for HC/KOH. Such variation in carbon content is
ascribed to the reaction between HC and KOH as followed [38]:

6KOH + 2C = 2K + 3H2 + 2 K2CO3

The relative quantities of nitrogen-containing groups for the
resultant samples differ after treatment with melamine [40]. The
content of nitrogen in HC/N is particularly high (19.2 wt.%), which
clearly proves that it is an effective method to dope nitrogen into
carbon materials with melamine as the nitrogen source. However,
the nitrogen contents are relatively low for HC/N/KOH (4.38 wt.%)
and HC/KOH/N (3.28 wt.%). Obviously, further KOH activation can
significantly decrease the nitrogen content of the samples.

XPS spectra of N-doped HC/N, HC/N/KOH and HC/KOH/N
samples are presented in Fig. 4 and corresponding data are
summaried in Table 2. The N 1 s spectra are deconvoluted into four
different types of nitrogen functionalities [22], representing
pyridinic N (N-6 at 398.0 eV), pyrrolic/pyridonic N (N-5 at
399.7 eV), quaternary N (N-Q at 400.8 eV) and oxidized N (N-X
at 402.5 eV) [41]. Among them, N-5 and N-6 forms with planar
structures are found generally more active than N-Q and N-X forms
with 3D structures in supercapacitor [40,41]. For comparison, the
quantitative analyses of three carbon samples are listed in Table 2.
The amount of 3D nitrogen species (N-X and N-Q forms) is
significantly high in HC/N sample with 33.3 and 18.9 at.%,
respectively, whereas planar N species (N-5 and N-6) only account
, (e) HC/KOH/N. Insets are their corresponding magnified images.



Fig. 3. Nitrogen adsorption and desorption isotherms (A) and corresponding pore size distribution curves (B) of (a) HC/KOH, (b) HC/N/KOH, (c) HC/KOH/N, (d) HC/N and (e)
HC-800.

Table 1
Porous properties of chemically modified carbons derived from HCs.

Sample SBET
(m2 g�1)

Smic

(m2 g�1)
Vtotal

(cm3 g�1)
Vmic

(cm3g�1)
Pore size (nm)

HC-800 75 23 0.10 0.09 1.5�4.0
HC/KOH 1197 928 0.74 0.48 1.3�8.0
HC/N 148 109 0.15 0.07 1.5�10
HC/N/KOH 566 255 0.27 0.21 1.4�7.5
HC/KOH/N 341 123 0.19 0.14 1.4�7.5
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for 47.8% of the N species. Comparing with HC/N, HC/N/KOH has
lower N content, indicating that KOH activation largely reduces the
N content in HC/N/KOH. Furthermore, it is noted that N
components of HC/N and HC/N/KOH are obviously different. HC/
N/KOH contains more N-5 (58.3 at.%) and less N-X (3.8 at.%)
functional groups, and its planar-N species amount for 69.4 at.% of
the N species. Similarly, the planar N content in HC/KOH/N is as
high as 75.8 at.%. These data suggest that the active N species, that
are pyridinic N and pyrrolic N species, are produced selectively
after KOH activation of the carbons. The relevant work need to be
further developed.

The electrochemical measurements of all obtained carbons
were performed in both basic (6 M KOH) and acidic (1 M H2SO4)
electrolytes using three-electrode cells (Fig. 5 and Fig. 6). Cyclic
voltammetry (CV) shows a rectangular-like shape in KOH
electrolyte (Fig. 5a) and obvious redox peaks appear for HC/N/
KOH sample in H2SO4 electrolyte at a scan rate of 5 mV s�1 (Fig. 6a).
Such obvious change on the CV curves in acidic electrolyte is
probably ascribed to the basic character of nitrogen functionalities
in N-modified carbon material. However, the nitrogen doping
nature is not the definitive factor for the induced capacitance. As
HC/N is concerned, its redox peaks with the highest nitrogen
content in all samples are weak and its CV curve is rectangular-like.
Furthermore, the capacitances of the carbon samples in KOH
electrolyte decrease qualitatively in the following order: HC/
Table 2
The contents of nitrogen, carbon and oxygen in the obtained samples from elemental 

Sample N
(wt.%)

C
(wt.%)

O
(wt.%)

pyridinic
[N-6, at.%]
398.0 eV 

HC-800 0 90.1 8.35 – 

HC/KOH 0 85.6 12.5 – 

HC/N 19.2 59.9 19.9 30.3 

HC/N/KOH 4.38 83.3 11.1 11.1 

HC/KOH/N 3.28 88.4 7.06 28.5 
KOH > HC/N/KOH > HC/KOH/N > HC/N > HC-800. This result is in
good agreement with the order of the surface areas as well as the
pore volumes of these samples, highlighting the advantage of the
accessible porous structures for enhanced capacitance [38].

The galvanostatic charge/discharge curves at a current density
of 200 mA g�1 were used to characterize the capacitive properties
of carbon samples, as shown in Figs. 5b and 6b. The distorted linear
shapes of carbon samples in H2SO4 electrolyte indicate the
presence of pseudocapacitance, which is consistent with the CV
results. In both acidic and basic electrolytes, HC-800 with low
specific surface area and without nitrogen functionality exhibits
the poor electrochemical capacitance. Figs. 5c and 6c give the
relationships between specific capacitances (Cs) and current
densities. The Cs is calculated according to Cs = I � Dt/(DV � m)
from the discharge curves, where I is the constant discharge
current, Dt is the discharge time, DV is the potential drop during
discharge time, and m is the total mass of the active electrode
materials. Over the current density in the range from 0.05 to 3 A g�1

in 6 M KOH electrolyte (Fig. 5c), the charge storage capacities of the
obtained samples quantitatively decrease in the following order:
HC/KOH > HC/N/KOH > HC/KOH/N > HC/N > HC-800, and are 279,
261, 249, 193, 16 F g�1 at the current density of 0.1 A g�1. Such
performances are in agreement with the character of the
hierarchical porous structures of those carbons, where the larger
the specific surface area is, the higher the charge storage capacity
analysis (wt.%) and XPS analysis (at.%).

pyrrolic
[N-5, at.%]

quaternary [N-Q, at.%] oxidized [N-X, at.%]

399.7 eV 400.8 eV 402.5 eV

– – –

– – –

17.5 18.9 33.3
58.3 26.8 3.80
47.3 17.1 7.10



Fig. 4. XPS spectra and the corresponding N1 s deconvolution of melamine-treated samples: (a) HC/N, (b) HC/N/KOH, and (c) HC/KOH/N.
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is. Thus, HC/KOH sample with the largest surface area
(1197 m2g�1) and pore volume (0.74 cm3 g�1) presents the highest
performance for 375, 279, 255, 243, 237, 234 and 231 F g�1 at the
current density of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 3.0 A g�1,
respectively. The excellent high rate performance of the resultant
carbon is attributed to its hierarchical porous structures (as shown
in Fig. 2 and Fig. 3) that facilitate rapid electrolyte transfer. In
contrast, the Cs of carbon samples has changed in acidic electrolyte
as follow: HC/N/KOH > HC/KOH > HC/N > HC/KOH/N > HC-800, and
are 492, 332, 238, 123, 11 F g�1 at the current density of 0.1 A g�1,
respectively. Although HC/N/KOH sample has much lower specific
surface area than that of HC/KOH, it has a larger capacitance, which
is contributed by the induced pseudocapacitance brought by its N-
rich functionalities. Such pseudocapacitance is due to the redox
reactions of electrochemically active nitrogen functionalities on
the carbon surface, e.g. >C=NH + 2e� +2H+$ >CH-NH2 [22]. With
moderate surface area (566 m2g�1) and suitable N content
(4.38 wt.% N), HC/N/KOH sample exhibits the highest capacity
among all samples in acid electrolyte. Its specific capacitances are
570, 492, 430, 363, 332, 322 and 313 F g�1 at current densities of
Fig. 5. Electrochemical performances of different carbon samples measured in a three-el
at the scan rate of 5 mV s-1, (b) charge-discharge curves of carbon samples at the current d
densities, (d, e) cycling performances of HC/N/KOH and HC/KOH samples for 1000th cy
10 cycles of galvanostatic charge-discharge.
0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 3.0 A g�1, respectively. These values
are significantly higher than that of previously reported N-doped
hydrothermal carbons (300 F g�1 at 0.1 A g�1) [34], activated
carbon (250 F g�1 at 0.05 A g�1) [40], and mesoporous N-rich
carbon (305 F g�1 at 0.2 A g�1) [42]. The superior electrochemical
performance suggests that both nitrogen functionalities and
porous structure of the obtained carbons are favorable for their
applications in supercapacitors. Besides the nitrogen functionali-
ties and porous structure of carbon materials, the pore size
distribution may also play roles in the electrochemical perfor-
mance, which needs to be done in our lab in the near future.

To further understand the capacitive behaviors of the carbon
samples, their electrochemical impedance spectroscopy (EIS) plots
in H2SO4 electrolyte are given in Fig. 6d. The resulting Nyquist plots
exhibit semicircles in the high-frequency region, reflecting the
existence of the charge transfer resistance [43]. The diameters of
the semicircles are listed in the following order: HC/N > HC/N/
KOH > HC/KOH/N > HC/KOH. Such decreased diameters are in line
with the reduced content of nitrogen functionalities, indicating a
decreasing trend of charge transfer resistance. Similarly, the
ectrode system in 6 M KOH electrolyte: (a) cyclic voltammograms of carbon samples
ensity of 200 mA g-1, (c) specific capacitances of carbon samples at different current
cles loaded at a current density of 1 g-1. The insets in Figs. 5d and e show the last



Fig. 6. Electrochemical performances measured in a three-electrode system in 1 M H2SO4 electrolyte: (a) cyclic voltammograms of carbon samples at the scan rate of 5 mV s-
1, (b) charge-discharge curves of carbon samples at the current density of 200 mA g-1, (c) specific capacitances of carbon samples at different current densities, (d) Nyquist
plots of various carbon samples, (e, f) the cycling performance of HC/N/KOH and HC/KOH for 1000th cycles loaded at 1 A g-1. The insets in Figs. 6e and f show the last 10 cycles
of galvanostatic charge-discharge.
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deviation in slope at very low frequency might derive from the
contribution of pseudocapacitance, in accordance with their
nitrogen-doping nature [9].

The cycling stability of HC/N/KOH and HC/KOH electrodes are
evaluated by galvanostatic charge/discharge curves at a current
density of 1 A g�1 for 1000 cycles, as shown in Figs. 5d-e and
Fig. 7. Electrochemical performances of HC/KOH and HC/N/KOH samples for supercapa
respectively. (a, b) Cyclic voltammograms of HC/KOH in 6 M KOH and HC/N/KOH in 1 M
samples at different current density; (d) Power density of HC/KOH and HC/N/KOH sam
Figs. 6e-f. In a three-electrode testing cell, the capacitance
retentions for HC/N/KOH and HC/KOH electrodes are 97�98% in
both basic and acidic electrolytes, demonstrating the long-term
stability of the carbon electrodes, and good futures as electrodes
for supercapacitors.
citor in a two-electrode symmetric cell configuration in 6 M KOH and 1 M H2SO4,
 H2SO4 at different scan rates; (c) Specific capacitances of HC/KOH and HC/N/KOH
ples vs. average energy density.
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The best performance samples (HC/KOH and HC/N/KOH) have
also been tested in a two electrode symmetric cell configuration in
6 M KOH and 1 M H2SO4 electrolyte, respectively. Figs. 7a and 7b
exhibit the CV curves of both samples at different scan rates. Their
rectangular-like shapes indicate a good capacitive behavior from
0 to 1 V over a wide range of voltage scan rates. The current density
dependence of the specific capacitance is given in Fig. 7c. The
specific capacitance obtained in the symmetric cell configuration is
much lower than that obtained from 3-electrode setup [44]. Based
on the total mass of two electrodes, the specific capacitance of HC/
KOH and HC/N/KOH materials maintain specific capacitances of
58 and 85 F g�1 at 0.05 A g�1, respectively. The specific energy
density of the two-electrode cell constructed reaches 8.1 Wh kg�1

for HC/KOH and 12 Wh kg�1 for HC/N/KOH at 0.05 A g�1, whereas
their specific power density is up to 24 and 24.6 W kg�1,
respectively. The average power density of the samples increases
as the current density increases, and it reaches 1000 W kg�1 for HC/
KOH and 1008 W kg�1 for HC/N/KOH at 2 A g�1. A literature survey
reveals that the performances of our materials are comparative to
other carbon materials including mesoporous carbons and carbon
nanotubes under the same measurement conditions [45,46].

4. Conclusion

Porous and N-rich carbons with high electrochemical perfor-
mance were prepared from cheap hydrochars. Serial carbons with
different porous structures and nitrogen contents were produced
from hydrochars by chemical activationwith KOH as the active agent
and melamine as the nitrogen source. It is found that KOH plays an
important role on the creation of porous structures and selective
production of active pyridinic nitrogen and pyrrolic nitrogen species
in the resultant carbons. Porous carbons with a large specific surface
area and a high N-content are demonstrated the high electrochemi-
cal performance. Depending on the N-doped nature and/or porous
structures, capacities of 11–570 F g�1 are achieved for the obtained
carbon samples. HC/KOH with the largest specific surface area
(1197 m2g�1) shows the outstanding specific capacitance in thewide
range of charge-discharge rates and the highest electrochemical
stability in KOH electrolyte, while HC/N/KOH exhibits the highest
capacitive performance in H2SO4 electrolyte presumably because of
the synergistic effect of moderate surface area (566 m2g�1) and
suitable nitrogencontent (4.38% N). Theirspecific energy densityand
power density are up to 8.1–12 Wh kg�1 and about 24 W kg�1 at
0.05 A g�1 in two-electrodecell.The specific capacitancesof as-made
HC/N/KOH and HC/KOH samples are obviously superior to those of
reported carbonaceous materials. Furthermore, HC/N/KOH and HC/
KOH samples exhibit excellent high rate performance and long cycle
life. The porous and N-doped carbons prepared from hydrochar via a
simple and cheap process, might be promising electrode materials
for high-performance supercapacitors.
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