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ABSTRACT: Nitrogen-enriched hierarchically porous carbons (HPCs) were synthesized from a novel nitrile-functionalized
benzoxazine based on benzoxazine chemistry using a soft-templating method and a potassium hydroxide (KOH) chemical
activation method and used as electrode materials for supercapacitors. The textural and chemical properties could be easily tuned
by adding a soft template and changing the activation temperature. The introduction of the soft-templating agent (surfactant
F127) resulted in the formation of mesopores, which facilitated fast ionic diffusion and reduced the internal resistance. The
micropores of HPCs were extensively developed by KOH activation to provide large electrochemical double-layer capacitance. As
the activation temperature increased from 600 to 800 °C, the specific surface area of nitrogen-enriched carbons increased
dramatically, micropores were enlarged, and more meso/macropores were developed, but the nitrogen and oxygen content
decreased, which affected the electrochemical performance. The sample HPC-800 activated at 800 °C possesses a high specific
surface area (1555.4 m2 g−1), high oxygen (10.61 wt %) and nitrogen (3.64 wt %) contents, a hierarchical pore structure, a high
graphitization degree, and good electrical conductivity. It shows great pseudocapacitance and the largest specific capacitance of
641.6 F g−1 at a current density of 1 A g−1 in a 6 mol L−1 KOH aqueous electrolyte when measured in a three-electrode system.
Furthermore, the HPC-800 electrode exhibits excellent rate capability (443.0 F g−1 remained at 40 A g−1) and good cycling
stability (94.3% capacitance retention over 5000 cycles).
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1. INTRODUCTION

Supercapacitors, also called electrochemical capacitors, are
becoming attractive power sources in memory backup devices,
electric vehicles, military weapons, space equipment, and a
number of day-today electric devices.1,2 They combine the
advantages of both dielectric capacitors and rechargeable
batteries, which can deliver high power within a very small
period and store high energy. On the basis of the charge-
storage mechanism, supercapacitors can be divided into two
categories: one is the electrical double-layer capacitor (EDLC),
which stores energy by charge separation at the electrode/
electrolyte interface; the other is the redox capacitor, which
stores energy by the Faradaic reactions at the electrode/
electrolyte surface.3,4

Carbon materials are regarded as the first candidate electrode
materials for EDLCs. Recently, porous carbon materials,
especially microporous activated carbons, have been widely
adopted as the electrode materials for EDLCs because of their
high surface area, excellent electric conductivity, high thermal

and chemical stability, and low cost.5,6 However, the intrinsi-
cally small micropores (<2 nm) of the activated carbons restrict
quick electrolyte ion diffusion during the charge/discharge
process. Thus, the surface of the micropores cannot be
effectively utilized, which leads to low specific capacitances
and poor rate capability.7,8 In contrast, mesoporous or
macroporous carbons can enable fast access of the electrolyte
to the complete surface, especially under a high current
condition. However, they exhibit also low capacitances and
energy densities because of the less developed surface area and
few micropores.9 Hierarchically porous carbons (HPCs),
especially possessing well-defined and interconnected micro-
pores, mesopores, and macropores, are considered to be one of
the promising electrode materials for supercapacitors, owing to
the combined advantages of microporous carbons and meso/
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macroporuos carbons: high specific surface area, large pore
volume, adjustable hierarchical pore structure, controlled
surface chemistry, and good electric conductivity.10−12

The heteroatoms (such as nitrogen,13 oxygen,14 and
phosphorus15) in a carbon network, which provide electron-
donor characteristics to the carbon, can not only enhance the
electronic conductivity and the wettability of the interface
between the electrolyte and the electrode but also generate
reversible pseudocapacitance. Therefore, nitrogen-enriched
HPCs are proposed as ideal supercapacitor electrode materials
with high capacitive performance. At present, various
precursors have been applied to the preparation of nitrogen-
doped porous carbons, such as polyacrylonitrile,16 polyani-
line,17 and biomass or biomass derivatives.18,19 Polybenzoxazine
(PBZ), a new class of high-performance polymers, is considered
to be one of the promising nitrogen-containing candidates
because of its molecular design flexibility, excellent thermal
properties, high char yield, nearly zero shrinkage, and the
absence of volatiles during the curing process.20−23 The
thermoset PBZ resins can be easily prepared from inexpensive
raw materials, including various phenols, primary amines, and
formaldehyde.24 Thus, the content and type of heteroatoms in
PBZs can be easily changed by replacing the monofunctional
amines or phenols by difunctional species, which is desirable for
the controlled surface chemistry of HPCs.25 However, few
reports were focused on the synthesis of nitrogen-doped porous
carbon materials based on PBZs.26 Remarkably, high chemical
and thermal stability of the PBZ make it possible to maintain
high contents of nitrogen and oxygen species within the carbon
matrix after carbonization and activation. It is beneficial for the
synthesis of nitrogen-enriched porous carbons with high
textural porosity and high char yield and the improvement of
the wettability and conductivity of the obtained carbons.
Therefore, PBZs are ideal precursors of the electrode materials
for high-performance supercapactiors.
In this work, 4-cyanophenol as the phenol, diamine urea as

the primary amine, and formaldehyde were selected to
synthesize nitrile-functionalized benzoxazines via a solution
method. The precursors, highly cross-linked PBZs, were
obtained after the thermally activated ring-opening polymer-
ization of the benzoxazines. The nitrogen-enriched HPCs were
prepared from the PBZ by using a soft-templating method with
potassium hydroxide chemical activation at different temper-
atures. The introduction of surfactant F127 and activation
temperature played a critical role in determining the textural
properties and the surface chemistry (nitrogen and oxygen
contents and chemical state) of the porous carbons. The
electrochemical capacitive performance of the nitrogen-
enriched HPCs was investigated. The contribution of nitrogen
and oxygen functionalities was also discussed in great detail.

2. EXPERIMENTAL SECTION
2.1. Chemicals. 4-Cyanophenol (99%), urea, formaldehyde (37 wt

% in water), absolute ethanol, and potassium hydroxide (KOH) were
purchased from Tianjin Tianli Chemical Corp. Poly(ethylene oxide)/
poly(propylene oxide)/poly(ethylene oxide) triblock copolymer
(EO106PO70EO106) Pluronic F127 was purchased from BASF Corp.
All solvents and other chemicals were analytical reagent grade and
were utilized without further purification.
2.2. Preparation of PBZ-Based HPCs. In a typical preparation,

the composition was F127:urea:4-cyanophenol:formaldehyde:EtOH =
0.005:1:1:4:32.6 (molar ratio). To a 250 mL three-neck round-
bottomed flask equipped with a magnetic stirrer, a thermometer, and a
reflux condenser were added urea (4.0 g) and formaldehyde (5.0 g),

and the resulting mixture was gradually heated to 90 °C for 30 min
and then cooled to room temperature, denoted as solution A. F127
(4.2 g) and 4-cyanophenol (4.0 g) were dissolved in absolute ethanol
(50.0 g) and stirred for 60 min, denoted as solution B. Then solution
B was added into solution A and heated under reflux at 90 °C for 6 h.
After cooling to room temperature, the reaction mixture was poured
into dishes to evaporate ethanol at room temperature for 12 h. The
obtained benzoxazine monomer together with surfactant F127
mixtures was heated stepwise in an oven at 100, 150, 180, 220, and
250 °C for 4 h, respectively. Then, the cured PBZ containing
surfactant F127 was further carbonized under a nitrogen atmosphere
by heating at 600 °C for 5 h with a ramp rate of 1 °C min−1. Then, the
obtained carbonized material, named HPC-0, was thoroughly mixed in
an aqueous KOH solution in a weight ratio of KOH:carbonized
sample = 2:1, followed by water evaporation at 120 °C. The activation
process was carried out at 600, 700, or 800 °C for 1 h in a tube furnace
under flowing nitrogen with a ramp rate of 3 °C min−1. The products
were repeatedly washed with 1 M HCl and deionized water until the
pH value of the filtrate reached about 7 and dried at 110 °C for 12 h.
The obtained samples were named HPC-x, where x represents the
activation temperature. For comparison, the sample named NPC-600
was prepared without adding F127 and activated by KOH at 600 °C.

2.3. Characterization. N2 adsorption isotherms were measured
using a Micromeritics ASAP2020 analyzer at 77 K. Before measure-
ments were taken, all samples were degassed at 473 K for 12 h. The
specific surface area was calculated by the Brunauer−Emmett−Teller
(BET) method, and the micropore area and micropore volume were
determined by the t-plot method. The density functional theory
(DFT) model assuming cylindrical-shaped pores was utilized to obtain
the pore-size distribution (PSD). The PSD was also calculated based
on the Barrett−Joyner−Halenda (BJH) model for mesopores.
Scanning electron microscopy (SEM) investigations were carried out
with a JEOL JSM-700 microscope instrument at an accelerating
voltage of 10.0 kV. X-ray photoelectron spectroscopy (XPS) spectra
were obtained on an AXIS Ultra DLD spectrometer with an excitation
source of Mg Kα (1486.6 eV). Elemental analysis was performed by an
Elementar Vario Macro EL Cube microanalyzer. Fourier transform
infrared (FTIR) spectroscopy was carried out using a Bruker Vertex70
spectrometer over the wavenumber range of 4000−400 cm−1. X-ray
diffraction (XRD) patterns were obtained on a X-ray diffractometer
(Bruker D8) with Cu Kα radiation (λ = 0.15406 nm). Raman spectra
were obtained at ambient temperature on a Nanofinder 3.0 Raman
spectrometer (Tokyo Instrument) using a visible laser beam of 488 nm
as the excitation source. The direct-current electrical conductivity (σ)
of the HPCs was tested by the four-point probe method on a four-
point probe meter (RTS-8, Guangzhou, China) at room temperature.
A round HPC tablet was fabricated by pressing (∼20 MPa) 50 mg of
the HPC powders with a tablet compression machine. The thickness
and diameter of the round tablet were tested using a vernier caliper.

2.4. Electrochemical Measurements. Electrochemical measure-
ments were performed using a three-electrode system and a two-
electrode system. In a three-electrode system, platinum wire and Hg/
HgO electrodes were used as the counter and reference electrodes,
respectively. The powder of nitrogen-containing porous carbons (80
wt %), acetylene black (10 wt %), and poly(tetrafluoroethylene) (10
wt %) were mixed and stirred adequately. The mixture was pressed on
a nickel foam current collector at a pressure of 10 MPa with the ratio
of the mass and area at 10 mg cm−2. Cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD) behavior were tested in an
electrolyte of 6 M KOH, and the potential window was chosen in the
range of −0.9 to 0 V. The electrochemical impedance measurements
were performed in a frequency range from 100 kHz to 10 mHz with an
alternating-current amplitude of 10 mV. In a two-electrode system,
one electrode was the test electrode, and the other electrode with
nearly the same weight and size was the counter electrode. The cell
consisted of the two electrodes sandwiched together, separated by a
polypropylene membrane. CV and GCD behavior were also measured
in a 6 M KOH electrolyte. All of the electrochemical tests were
performed using a CHI 660C instrument (Shanghai Chenhua
Apparatus Co. Ltd.) at room temperature.
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The specific capacitance obtained from GCD cycling experiments in

a three-electrode system was calculated by the following equation:

= Δ ΔC i t m V( )g

where i is the constant discharging current, Δt is the discharge time,

ΔV is the voltage window (in the present work, ΔV = 0.9 V), and m is

the mass of active materials loaded in the working electrode.
The specific capacitance for a single electrode in a two-electrode

system was also calculated from the discharge curve according to the

following equation:

= Δ ΔC i t m V4 ( )g

where i is the constant discharging current, Δt is the discharge time,

ΔV is the voltage window, and m is the total mass of active materials

loaded in two electrodes.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Characterization. In
order to obtain nitrogen-enriched HPCs, a novel precursor, a
benzoxazine with nitrile functionalities, was synthesized via a
solution method by using urea and 4-cyanophenol as the
carbon and nitrogen sources, respectively. The synthesis
reaction mechanism and thermally activated ring-opening
polymerization reaction of benzoxazine are shown in Figure
1a. The benzoxazine monomer was first synthesized through
Mannich condensation of 4-cyanophenol, urea, and form-
aldehyde without the addition of any catalyst. Then, a ring-
opening polymerization reaction on the benzoxazines took
place to form oxazine rings at temperatures between 180 and
250 °C. During the curing procedure, the polymerizable cyano
groups in the benzoxazine could be further transformed into
triazine rings through polymerization reactions, which formed
an extra, extended 2D framework to further increase the cross-

Figure 1. (a) Chemical reaction of the monomer synthesis, thermally activated ring-opening polymerization, and cross-linked structure of
benzoxazines. (b) FTIR spectra of the benzoxazine monomer and PBZs cured at 180 and 250 °C.
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linking density of PBZ.27 Therefore, such a developed 3D
framework of PBZ ensures its excellent thermal stability and
high char yield after carbonization and activation at high
temperature, as shown in Table 1. For the purpose of creating a

certain amount of mesopores, the soft-templating agent
(surfactant F127) dissolved in ethanol was introduced into a
benzoxazine solution to obtain a mesotructured surfactant/
polymer composite via the solvent-evaporation-induced self-
assembly method.28 Then, the composites were transformed
into mesoporous carbon HPC-0 after decomposition of the
soft-templating agent at 600 °C for 5 h. Furthermore, the
chemical activation method under mild activation conditions
(in a weight ratio of KOH:carbonized sample = 2:1 for 1 h) was
applied to improve its micropore porosity with an inter-
connected pore structure.
The FTIR spectra of the benzoxazine monomer and PBZs,

which were cured at 180 and 250 °C for 4 h, are shown in
Figure 1b, respectively. The broad peak at about 3382 cm−1

belongs to the OH stretching mode of the phenolic hydroxyl
group. The characteristic peaks at 930 and 1494 cm−1

correspond to the oxazine ring. The band at 1230 and 1030
cm−1 can be linked to the presence of the asymmetric and
symmetric stretching of C−O−C of the benzoxazine ring in the
monomer structure, respectively.29 The peak at 2224 cm−1 for
the monomer is assigned to the cyano group. The intensity of

the band at 2224 and 930 cm−1 decreased evidently with an
increase of the temperature from 180 to 250 °C, indicating the
gradually disappearance of the cyano group and the increase of
the extent of ring opening of the monomer at high curing
temperature, respectively. Besides, a new characteristic peak at
1520 cm−1 appeared for PBZs cured at 250 °C, which belongs
to the triazine.30 It can be ascribed to the transformation of
cyano groups into triazine at 250 °C. These results prove the
formation of a novel nitrile-functionalized benzoxazine and
corresponding PBZ.
The SEM images of the obtained materials are shown in

Figure 2. It can be seen that the precursor HPC-0 is composed
of many irregular microparticles of about several hundreds of
nanometers to a few micrometers in diameter (Figure 2a). Such
loose structures are beneficial for chemical activation by KOH
to develop the microporosity. NPC-600 exhibits a rough surface
and no obvious cavities or macropores (Figure 2b). However,
the surface morphologies of HPC600−HPC-800, which were
activated at different activation temperatures, obviously have
many voids and significant macropores with pore sizes over 0.5
μm (Figure 2c−e), which are probably caused by the release of
residual gases during the activation process at high temperature.
The sample HPC-600 shows independent and shallow
macropores. As the activation temperature increased from
600 to 800 °C, the pore walls evidently became thinner and
more macropores developed (Figure 2d,e) on the surface of the
carbon network and even interconnected with each other,
which might serve as ion-buffering reservoirs and give a
decreased diffusion distance.
In order to investigate the development of porosity by a soft-

templating method and KOH activation at different temper-
atures, N2 adsorption/desorption isotherms of HPCs were
obtained, as shown in Figure 3a. HPC-0 shows a type IV
isotherm with an obvious hysteresis loop, implying the presence
of mesopores. Figure 3b confirms that HPC-0 has a narrow
mesopore size distributed between 2.0 and 2.1 nm. It is
noticeable that the amount of the soft-templating agent F127
that was introduced into the synthetic system was limited.
Thus, the mesopore porosity of HPC-0 is only 30.8%, and the
mesopore surface area is as low as 178.5 m2 g−1 (Table 1).

Table 1. Yield and Textural Properties of the Samples

sample
SBET

(m2 g−1)
Smicro

(m2 g−1)
Vtotal

(cm3 g−1)
Vmicro

(cm3 g−1)

Vmicro/
Vtotal
(%)

yielda

(wt %)

HPC-0 178.5 112.7 0.13 0.09 69.2 75.7
NPC-
600

954.8 857.1 0.45 0.40 88.7 67.4

HPC-
600

1097.3 974.5 0.53 0.42 79.2 57.6

HPC-
700

1526.5 1345.8 0.73 0.51 69.9 51.3

HPC-
800

1555.4 997.8 0.73 0.45 62.4 45.5

aYield (wt %) = (dry carbon material mass/precursor mass) × 100.

Figure 2. SEM images of (a) HPC-0, (b) NPC-600, (c) HPC-600, (d) HPC-700, and (e) HPC-800.
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NPC-600 exhibits type I isotherms, indicating typical micro-
porous carbon materials. Compared with HPC-0, no obvious
meso/macropores can be found in NPC-600 from its PSD
curve. This proves that the mesopores in HPC-0 were
successfully produced by a soft-templating method, which
arose from decomposition of surfactant F127 during the
carbonization process. For samples HPC-600, HPC-700, and
HPC-800, their isotherms all show type IV characteristics with

similar hysteresis loops observed at relative pressures p/p0 of ca.
0.45−1.0, suggesting the presence of mesopores. A sharp rise of
the N2 isotherm was also observed at low relative pressures (p/
p0 = 0.01), indicating the existence of a large number of
micropores. The obvious sharp peaks at high relative pressure
(p/p0 > 0.9) denote the existence of macropores, which is
consistent with the results of the SEM images. In a word, HPC-
600, HPC-700, and HPC-800 exhibit hierarchical porous

Figure 3. (a) N2 adsorption isotherms. (b) PSDs obtained by the DFT method of all samples. (c) XRD patterns and (d) Raman spectra of all
samples.
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structures: abundant micropores, limited mesopores, and a few
macropores. Compared with NPC-600, the micropore size
distribution of HPC-600 became wider as a result of the
introduction of surfactant F127. This was probably caused by
KOH corrosion with more accessible pore channels in the
precursor HPC-0. Remarkably, the average mesopore size of
HPC-600 maintained about 2.1 nm, revealing that the
mesostructure of HPC-0 was not influenced by chemical
activation. Besides, the activation temperature also has a
remarkable impact on the pore structure. As the KOH

activation process deepened at higher temperature, new
micropores were generated and the ultramicropores were
widened, resulting in higher surface area and total pore volume
with a lower fraction of the micropore volume for HPC-800
(see Table 1). The average mesopore size increased slightly
from 2.1 to 2.3 nm with an increase of the activation
temperature from 600 to 800 °C, indicating that the mesopores
were enlarged by KOH etching under severe activation
conditions. Such a trend for the mesopore structure evolution
of the HPCs was further demonstrated by the PSDs obtained

Table 2. Elemental and XPS Analysis and Electrochemical Properties of the Samples

elemental analysis (wt %) XPS analysis (atom %) Cg (F g−1)

sample C H N O C N O 1 A g−1 40 A g−1

HPC-0 78.35 2.32 6.26 13.07 81.21 5.89 12.90 48.0
NPC-600 79.28 2.25 4.82 13.65 83.35 4.27 12.38 254.4 63.8
HPC-600 80.96 1.47 5.19 12.38 84.10 4.88 11.02 375.4 231.1
HPC-700 82.23 0.87 4.55 12.35 85.35 4.16 10.49 279.7 133.3
HPC-800 85.10 0.65 3.64 10.61 87.23 3.27 9.50 641.6 443.0

Figure 4. XPS spectra of all samples: (a) survey spectra; (b) N 1s; (c) O 1s; (d) nitrogen and oxygen species of the carbon materials.
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by the BJH method (see Figure S1 in the Supporting
Information, SI). Furthermore, macropores with size ranging
from 60 to 100 nm for HPC-600, HPC-700, and HPC-800
were created by KOH corrosion and volatilization of unstable
nitrogen and oxygen functionalities at high temperature.
Because of PBZs’ high chemical and thermal stability, all
obtained carbon materials exhibit high yield (more than 45%),
as shown in Table 1.
The graphitic property of the carbon samples is investigated

by wide-angle XRD patterns and Raman spectra. The XRD
patterns of NPC-600 and the HPCs are given in Figure 3c. Two
typical, broad diffraction peaks are observed at around 2θ = 25
and 44°, which belong to diffraction of the (002) and (100)
planes of the hexagonal graphitic carbon, respectively.31 This
indicates that all of the nitrogen-containing porous carbons are
amorphous and nongraphitized. HPC-0, NPC-600, and HPC-
600 prepared at 600 °C have similar, broad diffraction peaks.
However, when the activation temperature increased from 600
to 800 °C, the intensity of the (100) peak was gradually
enhanced, implying the improvement of the graphitization
degree of HPC-800. Figure 3d shows the Raman spectra of all
samples. Two strong peaks at 1350 cm−1 (D band) and 1595
cm−1 (G band) are observed for all carbon materials,
respectively. In detail, the D band refers to the disordered
and imperfect structures in the carbonaceous materials, and the
G band is related to the vibration of a sp2-hybridized carbon in
the graphite crystallites.32 The samples HPC-0, NPC-600, and
HPC-600 obtained at 600 °C exhibit an intense D band,
implying the existence of abundant defects, such as a large
number of nitrogen and oxygen atoms. The intensity ratio of D
and G bands (ID/IG) represents the graphitic degree of the
carbon materials.33,34 The values of ID/IG are 1.04, 1.01, 0.97,
0.92, and 0.90 for HPC-0, NPC-600, HPC-600, HPC-700, and
HPC-800, respectively. This reveals that the introduction of
surfactant F127 or chemical activation resulted in small changes
of the graphitic degree of the carbon materials because of the
similar chemical compositions and structures of HPC-0, NPC-
600, and HPC-600. However, as the thermal treatment
temperature increased from 600 to 800 °C, the vibration of
the D band became weaker and ID/IG for HPC-600−HPC-800
decreased, indicating the higher degree of graphitization and a
decrease of the disordered structure for HPC-800. This can be
attributed to the loss of nitrogen and oxygen species at high
activation temperature. These results are in good agreement
with XRD analysis.
The chemical compositions of the obtained carbon materials

are shown in Table 2. It can be seen that all samples contain
relatively high nitrogen species (3.64−6.26 wt %) and oxygen
species (10.61−13.65 wt %). These heteroatoms can only be
derived from the intrinsic nitrogen and oxygen components in
the nitrile-functionalized PBZs (see Figure 1). More
importantly, the nitrogen and oxygen atoms in the carbon
matrix are considered to effectively improve the wettability and

electrical conductivity of the carbon-based materials, facilitate
the accessibility of the electrolyte ions, and enhance the
capacitance performance.18,19 The contents of the nitrogen and
oxygen atoms in HPC-600−HPC-800 decreased evidently with
an increase of the activation temperature because of the poor
thermal stability of the nitrogen and oxygen species at high
temperature. The chemical state of the nitrogen and oxygen
species on the surface of the carbon materials was further
studied by XPS analysis (Figure 4). Four types of nitrogen
species can be distinguished on all sample surfaces: pyridinic
nitrogen (N-6 at 398.5 eV), pyrrolic or pyridonic nitrogen (N-5
at 400.2 eV), quaternary nitrogen (N-Q at 401 eV), and
oxidized nitrogen (N-X at 403 eV), as shown in Table 3 and
Figure 4d.35 This reveals that the N-6 and N-5 species are
predominant (more than 74% of the total nitrogen atoms) for
all samples, which might be derived from the transformation of
amide groups and triazine rings in PBZs after thermal
treatment. Such high contents of N-6 and N-5 in PBZ-based
nitrogen-containing porous carbons are much higher than many
other nitrogen-rich carbon materials.17−19 More importantly,
N-6 and N-5 are considered to be electrochemically active in an
alkaline aqueous solution to provide main pseudocapacitance,
which is significant for nitrogen-doped carbon materials to
increase the capacitance.13 Besides, the presence of N-Q, which
are inset into the carbon matrix and bonded to three carbon
atoms, can effectively benefit electron transfer and improve the
conductivity of carbonaceous materials.36 Thus, it can be
inferred that HPC-800 with the highest N-Q content exhibits
better conductivity than other samples. The conclusion was
further proved by the electrical conductivity measurement
results. The electrical conductivity σ values for HPC-0, NPC-
600, HPC-600, HPC-700, and HPC-800 are 2.86, 3.22, 3.24,
3.39, and 3.44, respectively, which are much higher than those
of many activated carbons and ordered mesoporous carbons
without incorporating any heteroatoms (0.2−2 S cm−1).2,5 This
can be attributed to the local graphite-like microstructure and
large amount of nitrogen and oxygen species in the carbon
network. The electrical conductivity evidently enhances with an
increase of the N-Q content (see Table 3). Moreover, an
increase of the degree of graphitization also results in an
increase of the conductivity of the nitrogen-enriched porous
carbons. Thus, HPC-800, possessing the highest N-Q content
and highest degree of graphitization, shows the best electrical
conductivity among the five samples. Besides, with an increase
of the activation temperature, the percentage of N-Q increased
but N-X evidently decreased. This reveals that N-Q was more
thermally stable than N-X and that N-5 and N-6 were partially
converted into N-Q at high temperature. Furthermore,
compared with NPC-600, the slightly higher nitrogen content
in both bulk and surface for HPC-600 can be attributed to
decomposition of the surfactant F127 together with the oxygen
species in the precursor during thermal treatment.

Table 3. XPS Peak Positions and Relative Surface Concentrations of Oxygen and Nitrogen Species Obtained by Fitting the N 1s
and O 1s Spectra

sample N-6 (398.5 eV) N-5 (400.2 eV) N-Q (401 eV) N-X (403 eV) O-I (531.3 eV) O-II (532.5 eV) O-III (535.0 eV)

HPC-0 21.84 58.10 14.41 5.66 23.78 73.88 2.34
NPC-600 33.38 42.95 13.82 9.85 25.27 70.18 4.54
HPC-600 35.02 50.66 12.11 2.21 18.52 79.97 1.51
HPC-700 33.31 42.82 13.85 10.02 40.48 58.07 1.45
HPC-800 30.77 43.40 15.00 10.83 16.02 81.73 2.25
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The O 1s spectra of HPCs can be resolved into quinone (O-
I), phenolic hydroxyl or ether (O-II), and carboxyl (O-III)
peaks centered at 531.3, 532.5, and 535.0 eV, respectively
(Table 3 and Figure 4d). Among these three oxygen functional
groups, quinone groups in the carbon matrix are not
electrochemically active in the reversible redox reactions in an
alkaline medium.37 Instead, reduction of O-II and deprotona-
tion of O-III exhibited quasi-reversible pseudocapacitances.38,39

It is noticeable that all samples have high oxygen content
(exceed 10 wt % according to the elemental analysis results)
with extremely high O-II and O-III contents (exceeding 74
atom % of the total oxygen atoms), as shown in Table 3. Thus,
the large amount of O-II, O-III, N-6, and, N-5 functionalities in
the PBZ-based HPCs can generate great pseudocapacitance in a

6 M KOH aqueous electrolyte.35 The influence of the textural
properties and surface chemistry of the HPCs on the
capacitance was further estimated by electrochemical character-
ization.

3.2. Electrochemical Measurements. The electrochem-
ical performance of all nitrogen-containing porous carbons as
electrode materials for supercapacitors was evaluated by a
three-electrode system in a 6 M KOH aqueous electrolyte.
Figure 5a shows typical CV curves of all five electrodes at a scan
rate of 5 mV s−1. It can be observed that all of them present a
quasi-rectangular voltammogram shape at a low scan rate,
exhibiting typical characteristics of EDLCs, indicative of them
being excellent candidates as electrode materials.40 The
nonactivated carbon material HPC-0 exhibits the smallest

Figure 5. Electrochemical performance of all HPC electrodes measured in a three-electrode system: CV curves for all samples at scan rates of (a) 5
and (b) 100 mV s−1. GCD curves for all samples at current densities of (c) 1 and (d) 10 A g−1. (e) Specific capacitance as a function of the discharge
current density for all samples. (f) Nyquist plots in the frequency range of 10 mHz to 100 kHz.
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current density response compared with the KOH-activated
carbons at the same scan rate, indicating the smallest specific
capacitance of HPC-0. This can be attributed to its lowest
specific surface area and thus a small electric double-layer
(EDL) contribution. Noticeably, the CV curve for the HPC-
600 electrode shows small oxidation and reduction peaks in
addition to rectangular shape, indicating the existence of
pseudocapacitive reactions.41 This can be ascribed to its highest
nitrogen content among the four KOH activated samples.
However, other samples’ CV curves exhibit no obvious
evidence of redox peaks but broadened pseudopeaks, indicating
that the great contribution of EDLC as well as the
pseudocapacitance. Although HPC-0 contains the largest
number of nitrogen and oxygen species in the five samples,
the low specific surface area and less developed porosity of
HPC-0 make it difficult for fast charge transfer during the
Faradaic reactions and result in poor capacitive behavior. When
the scan rate increases from 5 to 100 mV s−1, the CV curves for
the HPC-600−HPC-800 electrodes still remain a less
rectangular shape (Figures 5b and S2 in the SI), implying
good capacitive performance for quick charge/discharge
operations. The broad pseudocapacitance peaks on the CV
curves for HPC-600 ∼ HPC-800 electrodes can be ascribed to
the combined contribution of the double-layer and Faradaic
redox capacitances.42 However, the CV curve for the NPC-600
electrode becomes seriously distorted at high scan rates,

indicating that such a microporous carbon with narrow
micropore size distribution is unfavorable for quick electrolyte
ion diffusion. This confirms that the hierarchical pore structure
is beneficial for fast ionic transportation and penetration within
the macro/mesopore channels and adequate utilization of the
interior surfaces through low-resistance pathways.43 Thus,
HPC-600−HPC-800 show improved capacitive performance
in comparison with the carbonized sample HPC-0 and
microporous carbon NPC-600.
Figure 5c clearly shows the GCD curves of all five electrodes

at a current density of 1 A g−1. It can be seen that GCD curves
of all five electrodes are nearly linear and symmetrical with
slight curvature, indicating good capacitive properties and
electrochemical reversibility. The deviation to linearity for all
GCD curves is typical of a pseudocapacitance contribution,
which confirms the presence of Faradaic capacitance.
Compared with the other four electrodes, the discharge curve
of the HPC-0 electrode exhibits the shortest discharge time,
and its capacitance is as low as 48.0 F g−1 at 1 A g−1, which is
consistent with the CV results. The NPC-600 electrode shows
much shorter discharge time than the HPC-600 electrode. The
presence of meso/macropores in HPC-600 not only makes the
inner micropore surface more electrochemically accessible for
electrolyte ions and more charges to be accumulated in the
micropores but also facilitates the fast diffusion of electrolyte
ions in the pore channels at high current densities. Moreover,

Figure 6. Discharge time of the pseudocapacitance parts of (a) NPC-600, (b) HPC-600, (c) HPC-700, and (d) HPC-800 electrodes at 1 A g−1.
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the higher contents of electrochemically active N-6, N-5, O-II,
and O-III functionalities for HPC-600 generate more
pseudocapacitance than that of the NPC-600 electrode.
Therefore, the specific capacitance of the HPC-600 electrode
increases by 47.6% at 1 A g−1 and 262.2% at 40 A g−1 compared
to the NPC-600 electrode at the same current densities,
respectively (see Table 2). Compared with the HPC-600
electrode, a decrease of the discharge time with an increase of
the activation temperature for the HPC-700 electrode can be
attributed to a decrease of significant pseudocapacitance, which
results from the loss of electrochemically active nitrogen and
oxygen species for HPC-700. Even when the current density
increases to 20 A g−1 (Figure 5d), the GCD curves for all five
electrodes still maintain a nearly linear-like shape with evident
IR drop. In detail, there is a much larger IR drop of the NPC-
600 electrode than of the HPC-600 electrode at a high current
density of 20 A g−1. This indicates that the HPC-600 electrode
has less overall resistance because of its wider micropore
distribution and the presence of meso/macropores. Besides, the
IR drops for HPC-600−HPC-800 electrodes become smaller
with an increase of the activation temperature because of the
higher fractions of meso/macropores.
In order to further investigate the contribution of the

pseudocapacitance from nitrogen and oxygen functionalities to
the total specific capacitance, the discharge curve can be divided
into two parts because of the different extents of inflection at
about −0.2 V in the GCD curve (Figure 6). The linear part of
the time dependence of the potential (linear region) represents
the EDLC. The other part of the discharge curve (curve region)
is not strictly symmetrical and slightly distorted, which is
considered to be the result of the combination of the EDLC
and pseudocapacitance.44 The extended lines of the linear parts
are drawn in Figure 6 to calculate the pseudocapacitance by
nitrogen and oxygen functionalities. TD stands for the discharge
time of the EDLC, and TP stands for the discharge time of the
pseudocapacitance. Therefore, the pseudocapacitances calcu-
lated from TP of the NPC-600, HPC-600, HPC-700, and HPC-
800 electrodes are 136.3, 243.1, 113.6, and 317.2 F g−1 at 1 A
g−1, which accounts for about 53.6, 64.8, 40.6, and 49.4% of the
corresponding total capacitances, respectively. This confirms
the pronounced contribution of pseudocapacitance for the
nitrogen-enriched HPCs.

Figure 5e exhibits the specific capacitance as a function of the
discharge current density for all samples. It can be seen that the
specific capacitance of HPC-0 drops from 48.0 to 12.6 F g−1

with a decrease in the current density from 1.0 to 10 A g−1,
retaining only 26.2% of its initial specific capacitance. For the
NPC-600, HPC-600, HPC-700, and HPC-800 electrodes, the
values of the final specific capacitances at 40.0 A g−1 are 25.1,
61.6, 47.7, and 69.0% of the initial values at 1.0 A g−1,
respectively (see Table 2). This reveals that HPC-600−HPC-
800 retain excellent capacitive behavior at high current
densities, owing to their hierarchical porous structures and
good electrical conductivity. However, the nonactivated carbon
HPC-0 electrode and microporous carbon NPC-600 electrode
show poor rate capability because of the less developed specific
surface area and low porosity for HPC-0 and large diffusion
resistance for NPC-600.
With an increase of the activation temperature, both HPC-

600 and HPC-700 have similar pore structure and oxygen
content, but the capacitance of the HPC-700 electrode with
higher surface area dramatically decreases with a decrease of the
nitrogen content at 1−40 A g−1. The result is also consistent
with the much smaller pseudocapacitance obtained from TP for
the HPC-700 electrode than that of the HPC-600 electrode. It
can be further concluded that nitrogen functional groups play a
more important role than oxygen functional groups in this
work. Besides, compared with HPC-700, HPC-800 exhibits
similar surface area, smaller micropore surface area and
micropore volume, as well as lower bulk nitrogen content,
but the HPC-800 electrode demonstrates the highest specific
capacitances at all current densities (Figure 5e), resulting from
its high specific surface area, an optimal PSD, abundant meso/
macropores with highly accessible surface for more nitrogen
and oxygen functional groups to provide large pseudocapaci-
tance, high degree of graphitization, and superior electrical
conductivity. This reveals that, except for the high content of
the N-6, N-5, O-II, and O-III functional groups in the porous
carbon materials, the accessibility of the nitrogen-doped carbon
surface for the electrolyte ions also plays an important role in
improving the pseudocapacitance.45,46

Figure 5f exhibits Nyquist plots of all five electrodes. The
HPC-0 electrode shows a small semicircle at the frequency
region and an inclined line at the low-frequency region,
indicating poor capacitive performance and high ion-diffusion

Figure 7. Electrochemical performance of the HPC-800 electrode measured in a two-electrode system. (a) CV curves at different scan rates. (b)
GCD curves at different current densities.
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resistance of the nonactivated sample.47 The NPC-600, HPC-
600, HPC-700, and HPC-800 electrodes show a similar Nyquist
plot shape, a depressed semicircle on the Z′ axis at the high-
frequency region, and a nearly straight line at the low-frequency
region, indicating good capacitive behavior of the chemically
activated samples. With an increase of the activation temper-
ature, the shortened and less gradual sloping line at high-to-
medium frequency for HPC-600−HPC-800 electrodes implies
lower diffusion resistance,48 which is attributed to the more
developed meso/macropores at high activation temperature.
On the basis of the same testing conditions, the diameter of the
semicircle at high frequency refers to the charge-transfer
resistance of the electrode materials, as shown in the inset of
the expanded high-frequency region of Figure 5f.49 The charge-
transfer resistances for the HPC-0, NPC-600, HPC-600, HPC-
700, and HPC-800 electrodes are 0.77, 0.93, 0.65, 0.61, and
0.38 Ω, respectively. This reveals that the HPC-800 electrode
possesses the best ionic conductivity over the other samples
because of its highest electrical conductivity and highest degree
of graphitization. In addition, the transfer resistance of the
HPC-600 electrode was much smaller than that of the NPC-
600 electrode. This confirms that the introduction of surfactant
F127 can effectively tailor the pore structure and thus facilitate
the transfer and penetration of the electrolyte ions into the
inner pores.

To better study the electrochemical behavior of the HPC-
800 electrode as a real capacitor in a 6 M KOH solution
electrolyte, a symmetrical two-electrode configuration was
constructed. Figure 7a shows the CV curves of the HPC-800
electrode at different scan rates (5−200 mV s−1) using a two-
electrode system. This reveals that the current densities
increase evidently with an increase of the scan rates, implying
the good rate capacity. It is noticeable that there is a sharp peak
at −0.9 V at a slow scan rate (5 mV s−1), which is related to the
redox reactions. The CV curve of the HPC-800 electrode still
maintains a rectangular-like shape at a scanning rate as high as
200 mV s−1, but the NPC-600, HPC-600, and HPC-700
electrodes exhibit distorted CV shapes due to increased
electrical resistance (see Figure S3b in the SI). Moreover, the
specific capacitances for a single HPC-800 electrode (563.9 and
347.9 F g−1 at 1 and 20 A g−1, respectively) calculated from the
discharge curve in Figure 7b by using a two-electrode setup are
slightly smaller than the values at the same current densities by
using a three-electrode setup because of the different
measurement methods (see Table S1 in the SI). It also
demonstrates a good rate capability with a high capacitance
retention ratio of 61.7% at 40 A g−1 for the HPC-800 electrode.
Furthermore, the HPC-800 electrode exhibits good electric
conductivity because its IR drop is minimal at a high current
density of 10 A g−1 among the five HPC electrodes (see Figure

Figure 8. (a) Cycling stability of the HPC-800 electrode at a current density of 5 A g−1. (b) CV curves of the 1st and 5000th cycles of the HPC-800
electrode at a scan rate of 100 mV s−1 in a three-electrode system.

Table 4. Comparison of the Specific Capacitance Parameters of Different Nitrogen-Containing Porous Carbons in 6 M KOH in
the Literature

material
SBET

(m2 g−1) N %
Cg (F
g−1)

Cg/SBET (F
m−2)

current density
(A g−1) ref

nitrogen-doped porous carbons from gelatin 3012 0.88 385 0.128 1.0 18
hierarchical nitrogen-doped porous carbon from endothelium corneum
gigeriae galli

2149.9 2.04 198 0.092 1.0 19

nitrogen-enriched carbon from melamine mica 6 13.5 198 33 0.05 27
nitrogen-enriched carbon nanowires from polyaniline nanowires 641 7.04 327 0.510 0.1 50
nitrogen-containing hydrothermal carbon 571 4.4 220 0.385 0.1 51
nitrogen-doped ordered mesoporous carbon 537 13.10 227 0.423 0.2 52
nitrogen-doped porous carbon 128 14.12 224 1.75 1.0 53
nitrogen-doped porous nanofibers 562.51 7.22 202 0.359 1.0 55
NPC-600 954.8 4.82 254.4 0.266 1.0 this work
HPC-600 1097.3 5.19 375.4 0.342 1.0 this work
HPC-700 1526.5 4.55 279.7 0.183 1.0 this work
HPC-800 1555.4 3.64 641.6 0.412 1.0 this work
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S3d in the SI), which is consistent with the electrical
conductivity measurement results.
In order to evaluate the cycling stability of the HPC-800

electrode, GCD studies were performed at a current density of
5.0 A g−1 between −0.9 and 0 V in the 6 M aqueous KOH
electrolytes using a three-electrode system. After 5000 cycles,
the specific capacitance of the HPC-800 electrode decreased
from 530.2 to 500.0 F g−1, with a capacitance retention ratio of
94.3% (Figure 8a), indicative of excellent long-term cycling
durability. The cycling durability of theHPC-800 electrode can
be confirmed by the integral areas surrounded by the CV curves
of the 1st and 5000th cycles at a scan rate of 100 mV s−1, as
depicted in Figure 8b.
Table 4 shows a comparison of the specific capacitances Cg

and the interfacial capacitance Cs (Cs = Cg/SBET) of HPCs
prepared from PBZs with other nitrogen-enriched porous
carbons in 6 M KOH in the literature. The specific capacitances
of the HPC-600 and HPC-700 electrodes in this work are
comparable to those previously reported for the nitrogen-
enriched porous carbons (Table 4). Remarkably, the specific
capacitance of the HPC-800 electrode is the highest at present
compared with many nitrogen-containing porous carbon
materials previously reported.18,19,50−53 Furthermore, according
to the theoretical capacitance per area of 0.20 F m−2 for
activated carbons as electrode materials,54 the theoretically
calculated capacitance values for the NPC-600 and HPC-600−
HPC-800 electrodes cannot exceed 191.0, 219.5, 305.3, and
311.1 F g−1, respectively. This indicates that, except for HPC-
700, at least 24.9, 41.5, and 51.5% of the total specific
capacitances for the NPC-600, HPC-600, and HPC-800
electrodes were derived from the contribution of pseudocapa-
citance by the large number of nitrogen and oxygen functional
groups in the carbon matrix, respectively. These estimated
values are comparable to the calculated results obtained from
the discharge time of the pseudocapacitance.
In a word, the HPC-800 electrode shows extremely high

specific capacitance and outstanding rate capability and cycling
stability because of the following superior properties: (1) high
specific surface area to provide enough surface sites to form
EDL; (2) the optimal hierarchical pore structure with high
fraction of meso/macropores, which provides more accessible
micropore surface, reduces diffusion resistance, and facilitates
fast ionic transportation in the pore channels; (3) the existence
of high contents of electrochemically active nitrogen and
oxygen functional groups, which not only improves the
hydrophilicity and wettability of the HPC and its affinity with
the electrolyte but also participates in reversible redox reactions
and generates pronounced pseudocapacitance; (4) high
graphitization degree and good electrical conductivity, which
is also critical for high-performance capacitors.

4. CONCLUSIONS
Novel nitrogen-enriched HPCs were for the first time
successfully synthesized from a novel PBZ by a soft-templating
method together with KOH activation. The introduction of a
soft-templating agent and chemical activation temperature has a
great influence on the textural properties and the surface
chemistry of HPCs and thus influenced their capacitive
performance. The sample HPC-800 electrode obtained by
KOH activation at 800 °C exhibits a maximum specific
capacitance of 641.6 F g−1 at a current density of 1 A g−1 in a 6
M KOH electrolyte. Moreover, its specific capacitance can still
retain 443.0 F g−1 at 40 A g−1 with a capacitance retention ratio

of 69%, which is ascribed to its high surface area, optimal PSD,
abundant nitrogen and oxygen functional groups attached to
the carbon network, high graphitization degree, and electrical
conductivity. It is worth noting that no obvious capacitance loss
is observed over 5000 charge/discharge cycles, clearly
demonstrating good cycling durability. The nitrogen-enriched
HPC represents an alternative promising candidate for high-
performance electrode materials for supercapacitors.
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