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Abstract. Honeycomb nitrogen-doped porous carbon (NPC) was prepared for supercapacitor applications
by hydrothermal carbonization and KOH activation process. This process used glucose as the carbon source
and trans-1, 2-cyclohexane diamine tetraacetic acid as the nitrogen source. It can both control the morphology and improve the electrical performances of the as-achieved NPC. The porous carbon electrode
offers improved electrochemical properties with a capacitance as high as 423 F/g at 0.5 A/g. There was
excellent cycling stability with 92.5% capacitance retention after 5000 cycles at 10 A/g current density as
well as good rate performance with 300 F/g even at 20 A/g. This is due to the hierarchical porous structure,
high specific surface area, numerous nitrogen groups, and good electrical conductivity. Moreover, the
symmetric supercapacitor based on the porous carbon materials in neat DLC301 electrolyte delivers a high
energy density of 58.75 Wh/kg and an excellent power density of 250 W/kg. Two assembled supercapacitors were connected and utilized for the driving recorder to work normally for 15 s. These satisfactory
electrochemical properties indicate that the honeycomb 3D porous carbon has good prospects as an
electrode for supercapacitors.
Keywords. Honeycomb; 3D porous carbon; CDTA; Supercapacitors.

1. Introduction
Supercapacitors (SCs), also known as electrochemical
capacitors or ultra-capacitors, have attracted much
attention because of their good energy density, high
power density, long-term cycling stability, simple
principle, and high dynamics of charge propagation.1–3 Activated carbons,4,5 conducting polymers,6
graphenes,7 metal oxides/nitrides,8 and carbon nanotube9 are often used as electrode materials for SCs.
Activated carbon attracts more attention from
researchers compared to other materials because it is
readily available and low cost with a high specific
surface area, good conductivity, good cycle performance and strong corrosion resistance. Glucose is the
most common carbon source. However, due to the
absence of appropriate structural directing agents,
glucose is often used as a carbon source with only a
*For correspondence

smaller specific surface area and lower specific
capacitance.
Xie et al., synthesized the 3D porous carbon from
glucose. The 3D porous carbon was activated by
hydrothermally treating the sample for 8 h followed by
KOH activation process. The 3D porous carbon-specific
surface area is only (2492.6 m2/g), but the specific
capacitance is only 299 F/g at 0.5 A/g.10 An aerosolassisted method was reported by Zhan et al., to prepare
N-HCSs through the amino groups of glucosamine. This
affects the co-assembly between glucosamine and glucose resulting in a hollow structure. However, the hollow carbon has a specific capacitance of only 266 F/g at
0.2 A/g.11 Therefore, it is very important to find a suitable catalyst to promote glucose to produce better threedimensional structure and larger specific surface area
after being activated. Thus, it is also very important to
improve the specific capacitance of glucose as an electrode material.
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Maria et al., found that the dielectric properties of
NiFe2O4 nanoparticles can be improved via the oxygen-containing functional groups in EDTA.12 EDTA
has an oxygen-containing functional group, and the
surface-active agent can be used at a high temperature
to form a defect on the surface of the sample; the
physical properties of the material are improved.
CDTA contains four carboxyl groups and two nitrogen
atoms. When it is used as a nitrogen source, nitrogen,
and oxygen-containing functional groups can be
introduced simultaneously. The carboxyl groups contained in the sample table react with the activator
during the activation process so that there is better
contact of the activator with the sample leading to the
foundation for the next activation.13 Nitrogen doping
can significantly enhance the surface polarity of the
material, improve the electrochemical activity and
conductivity of the material, and introduce more active
sites to improve the electrochemical performance of
the material.14–16
Here, we focus on the development of nitrogenoxygen co-doping 3D porous carbons for supercapacitors, which can achieve simultaneous improvement in the structure, specific surface area, specific
energy, and power performance. Nitrogen oxygen codoping of 3D porous carbon was achieved with a high
specific surface area via a hydrothermal method and
KOH activation process. This activated carbon possesses a high SSA up to 1946.8 m2/g and displays an
outstanding electrochemical performance with a substantially high specific capacitance (up to 423 F/g at
0.5 A/g), excellent cycling stability (7.5% capacitance
loss after 5000 cycles), and good rate performance
(71% capacitance retention at 20 A/g). Moreover, the
symmetric cylindrical supercapacitor with A 8 9 25
mm size based on the porous carbon materials in neat
DLC301 electrolyte delivers a high energy density of
58.75 Wh/kg and an excellent power density of 250
W/kg.
2. Experimental
2.1 Synthesis of materials
Glucose (C6H12O6H2O, C98%, Xilong Scientific
Co.), CDTA (C14H22N2O8, C97%, Aladdin) and
potassium hydroxide (KOH, C85%, Xilong Scientific
Co.) was used as carbon source, nitrogen source, and
activation agent, respectively. The nitrogen-doped
activated carbon was prepared via hydrothermal carbonization and KOH activation. First, glucose (4 g)
and CDTA (2 g) were dissolved in 80 mL distilled
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water under constant stirring for 6 h at room temperature. The resulting solution was transferred to a
100 mL Teflon-lined steel autoclave and keep at
180 °C for 24 h in the oven. The resulting product was
washed with distilled water and ethanol several times
and then dried at 80 °C for 24 h. Next, the as-achieved
precursor and KOH with 2:1 mass ratio were thoroughly mixed via grounding in an agate mortar for 1 h
followed by annealing at 700 °C for 2 h under an N2
atmosphere with a heating rate of 3 °C/min. The asachieved NPC materials were washed several times
separately with 0.2 M HCl solution and deionized
water until the pH of the leach liquor was approximately 7. Finally, the samples were dried in an 80 °C
oven for 24 h. The obtained samples were named as
NPC-x where x is the CDTA mass. Figure 1 shows a
schematic of the NPC preparation process.
2.2 Characterization of materials
The microstructure of the NPC was characterized by
scanning electron microscopy (FE-SEM, FEI Tecnai450, USA) and high-resolution transmission electron
microscopy (TEM, Hitachi JSM-1200EX, JEOL Ltd,
Japan) equipped with an energy-dispersive X-ray
spectrometer (EDS). X-ray diffraction (XRD) patterns
were obtained by an X-ray diffractometer (XRD, D8
Advance, Germany). The pore structure was determined by nitrogen adsorption/desorption isotherms at
77 K (Autosorb iQ2, Quantachrome Sorptometer,
USA). The pore size distribution was derived from the
desorption branch of the isotherm based on the nonlocal density functional theory (DFT). The specific
surface area (SSA) was calculated by the BrunauerEmmett-Teller (BET) equation. The structure of the
carbon materials was characterized by Raman spectrometry (UK). X-ray photoelectron spectrometry
(XPS, Thermo Scientific Escalab 250Xi, USA) was
used to characterize the chemical composition.

2.3 Electrochemical measurements
A three-electrode test system was used to characterize
the properties of the material on a CHI660D electrochemical workstation (Shanghai Chen-Hua Instruments Co., China). The test was carried out in 6 M
KOH solution at room temperature. A platinum foil
was used as the counter electrode, and a mercury
oxide electrode was used as the reference electrode.
The working electrode was prepared by mixing the
active material with acetylene black and
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Figure 1. NPC preparation process.

polytetrafluoroethylene micro powder at a mass ratio
of 8:1:1 and then adding a small amount of anhydrous
ethanol. The mixture was then dried in an oven at
80 °C for 1 h, and the active material was pressed into
a disk with a diameter of 0.8 cm at a pressure of
10 MPa. The active material produced in the previous
step was placed between two identical foamed nickels
(1 cm 9 1 cm). Finally, it was pressed into a sheet
shape as a working electrode with a pressure of 5 MPa.
The method of making supercapacitors refers to the
current method of manufacturing supercapacitors in
industrial production: Ingredients ? mixing ?
electrode ? cutting ? assembly ? injection ?
activation ? detection. We made a pin-type supercapacitor with a diameter of 8 mm and a height of 25
mm. Cyclic voltammetry (CV) was used to study the
specific capacity of the sample including constant
current technology (CP) and electrochemical impedance spectroscopy (EIS) techniques. EIS was performed from 10 Hz to 100 kHz under open-circuit
voltage with an alternate current amplitude of 5 mV.17
The specific capacitance of the three-electrode
system was calculated using the following
formula:10–18
C¼

IDt
mDV

ð1Þ

Here, C is the specific capacitance (F/g), I is the
discharge current (A), Dt is the discharge time (s), m
represents the mass of active material in the electrode
(g), and DV is the potential change in discharge (V).
The specific energy density (Ecell) and specific
power density (Pcell) for symmetrical supercapacitors
were also calculated based on the following formulas:
Ecell ¼

CgDV 2
2  3:6

ð2Þ

Pcell ¼

3600  Ecell
Dt

ð3Þ

Here, Cg is the specific capacitance of asymmetric
supercapacitor calculated from the discharge curves
based on the total mass of electroactive materials in
two electrodes, DV is the voltage range and Dt is the
discharge time.19
3. Results and discussion
3.1 Morphological and structural
characterization
The morphology of the NPCs was observed under
SEM (Figure 2). Figure 2(a), shows materials without
CDTA as a structure-directing agent the surface of
these samples is smooth and there is no pore formation. This is in sharp contrast to other samples and
indicates that the introduction of CDTA is beneficial to
the generation of material pores. Since the amount of
CDTA incorporated in the sample is different, the
number of pores generated on the surface of the
sample is also different (Figure 2(b), 2(c) and 2(d)).
Only the slightly cool pores are formed on the surface
of the sample (Figure 2(b)), while a large number of
pores exist on Figure 2(c) and 2(d). However, the
structure of the sample was partially damaged due to
some extent the introduction of more CDTA. The
structure of the material collapsed and did not maintain a perfect 3D skeleton structure (Figure 2(d)).
Figure 2(c) shows that when the mass ratio of glucose
to CDTA is 2:1, the compound is mixed with KOH
and activated at a high temperature to obtain a porous
carbon material having a perfect 3D skeleton structure.
A large number of mesoporous and microporous
materials provide more abundant surface area for
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Figure 2. Panel (a) is an SEM image of the sample NPC. (b), (c), and (d) are SEM images of samples NPC-1, NPC-2, and
NPC-3.

charge storage as well as increased ion transfer rate
and reduced internal resistance.
The microstructure of sample NPC-2 was observed
by the TEM. Panel (a) and (b) of Figure 3 show that
the sample has a porous structure, and the interior of
the three-dimensional sample is composed of a porous
network. The 3D porous structure is interdigitated to
form a network structure, and this network structure
accelerates the diffusion of the electrolyte. A honeycomb three-dimensional porous carbon is due to the
KOH activation. The elemental map is shown in
Figure 3(c), (d), and (e) showing uniform distribution
of C, N, and O in the NPC-2 sample. Moreover,
energy dispersive X-ray spectroscopy shows that the
chemical composition of C:O:N is 89:9:2 (weight
ratio). The electrochemical performance of carbon
nanosheets can be enhanced because atomic doping
can improve the capacitive properties of carbon
materials.
XRD patterns of the four samples are shown in
Figure 4a. All samples have two diffraction peaks
centered at 2h = 29.32° and 42.34° corresponding to
the (002) and (100) crystal planes, respectively. These
features represent the dominant features of amorphous
carbon, which is formed by crystal defects.20,21 The
reason maybe that N replaces the C on the (002)

surface, which is the surface of the crystal space is
reduced, resulting in a larger angle of the XRD
diffraction peak.22 The wide shape and low intensity
of the diffraction peaks imply that the carbon material
has a disordered structure.23 Raman spectroscopy also
demonstrates the graphitized structure of the material.24 Typically, the D band at *1350 cm-1 corresponds to defect sites or disordered sp3-hybridized
carbon atoms of graphite, and the G band at *1580
cm-1 corresponds to the phonon mode in-plane
vibration of sp2-bonded carbon atoms.25 The intensity
ratio of D band to G band (ID/IG) is generally used to
determine the degree of crystallization or defect density of carbon materials.26 Figure 4b shows that (ID/IG)
of samples NPC-1 NPC-2 NPC-3 and NPC-0 are 1.03,
0.96, 1.00 and 1.05, respectively. A higher (ID/IG)
ratio, implies a smaller degree of graphitization. The
higher degree of graphitization increases the stability
of the carbon material, which is consistent with the
XRD data.
The surface composition of the NPC-2 was subsequently investigated by XPS analysis, which indicates
that the NPC-2 mainly contains C, N, and O. This is
uniformly dispersed in the carbon substrate and corresponds to TEM observation (Figure 4d, e, and f).
Figure 5a shows that the XPS survey results have C 1s
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Figure 3. TEM images of NPC-2 (a) and (b) different magnifications; (c), (d) and (e) energy dispersive X-ray
spectroscopy (EDS) pattern of NPC-2.

Figure 4. (a) XRD patterns of NPC-0, NPC-1, NPC-2, and NPC-3. (b) Raman spectra of NPC-0, NPC-1, NPC-2, and
NPC-3.

(284.1 eV), N 1s (400.1 eV), and O 1s (532.1 eV)
peaks. The inset in Figure 5a details the elements in
the NPC-x materials via XPS analysis. The results
confirm the successful synthesis of N/O co-doped
carbon material. This is consistent with the EDS data.

To highlight the N/O-doping configurations in the
carbon matrix, both O 1s and N 1s XPS spectra were
deconvoluted to estimate the contribution of different
O and N species. The narrow spectrum of C 1s of
sample NPC-2 (Figure 5b) confirms that the high-
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Figure 5. (a) XPS survey scan of NPC-2. (b)C 1s, (c)N 1s, and (d) O 1s.

resolution spectrum of C 1s at 284.8 eV can be divided
into three peaks: C=C (284.4 eV), C-O (286.8 eV), and
C=O (288.9 eV).
Figure 5c shows that the N 1s spectra of NPC-2
can be convoluted into four spectral peaks, that are
located at 398.7, 399.6, 401.8 and 403 eV, respectively.27 The peak at around 398.7 eV can be
assigned to the pyridine nitrogen. The peak close to
399.6 eV is the pyrrole nitrogen while the other two
peaks near 401.8 eV and 403 eV can be attributed to
graphitic nitrogen and pyridine oxynitride, respectively.28 The doped nitrogen species (especially
pyridinium and pyrrole) can produce more active
sites and nanopores; graphitic nitrogen can improve
the conductivity of the carbon facilitating the transport and storage of ions. This improves the electrochemical performance of the material. Figure 5d
shows that the O 1s peak can be divided into three
different binding configurations, including –COOH
(533.24 eV), C-O/C-OH (532.4 eV), and C=O
(531.38 eV).29 The presence of oxygen-containing
functional groups in the sample sets the stage for
further activation.30

The prepared carbon material was first characterized
by nitrogen adsorption at 77.3 K. The specific surface
area calculated by the DFT method was 1946.8 m2/g.31
The larger specific surface area confirms that it can
effectively accommodate electrolyte ions and accelerate the migration rate of electrons, thereby increasing the specific capacity of the capacitor. Figure 6a
clearly shows that NPC-2 exhibits the largest surface
area and more significant hysteresis loop (type IV
isotherms) at relative pressures (P/P0) between 0.3 and
0.9, demonstrating a predominantly mesoporous
structure.10 The sharp increase in the adsorption volume indicates the presence of micropores at low relative pressures. The relative pressure in the middle
indicates that there are abundant mesopores. When the
relative pressure is near 1, an inclined line segment
can be seen, indicating that there are large pores in the
sample.32 The pore size distribution was analyzed via
the BJH technique (the pore size of ranging from
1.0 nm to 2.9 nm) (Figure 6b). The good pore structure
can shorten the charge transfer distance and increase
the transport of electrolyte ions, thereby improving the
electrochemical performance of the material.
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Figure 6. (a) N2 adsorption/desorption isotherms and (b) BJH pore size distributions of NPC-1, NPC-2, NPC-3, and NPC0.

3.2 Electrochemical performance of NPC
electrodes
NPCs are expected to be ideal electrode materials due
to their 3D porous architecture, high specific surface
area, abundant oxygen–modification, and moderate
nitrogen-doping. The electrochemical tests were first
performed with 6 M KOH solution as the electrolyte in
a three-electrode test system. Figure 7a shows that
when the current density was 0.5 A/g, the specific
capacitance values of NPC-1, NPC-2, NPC-3, and
NPC-0 are 372 F/g, 423 F/g, 347 F/g, and 88 F/g,
respectively. The maximum discharge time and the
minimum iR drop (0.009 V) of the NPC-2 electrode
reveal its optimal capacitance and superior conductivity. Table 1 shows the specific capacitance of NPC
compared with other carbon materials reported
recently. Figure 7b shows that the CV curves of
samples have a very similar rectangular shape,
implying an ideal double-layer capacitive behavior.33
It is also an indicator of the combined effects of
electric double-layer capacitance (EDLC) and pseudocapacitance (oxidation or reduction reaction) caused

by the existence of active nitrogen and/or oxygen
heteroatoms.17 The areas of the CV curves of samples
NPC-1, NPC-2, NPC-3, and NPC-0 in the figure are
0.215, 0.227, 0.212, and 0.164. The area of the NPC-2
curve is the largest in the sample tested indicating that
sample NPC-2 has more mesopores to facilitate the
rapid transport of electrolyte ions and shorten the
diffusion distance of the electrolyte to the internal
microporous surface. NPC-2 has the largest area,
which is consistent with the CP curve data.
The energy generated by electrochemical impedance spectroscopy (EIS) from 0.01 Hz to 100 KHz
yields the Nyquist plot (Figure 7c). The nearly vertical
plot of the low-frequency region revealed their doublelayer charge-storage mechanism. The small semicircles of NPC-2 electrodes at the middle-frequency
region suggested their low charge transfer resistance.34,35 According to the equivalent circuit (Figure 7c inset), the charge-transfer resistance of NPC-2
was 0.14 X, which is the lowest due to its suitable surface properties. Zooming in the high-frequency region, a small 45° of transition could be
observed. This suggested good ion diffusion velocity

Figure 7. Electrochemical performance characteristics of NPC-0, NPC-1, NPC-2, and NPC-3 measured in a threeelectrode system in the 6 M KOH electrolyte. (a) CV measurements of NPC-0, NPC-1, NPC-2, and NPC-3 at a scan rate of
80 mv/s in a voltage range of - 1.0-0.0 V. (b) Galvanostatic charge-discharge curves of the electrodes at 0.5 A/g.
(c) Nyquist plots of the electrodes.
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Table 1. In a three-electrode test system, the carbon materials were tested at a current density of 1 A/g.
Sample
a-NENCs
Alm-P-K-800
NPCC2-700
ACF-rGO-N
HM-24
C-900
C-1000
PMC-850
NPC-2
a

Specific surface area (m2/g)
420
1877.8
2604.7
1403
1144
931
1107
810.3
1943

Electrolyte
6.0M
6.0M
6.0M
6.0M
6.0M
6.0M
6.0M
1.0M
6.0M

KOH
KOH
KOH
KOH
KOH
KOH
KOH
H2SO4
KOH

N%

O%

Specific capacity (F/g)

8.2
1.0
4.22
12.0
0.75
8.47
3.9
6.04
1.17

19.2
12.0
15.64
3.0
5.02
4.02
0
5.83
9.8

385
228
311
235
280
210
254
235.7a
391

Ref.
36
37
38
39
40
16
41
42

This work

Specific capacitance at a current density of 0.25 A/g.

in NPC-2. These results demonstrated that the NPC-2
coule serve as a supercapacitor electrode.31
The samples were tested with galvanostatic chargedischarge (GCD) experiments at the same current
density; the cyclic voltammetry (CV) analysis occurred with the same voltage windows. In Figure 8a, all
GCD curves exhibited similar shapes, and the discharge times gradually decreased with increasing
current density (0.5-10 A/g), demonstrating the presence of Faradaic effects.43,44 Figure 8b shows that as

the scan rate increases, the rectangular CV curve of
NPC-2 electrode is only slightly distorted suggesting
low contact resistance and facile ion transport within
NPC-2 electrode materials.23 The CV curve of the
rectangle is slightly distorted with increasing scanning
speed, which is consistent with the GCD curve.
Figure 8c compares the specific capacitance retention
ratio of the sample at a current density of 0.5-20 A/g.
At higher current density, the specific capacitance
slightly decreases due to the spatial limitations of

Figure 8. (a) GCD cures tested at 0.5-10 A/g. (b) CV curves tested at scan rates of 5-100 mV/s. (c) The correlation of
specific capacitances with current densities.
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materials over which ions can only partially penetrate
into the microspores.45 The specific capacitance
retention ratio at a current density of 20 A/g is 71%
that of 0.5 A/g. Also, the electrode material shows
good cycle stability. When the current density is
10 A/g, the specific capacitance retention rate is as
high as 92.5% after 5000 cycles (Figure 8d).

3.3 Electrochemical performance of the ionic
liquid electrolyte-based symmetric supercapacitors
Nitrogen-oxygen co-doping carbon plays an important
role in energy storage devices because heteroatom doping plays a positive role in increasing the capacity of the
material. To further attest the capacitive performance of
the NPC electrode in a supercapacitor, an asymmetric
supercapacitor based on NPC was developed in DLC301
(Solute: tetraethylammonium tetrafluoroborate, solvent:
acetonitrile) electrolyte in an EDLCs system.
The device performance was analyzed by CV
testing. The CV curves of the symmetrical SC were
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obtained at 100 mV/s in different potential windows
(from 1 to 2.7 V; Figure 9a). The area of the CV
curve increases as the potential increases from 1 to
2.7 V. The CV curve remains unchanged even at a
potential window of 2.7 V, which suggests the device
is stable enough at higher potential value. The CV
curves of symmetrical SC were acquired at scan rates
ranging from 50 to 200 mV/s. Figure 9b shows that
with the stable operating voltage window of 0–2.7 V.
Figure 9c shows that the symmetric supercapacitor
was cycled for 1000 cycles at a current density of
100 mA with specific capacitance retention of
97.84%. The corresponding Ragone plot was presented in Figure 9d. The energy density and power
density of the symmetric supercapacitors are 58.75
Wh/kg and 250 W/kg, respectively. These are better
than the previously reported carbon materials with
the same or different electrolytes (Table 2). As the
maximum working voltage reaches 2.7 V, two
assembled supercapacitors were connected and utilized to perform as a driving recorder to work normally for 15 s (Figure 9d).

Figure 9. (a) CV curves of the NPC-2 device measured at different operating voltages at a constant scan rate of 100 mV/s.
(b) CV curves of the EDLCs device at different scan rates. (c) Cycling performance of NPC-2 based supercapacitor.
(d) Applying two supercapacitors with the power to make the driving recorder work properly.
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Table 2. Comparison of energy density and power density of various carbon materials.
Sample

Electrolyte

Electrode
system

N, S co-doped graphene aerogel
S, P co-doped activated graphene
aerogel
CSG
Carbon nanotubes-2900
N, S co-doped graphene
NPC

EMIMBF4
EMIMBF6

2
3

101.00
88.50

1.00
5.30

46

EMIMBF4
EMIMBF4
6 M KOH
DLC301

2
2
2
2

87.50
45.00
29.40
58.75

1.50
4.00
10.00
0.25

48

4. Conclusions
In summary, we have introduced both oxygen-containing functional groups and nitrogen elements in this
system. CDTA is the nitrogen source, and it contains
four carboxyl groups. During the activation process,
the sample is fully activated via the oxygen-containing
functional group to obtain honeycomb three-dimensional porous carbon. The obtained porous
carbon material has a large specific surface area
(1946.8 m2/g). This porous carbon material has
excellent properties for use in large-capacity energy
storage materials. The specific capacitance can reach
423 F/g at a current density of 0.5 A/g. Moreover,
NPC-2 has good cycle performance as an electrode
material. When the current density is 10 A/g, the
specific capacitance retention rate after 5000 cycles is
as high as 92.5%. Two assembled supercapacitors
were connected and utilized to drive the recorder to
work normally for 15 s. Moreover, the symmetric
cylindrical supercapacitor with a size of A8 9 25 mm
size based on the porous carbon materials in neat
DLC301 electrolyte delivers a high energy density of
58.75 Wh/kg as well as an excellent power density of
250 W/kg. Therefore, NPC-2 has good prospects for
use in new energy storage materials.
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