
Vol.:(0123456789)1 3

Carbon Letters (2023) 33:1723–1732 
https://doi.org/10.1007/s42823-023-00553-9

ORIGINAL ARTICLE

Online ISSN 2233-4998
Print ISSN 1976-4251

Heteroatom‑doped porous carbon derived from covalent organic 
framework for high performance supercapacitor applications

Yuzhu Xing1 · Yan Dong1 · Jifan Zhao1 · Zhiqiang Zhang1 · Yue Wang1 

Received: 19 January 2023 / Revised: 29 May 2023 / Accepted: 1 June 2023 / Published online: 20 June 2023 
© The Author(s), under exclusive licence to Korean Carbon Society 2023

Abstract
In recent years, supercapacitors have attracted extensive attention due to their advantages such as fast charge and discharge 
rate, high power density and long cycle life. Because of its unique porous structure and excellent electrochemical properties, 
heteroatom-doped porous carbon (HPC) is deemed as a promising electrode material for supercapacitors. However, it is 
a great challenge to synthesize electrode materials with large surface area, ultra-high porosity and good electrochemical 
performance. In this work, two-dimensional conjugated microporous polymers (CMPs) containing ketones were synthesized 
by a simple one-step coupling reaction and used as carbon precursors. A series of samples (CMP-Ts) were prepared with 
the procedures of coupling reaction and carbonization. The optimized carbon material has high specific surface area (up to 
2229.85  m2  g−1), porous structure, high specific capacitance (375 F  g−1 at 0.5 A  g−1), and good cycling stability (capacitance 
retention of 98.8% after 1000 cycles at 5 A  g−1). Further, the supercapacitor has an energy density of 28.8 Wh  kg−1 at a power 
density of 5000 W  kg−1. This work lays a foundation for the preparation of carbon materials using microporous polymer as a 
precursor system, provides a new way of thinking, and demonstrates a great potential of high-performance supercapacitors.
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1 Introduction

With the increasing consumption of non-renewable 
resources, the demand in energy and sustainable 
environment have become a principal consideration 
worldwide. The growing environmental pollution problems 
from regular uses of fossil fuels also have promoted a major 
research attention on the consideration of environment-
friendly [1]. In recent years, supercapacitors (SCs) have 
become an excellent energy storage device due to their 
advantages of rapid charge–discharge, high power density 
and long cycle life, etc. Meanwhile, they are also well 
applied in power transmission, regenerative braking and 
other fields [2, 3]. SCs can be divided into two categories 
according to their working principle, pseudocapacitor and 

electric double layer supercapacitor (EDLC) [4]. Among 
them, the unique electrochemical performance of electric 
double-layer supercapacitor makes it widely used in various 
electronic devices, and its electrical storage capacity is 
mainly affected by the size of pore volume and specific 
surface area of electrode materials [5]. Up to date, many 
materials with different structures [6–12] are utilized as 
the electrode in supercapacitors and batteries [13–15]. 
Among these candidates, porous carbon materials are the 
most widely used electrode material for EDLC due to their 
distinctive structural advantages as follows: Firstly, the 
porous structure can provide more active sites for charge. 
Secondly, the porous structure can provide a large specific 
surface area for electron transport [16]. High-performance 
porous carbon materials should be characterized by high 
conductivity, high charge transport capacity, large surface 
area and long cycle life [17–19]. In the preparation of porous 
carbon materials, doping heteroatoms such as boron, oxygen, 
nitrogen, sulfur and other heteroatoms is also an effective 
way to further improve the electrochemical performance 
of supercapacitors [20–25]. These doped heteroatoms are 
found to be effectively enhance the surface wettability and 
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electrical conductivity of the carbon skeleton and provide 
active sites for pseudocapacitive charge storing [26–28].

In recent years, researchers have developed large 
specific surface area porous carbon materials with different 
structures and pore size distribution according to different 
preparation methods [29–31]. Among them, conjugated 
microporous polymers (CMPs) have attracted more and 
more attention due to their high surface area, excellent 
thermal and chemical stability and adjustable pore size 
distribution. The unique π-conjugated framework of CMPs 
makes it suitable for energy storage and electronic devices, 
which makes it an excellent candidate for carbon material 
precursors [32]. Direct carbonization of the precursor is the 
easiest way to prepare porous carbon materials. The structure 
of precursor is very important for the performance of porous 
carbon materials in supercapacitors. CMPs materials are 
ideal precursors for porous carbon materials due to their 
inherent porosity, excellent stability, structural controllable 
performance and high specific surface area [31].

Herein, a series of two-dimensional conjugated 
microporous polymers (CMPs) were designed and 
synthesized by a facile one-step coupling reaction using 4,4' 
-difluorodiphenyl sulfone and 4,4' -dihydroxybenzophenone 
as the precursor of carbon materials (Fig. 1). By mixing 
and carbonizing CMPs with KOH, a series of porous carbon 
materials (CMP-Ts) were obtained. As an electrode material 
for SCs, the optimized CMP-Ts have excellent performance, 
high specific capacitance, superior energy and power 
density, and robust cycle stability. The present work provides 
a new direction for the preparation of carbon materials using 
CMP as a precursor and demonstrates a great potential of 

carbon materials as electrode materials for high-performance 
supercapacitors.

2  Methods

2.1  Materials

Unless otherwise noted, commercially available reagents 
and solvents were used as received without further 
purification. 4,4'- difluorodiphenyl sulfone (DDS) and 
4,4'-dihydroxybenzophenone (DHBP) were purchased from 
Shanghai Dibai Biotechnology Co., LTD and Shanghai 
HaoHong Biomedical Technology Co., LTD, respectively. 
N, N-dimethylacetamide (DMAc) was purchased from 
Tianjin Fengchuan Chemical Reagent Technology Co., 
LTD. Anhydrous potassium carbonate  (K2CO3) was supplied 
by Shanghai Maclin Biochemical Technology Co., LTD. 
Potassium hydroxide (KOH) was provided by Shanghai 
Aladdin Biochemical Technology Co., LTD. Anhydrous 
ethanol was purchased from Tianjin Opusen Chemical Co., 
LTD. Polytetrafluoroethylene (PTFE) aqueous solution 
was purchased from Minnesota Mining & Machine 
Manufacturing Corporation. Conductive carbon black was 
purchased from Cabot Corporation, USA. Foamed nickel 
(200 mm × 300 mm × 2 mm) was purchased from Kunshan 
Guangjiayuan New Material Co., LTD. 6 M KOH aqueous 
solution was used as the electrolyte for electrochemical 
measurements.

Fig. 1  Schematic illustration of the preparation of CMP
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2.2  Preparation of CMPs

4, 4'- difluorodiphenyl sulfone (DDS) (250 mg, 1 mmol), 
4,4'-dihydroxybenzophenone (DHBP) (214 mg, 1 mmol), 
anhydrous potassium carbonate  (K2CO3) (310  mg, 
2.25 mmol), and N, N-dimethylacetamide (10 mL) were 
added to a round bottom flask under nitrogen atmosphere. 
The resulting suspension was heated to 165 ℃ under reflux 
for 4.5 h. The resulting yellow solution was collected by 
filtration and washed with DMAc (2 × 15 mL) and deionized 
water (2 × 30 mL), respectively. . After drying at 80 ℃ under 
vacuum for 24 h, pale yellow pieces were obtained in 82% 
(349 mg) isolated yield.

2.3  Carbonization procedure of CMP‑Ts

400 mg of well-grinded potassium hydroxide (KOH) and 
200  mg of CMP were mixed and pyrolyzed at various 
temperatures for 1 h in a horizontal tube furnace under 
nitrogen atmosphere with a flow rate of 60 mL  min−1. After 
cooling down to room temperature, the obtained black 
powder was washed with deionized water until the pH of 
the solution reached neutral. The black powder was dried at 
80 ℃ for 12 h under vacuum and obtained the final products 
of CMP-700 (pyrolysis temperature: 700 ℃, yield: 80%, 
160 mg), CMP-800 (pyrolysis temperature: 800 ℃, yield: 
75%, 150 mg), and CMP-900 (pyrolysis temperature: 900 ℃, 
yield: 68%, 136 mg).

2.4  Characterizations

Scanning electron microscopy (SEM) images were 
obtained by using the Zeiss SUPRA 55 SAPPHIRE. 
Transmission electron microscopy (TEM) images were 
collected on a FEI Tecnai G2 F20 electron microscope. 
Nitrogen adsorption and desorption isotherms were 
measured on a Quantachrome Quadrasorb EVO sorption 
analyzer at 77 K. The Brunauer–Emmett–Teller (BET) 
method was utilized to calculate the specific surface area 
 (SBET). The pore size distributions were derived from the 
adsorption branches of isotherms taking advantage of 
nonlocal density functional theory (NLDFT) method, and 
total pore volumes  (Vtotal) were characterized at relative 
pressure of 0.99. Micropore surface area and volume were 
obtained via t-plot analysis. The Raman spectroscopy were 
carried out on a XploRA PLUS intelligent fully automatic 
Raman spectrometer produced by HORIBA, Japan. X-ray 
diffraction measurements were recorded on a PANalytical 
X’Pert Powder X-ray diffractometer (D8 ADVANCE, 
Cu-Kα, 40 kV, 40 mA, and λ = 1.5418 A), 2θ from 5° to 
40° with 0.02° increment. Fourier transform infrared spectra 
(FT-IR) were recorded in the range of 600 to 4000  cm−1 
on a Nicolet (iS 10, USA) FT-IR spectrometer. X-ray 

photoelectron spectroscopy (XPS) were tested on a K-Alpha 
XPS spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA).

2.5  Preparation of supercapacitor electrode

The supercapacitor electrode was prepared by mixing 80 
wt% (4 mg) CMP and 20 wt% (0.5 mg) superconductive 
carbon black. Pour the mixture into a mortar and add 1 drop 
of PTFE aqueous solution (PTFE: deionized water = 1:9) and 
1 drop of ethanol. The suspension was grinded and pasted 
onto the surface of 1 × 1 cm Ni-foam. Then, the Ni-foam 
was pressed with 10 MPa pressure and soaked in 6 M KOH 
aqueous solution for 12 h.

2.6  Electrochemical measurements

All electrochemical measurements were performed by using 
a CHI 660E electrochemical workstation (CHI Instruments, 
China). The experiments were conducted in a 3-electrode 
system with the sample used as the working electrode, a 
Pt-foil and a Hg/HgO electrode were the counter and 
reference electrode, respectively. The used electrolyte was 
6 M KOH aqueous solution with performed tests including 
cyclic voltammetry (CV), galvanostatic charge/discharge 
(GCD), and electrochemical impedance spectroscopy (EIS).

3  Results and discussion

3.1  Synthesis and characterization of CMPs

As shown in Fig. 1, the precursor CMP was synthesized by 
a simple coupling reaction of 4,4'—difluorodiphenyl sulfone 
(DDS) and 4,4'-dihydroxybenzophenone (DHBP) under 
reflux in DMAc in the presence of  K2CO3 (165 ℃, 4.5 h). 
The polymerization process was progressed in a simple 
one-step manner. The resulting pale yellow mixture was 
collected by filtration and washed with DMAc (2 × 15 mL) 
and deionized water (2 × 30 mL), respectivly. After freeze 
drying at -50℃ under vacuum for 24 h, pale yellow pieces 
were obtained. The top view of synthesized CMP was shown 
in Fig. S1. Fig. S2 shows the optic image of the synthesized 
precursor CMP.

The FT-IR spectra of the raw materials DDS, DHBP and 
synthesized CMP are shown in Fig. 2a. It can be observed 
that a pair of stretching vibration peaks of benzene ring 
skeleton appear at 1500   cm−1 and 1600   cm−1, and C-H 
out-of-plane bending vibration peaks appear at 695  cm−1 
and 830  cm−1. C–H stretching vibration peak appears at 
3050  cm−1. The peaks at 1104  cm−1 and 1160  cm−1 of DDS 
and CMP are the stretching vibration of S=O bond and C-S 
bond, respectively. CMP was successfully synthesized with 
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the disappearance of stretching vibration peaks of C-F bond 
in DDS (1300  cm−1) and O–H bond in DHBP (3300  cm−1), 
and the appearance of stretching vibration peak of Ar–O-Ar 
bond in CMP (1250   cm−1), stretching vibration peak of 
C=O bond appeared at 1690  cm−1 and the intermolecular 
hydrogen bond appeared at 3300  cm−1. The surface area 
and pore size of CMP were studied by nitrogen adsorption/
desorption isotherms at 77 K (Fig. S3). At relatively high 
pressures, the hysteresis loop of  N2 adsorption–desorption 
isotherms confirms the presence of mesopores in CMP, 
indicating it is a mesoporous material. In addition, the 
specific surface area of CMP is 13.53  m2  g−1, and the total 
pore volume is 0.015  cm3  g−1.

3.2  Synthesis and characterization of CMP‑Ts based 
carbons

CMP was carbonized and activated with KOH (KOH: 
CMP = 2:1) at different temperatures (700, 800, 900℃) 

to form samples of CMP-700, CMP-800 and CMP-900 
(CMP-Ts). The residues were washed with DI water to get 
the CMP-Ts for supercapacitor electrode.

Raman spectroscopy was used to characterize the 
structure of carbon materials (Fig. 2b). It can be seen from 
Raman spectrum that CMP-Ts has D (disordered) band near 
1360  cm−1 and G (graphite) band near 1605  cm−1. The D 
band corresponds to the  A1g vibration mode, which is due 
to structural defects, and the G band corresponds to the  E2g 
vibration mode, which is generated by the stretching of the 
C–C bond. The degree of disorder of CMP-Ts can be judged 
by the intensity ratio between D band and G band. The  ID/
IG values of CMP-700, CMP-800 and CMP-900 were 1.27, 
1.20 and 0.99, respectively. This indicates that porous carbon 
material has a certain degree of graphitization [33, 34].

The porosities of CMP-Ts were characterized by  N2 
adsorption/desorption isotherms at 77 K (Fig. 2c). It can be 
seen that the shape of the  N2 adsorption isotherm of CMP-Ts 
shows characteristic of a type-I isotherm [35]. At relatively 
low pressure, the adsorption capacity increases sharply, and 

Fig. 2  a FT-IR spectra of the 
reactants and synthesized CMP. 
b Raman spectra of CMP-700, 
CMP- 800, and CMP- 900. 
c  N2 adsorption–desorption 
isotherms of CMP-700, CMP-
800, and CMP-900. d Pore 
size distribution of CMP-700, 
CMP-800, and CMP-900. e 
XRD patterns of CMP-700, 
CMP-800, and CMP-900. f 
XPS survey spectra of CMP and 
CMP-800
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quickly reaches saturation, which confirms the existence 
of a large number of micropores in CMP-Ts. Combined 
with the pore size distribution, it revealed that CMP-Ts 
is a micropore and mesopore material [36] (Fig. 2d). The 
specific BET surface areas and the pore structure parameters 
were summarized in Table S1. The BET surface area of 
CMP was only 13.53  m2  g−1, but it was drastically enlarged 
after activation, especially for CMP-800 (2229.85  m2  g−1). 
The ratio of micropore to total pore volume was also greatly 
increased after activation. The CMP-800 possess a higher 
ratio of micropore than those of CMP-700 and CMP-900.

The crystal structure of CMP-Ts was characterized 
by X-ray diffraction (XRD), as shown in Fig. 2e. Wide 
diffraction bands appear at about 23˚ and weak diffraction 
bands at about 43˚, corresponding to the (002) and (100) 
crystal surfaces of graphite, respectively. At the same time, 
the significantly increased low angle scattering confirmed 
that the porous structure of the material was preserved after 
heat treatment, indicating that the porous carbon material 
has a certain degree of graphitization [37].

The XPS survey spectra (Fig.  2f) of the samples 
present two clear peaks at 285.0 and 532.0  eV, which 
corresponding to C 1 s and O 1 s, respectively. And the S 2p 
signal at 168.0 eV represents the C-S bond [38]. XPS peak 
spectrogram of CMP and CMP-800 were shown in Fig. S4, it 
can be clearly seen that CMP-800 maintains high O (6.57%) 
and S (2.96%) atomic contents, which proves that C, O and 
S elements are contained in the carbon material. The XPS 
spectra also indicate that the O and S atoms maintain their 

chemical structures in the porous carbons successfully. And 
their atomic contents are shown in Fig. S5 and Table S2. 
The fitting peak of C 1 s peak is located at 286.4 eV (C–O) 
and 284.6 eV (C–C). S 2p spectrum contains four peaks, 
representing three types of sulfur, S  2p3/2 (163.7 eV), S 
 2p1/2 (164.8 eV), and oxidized sulfur (-SOX) (168.3 eV and 
169.3 eV). For O 1 s spectrum, the peak at 532.4 eV can 
be attributed to the C–O bond, and the peak at 533.7 eV 
corresponds to the binding energy of the oxygen-containing 
C–O–C functional group. These results indicate that oxygen-
containing functional groups increase the wettability of the 
electrode surface, thus facilitating the entry and infiltration 
of electrolyte into the micropores [34]. At the same time, 
sulfur atoms successfully integrate into the carbon network 
and play an important role in improving the electrochemical 
performance of CMP-800. 

The morphologies of CMP and CMP-Ts were studied by 
scanning electron microscopy (SEM). As shown in Fig. 3a, 
CMP is composed of many small and layered holes with 
uneven morphology (Fig. 3a), which indicates that layered 
CMP has been successfully synthesized. However, compared 
with the pore structure of carbonized CMP-700 (Fig. 3b), 
CMP-800 (Fig. 3c) and CMP-900 (Fig. 3d), these holes 
are more abundant and more obvious, which is caused by 
the activation of KOH in the process of high temperature 
carbonization. It is worth noting that the rich fold and porous 
structure of this series of carbon materials possess increased 
specific surface area and pore volume, providing more active 
sites for the charge accumulation and ion transport of ions. 

Fig. 3  SEM images of a CMP, b CMP-700, c CMP-800, d CMP-900; TEM image of e CMP-800, and HRTEM image of f CMP-800
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This is also in consistent with the excellent electrochemical 
performance of the prepared carbon materials. In addtion, 
the CMP-800 were characterized by TEM in Fig. 3e. The 
observed particle size is in consistent with diameter value 
determined from XRD and surface area measurements. The 
high resolution transmission electron microscopy (HRTEM) 
in Fig. 3f confirms the CMP-800 with good crystallinity and 
thus corresponds well with the XRD results.

3.3  Electrochemical performance

The electrochemical performance of CMP-Ts in 6 M KOH 
aqueous solution was studied. The cell voltage window 
was − 1.0 ~ 0 V. The cyclic voltammetry curves of CMP-
700, CMP-800 and CMP-900 at 50  mV   s−1 scan rate 
show a similar rectangular shape without any redox peaks 
(Fig. 4a), which is typical CV shape of electrochemical 
double-layer capacitors (EDLC) [30]. The slight bumps 
in these CV curves indicate that doped heteroatoms 

participate in the redox reaction and generate partial 
pseudo-capacitance, further enhancing the capacitive 
performance and confirming the effective role of 
doped heteroatoms [38]. Among them, the contribution 
of pseudo-capacitance to the overall capacity was 
investigated in Figure S6-S8 [39]. With the increasing of 
scan rate, the pseudo-capacitance ratio also increased from 
0.8% to 9.8% in the range of 0 to 100 mV/s. In addition, 
the CMP-800 has a large integral area, indicating that 
it has the highest specific capacitance. The excellent 
electrochemical performance is due to its unique porous 
structure, which enables rapid ion transport and diffusion. 
The micropore is the active site of ion adsorption, and the 
mesopore provides a channel for rapid ion transport. CV 
curves of CMP- 700 and CMP- 900 at different scanning 
rates of 5–100 mV  s−1 are shown in Fig. S9, S10. Even 
at very high scan rates, the CV shapes of CMP-Ts barely 
change, indicating that CMP-Ts has the ability of rapid 

Fig. 4  a CV curves of CMP-Ts 
at a potential scan rate of 
50 mV  s−1, b GCD curves of 
CMP-Ts at a current density 
of 1 A  g−1. c Nyquist plots 
(Inset: magnification of the 
high-frequency region), and d 
Magnification performance test 
diagram of CMP-Ts, e Cycling 
stability of CMP-800 at 5 A  g−1, 
(inset) GCD curves of the first 
and the last 10 cycles
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ion diffusion and good charge stability as the electrode 
material for supercapacitors.

Figure 4b shows the constant current charge–discharge 
(GCD) of CMP-700, CMP-800, and CMP-900 samples 
respectively at the current density of 1 A  g−1. It can be 
seen from the figure that the charge-discharge curves of 
the three samples are in an isosceles triangle structure with 
good symmetry. The calculated specific capacitance is 
236 F  g−1, 332.6 F  g−1 and 305.2 F  g−1, respectively. The 
specific capacitance of CMP-800 is the highest, which is 
also in consistent with the results of cyclic voltammetry test. 
Figs. S11 and S12 show the GCD curves of CMP-700 and 
CMP-900 under different current densities respectively. The 
current densities used in the test are as follows: 0.5 A  g−1 
to 10 A  g−1. For a current density of 0.5 A  g−1, the specific 
capacitance can reach up to 375 F  g−1. It can be clearly seen 
from the figure that the discharge time of sample CMP-800 
is the longest, and the specific capacitance of CMP-800 is 
the highest among the samples at different current densities. 
The results are in consistent with the cyclic voltammetry, 
and the well-maintenance of the triangular GCD profiles 
indicate the ideal capacitive behavior of CMP-800 which 
used as a promising material for energy-storage devices.

To obtain the best electrochemical properties, we have 
optimized the carbonization procedures. Among the different 
carbonization temperature, CMP-800 exhibits the largest 
specific capacitance of 332.6 F  g−1 at a current density of 1 
A  g−1 (Fig. 4d). When the current density increased to 10 A 
 g−1, the capacitance of CMP-800 can be still maintained 
at 208 F  g−1, demonstrating a good capacitance retention 
capability. The ratio of KOH and CMP for activation was 
also optimized in Fig. 5c. When the ratio of KOH: CMPs is 
2:1, the obtained material exhibits the highest capacitance.

Figure 4c shows the AC impedance maps of samples 
CMP-700, CMP-800, and CMP-900. The Nyquist diagram 
mainly consists of two parts: the semi-arc part in the high 
frequency region and the linear part in the low frequency 
region. The half-arc part represents the charge transfer 
resistance Rct, and the smaller the half-arc diameter is, 
the smaller the charge transfer resistance is [40]. The 
linear part is related to the diffusion of electrolyte ions 
in the electrode material. The higher the slope, the faster 
the diffusion, and the faster the formation rate of double 
electric layer [41, 42]. In addition, the intercept between 
the semicircle and the X-axis in the high-frequency region 
represents the solution resistance Rs, which including the 
resistance of the electrode material itself, the electrolyte 
resistance and the contact resistance between the electrode 
and the fluid collector, etc. [43]. It can be seen from the 
figure that the Rs of CMP-800 is slightly smaller than 
CMP-700 and CMP-900, indicating that carbonization 
to 800 ℃ can effectively reduce the solution resistance 
of the sample. Meanwhile, in the linear part of the low 

frequency region, the slopes of CMP-800 and CMP-900 
are similar and significantly higher than that of CMP-
700, indicating that electrolyte ions are diffused faster in  
electrode materials at carbonization temperatures of 
800 ℃ and 900 ℃. This result is in consistent with the test 
results of constant current charge–discharge.

The cyclic stability of electrode material has great 
influence on the performance of supercapacitor. At present, 
most electrode materials based on organic materials 
and inorganic metal oxides are slightly inadequate in 
terms of cycle stability [44]. As shown in Fig. 4e, the 
cyclic stability of CMP-800 was tested for 1000 times of 
continuous charging and discharging at 5 A  g−1 of current 
density. The results show that the specific capacitance 
remains almost constant during the test. The constant 
current charge–discharge curves of the last 10 cycles still 
maintain a symmetrical triangle (Fig. 4e), showing good 
long-term and stable cyclic performance. After 1000 
cycles, the sample capacity retention rate is 98.8%, and 
the coulomb efficiency is as high as 99.66%, which is 
due to the carbonized material has good stability, high 
conductivity, large specific surface area and high porosity. 
In addition, after 10,000 cycles at 10 A  g−1 current density, 
the capacity retention rate and coulomb efficiency are 
96.3% and 98.26%, respectively (Fig. 5e).

The power density and energy density of the 
supercapacitor (calculated by Eq. (3)) are measured and 
calculated in the dual-motor system, and the results are 
shown in the Ragone diagram (Fig. 5d) [35]. When the 
power density is 5000  W  kg−1, the energy density of 
CMP-800 reaches 28.8 Wh  kg−1, which is better than 
that of porous carbon materials previously reported [37, 
44–48]. Meanwhile, two symmetrical snap supercapacitors 
in series can successfully light a small LED (2.0  V) 
bulb (Fig.  5f). In conclusion, CMP-800 has good 
electrochemical performance, and its specific surface area, 
porosity and heteroatom content achieve the best balance.

The constant-current charge–discharge curves (GCDs) 
of the electrode was tested in a three-electrode system, and 
the specific capacitance (C,  F−1) was calculated by Eq. (1).

where I is the discharge current, t is the discharge time, m is 
the mass of electrode active materials (working electrode), 
and V is the voltage window. In the two-electrode system, 
the mass specific capacity of the assembled supercapacitor 
(C, F  g−1) was calculated from galvanostatic discharge 
curves based on Eq. (2), the energy density (E, Wh  kg−1) 
and power capability (P, W  kg−1) were obtained via Eqs. (3) 
and (4).

(1)C =
It

mV
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(2)C =
4It

mV

(3)E =
CV

2

28.8

(4)P =
3600E

t

  where I is the discharge current, t is the discharge time, m 
is carbon material mass of electrode active materials, and V 
is the voltage window.

4  Conclusions

In summary, we have demonstrated a simple one-step 
coupling reaction method for the synthesis of CMPs as 
a precursor of heteroatomically doped porous carbon 

Fig. 5  a CV curves at different 
potential scan rates from 5 to 
100 mV  s−1, b GCD curves 
at different current densities 
from 0.5 to 10 A  g−1, c GCD 
curves at different ratios of 
KOH and CMP-800 at 1.0 A 
 g−1, d Ragone plot (Energy 
density vs. Power density) and 
e Cycling stability at 10 A  g−1 
of CMP-800, inset: the GCD 
curves of the 1st, 5000 th and 
10,000 th cycles, f Image of a 
light-emitting LED powered by 
two buckle batteries
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(HPCs). The optimized CMP-800 electrode has a large 
specific surface area and high porosity, and a specific 
capacitance of 375 F  g−1 when the current density is 0.5 A 
 g−1. When the power density is 5000 W  kg−1, the energy 
density is 28.8 Wh  kg−1. After 1000 cycles at 5 A  g−1 
current density, the capacity retention rate is maintained 
at 98.8% and the coulomb efficiency is maintained at 
99.66%. These results open up a new way to synthesize 
HPCs and expand the application in high performance 
supercapacitors.
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