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ABSTRACT: To build a high-performance supercapacitor,
chemical surface modification and hierarchically porous
construction are two widely adopted routes for electrode
materials design. Unfortunately, they are suffering from
perplexing steps and low yield. Herein, we reported an in
situ direct method to massively prepare hierarchically porous
carbide-derived carbons with nitrogen and chlorine co-doping
(CDCs-N/Cl) via etching TiC0.5N0.5 in chlorine-containing
atmosphere. The as-prepared CDCs-N/Cl with high ratio of
heteroatoms exhibited superhydrophilicity and delivered a
maximum specific capacitance of 277.7 F g−1 in 6 M KOH,
which is the highest value among all the reported CDC materials. Besides, the assembled asymmetrical supercapacitor shows
remarkable specific capacitance of 233.4 F g−1, and 97% initial capacitance can be retained after 20,000 cycles at 2 A g−1,
revealing excellent cycling stability. This work is expected to pave a new way for rapid and scalable supercapacitive electrode
materials production.

KEYWORDS: hierarchical pores, heteroatoms doping, carbide-derived carbons, supercapacitors, superhydrophilicity,
electrochemical performance

■ INTRODUCTION

Featured with high power capability, fast charge/discharge
rate, and remarkable cyclability, supercapacitors are widely
employed as power sources in modern electric vehicles,
portable electronics, and many others.1−5 Hierarchically
porous carbons with high specific surface area (SSA) are
popular electrode materials for supercapacitors owing to their
tunable pore size, high electrochemical stability, and decent
conductivity, which can facilitate both electron transportation
and ion permeability to enhance both energy and power
density.6−9 To design the desired carbon electrode for
supercapacitors, both material inner hierarchical porous
structure and surface wettability are very critical factors. On
one hand, a proper pore size can not only promote ion
desolvation10,11 but also provide fast ions transport pathways
with a minimized resistance for ion moving.12−14 On the other
hand, to improve the electrode wettability, introducing
hydrophilic functional groups (carbonyl, epoxy, and so on)
and doping with heteroatoms (such as N, S, P, and Cl, etc.) are
two widely recongnized techniques. For instance, N doping
can not only improve the electrical conductivity, increase the
charge screening ability of carbon, but also facilitate charge
transfer across the electrode/electrolyte interface, introducing

pseudocapacitance to enhance the capacitance of super-
capacitors.15−24

Carbide-derived carbons (CDCs) have stood out recently in
all the porous carbon materials by delivering ultrahigh
capacitance, originating from the accurate control of the pore
size distribution (PSD) for the desolvated electrolyte ions.25,26

As novel porous carbons, CDCs are commonly generated from
selectively extracting metal or metalloid atoms from various
carbides (including TiC, SiC, Mo2C, Fe3C, B4C, and NbC,
etc.) lattice layer by layer at an elevated temperature in a
chlorine-containing atmosphere.27−33 Among all these car-
bides, TiC with a small and uniform C−C bond length can
result in narrowly distributed porous carbons, which makes it a
promising precursor to produce CDCs.34 Gogotsi et al. have
demonstrated that the TiC-CDC electrodes can deliver
ultrahigh capacitance, originating from both the accurate
control of the PSD and matching pore diameter with the size
of the desolvated electrolyte ions.10 However, the capacitance
decreases quickly with increasing voltage scan rate or current
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density because the electrolytes cannot swimmingly transport
in small pores of carbon electrodes.35 However, hierarchical
porous structure with mesoporous channel pores and the
micropores drilled on the mesopore walls are beneficial to
maintain high capacitance and simultaneously achieve excellent
rate capability.36

In this regard, CDCs is a promising candidate as desired
electrode materials for high-performance supercapacitors, but
they still suffer from the perplexing synthesis steps and low
yield largely, hindering their further advancement for practical
usage. Herein, we present an in situ direct method to massively
prepare hierarchically porous carbide-derived carbons with
nitrogen and chlorine co-doping (CDCs-N/Cl) via etching
(TiC0.5N0.5) in chlorine-containing atmosphere. With increas-
ing chlorination temperatures, the microstructure gradually
transformed from amorphous carbons to ordered graphite
ribbons and carbon onions. And the contents of N and Cl
atoms were decreased due to the thermal decomposition of
carbon nitrides and the removal of remnant chlorines. With
optimized electrode wettability, heteroatoms-doped levels, and
the porosity, the as-fabricated supercapacitors possess combin-
ing advantages of multi-heteroatoms doping for additional
pseudocapacitance and hierarchically micro- to mesoporous
channels for fast ion transport. As a consequence, the CDCs-
N/Cl demonstrated a collection of compelling features,

including ultrahigh specific capacitance (277.7 F g−1), good
rate capability, and excellent capacitance retention (97%
retainability after 20,000 cycles at 2 A g−1). In a word, this
work reported an efficient method to rapidly and massively
produce electrode materials. It is expected to pave a practical
way for electrode materials design toward high-performance
energy storage systems.

■ RESULTS AND DISCUSSION
To synthesize CDCs-N/Cl, the rock-salt structure TiC0.5N0.5
powders were used as chlorination precursor, as the scanning
electron microscopy (SEM) image and sketch respectively
shown in Figure 1a,b. Detailed experimental methods are
presented in the Experimental Section (Supporting Informa-
tion). Due to the strong oxidizing ability of Cl atoms, the Ti
atoms were extracted from TiC0.5N0.5 via Ti−C and Ti−N
bonds breakage, forming solid CNxCly to obtain N and Cl co-
doping, while releasing gaseous TiCl4 and N2 with the Ar flow.
The fabrication process of the CDCs-N/Cl is straightforward
and compatible with possible large-scale synthesis.
Via varying the chlorination temperatures, the blocked

TiC0.5N0.5 was transformed into carbon lumps and/or
corrugated sheets. At the chlorination temperature of 700 °C
(CDC-N/Cl-700), amorphous structure was observed with-
large amount of corrugated lamella carbon, as seen in the SEM

Figure 1. (a) A SEM image of the used TiC0.5N0.5 powders. (b) Cubic crystal structure of TiC0.5N0.5. SEM image and its microstructure schematic
diagram of (c) CDC-N/Cl-700, (d) CDC-N/Cl-800, and (e) CDC-N/Cl-1000. Dashed circles indicated the corrugated domains. (f) Photography
of CDC-N/Cl-800 powders dispersed in deionized water at a concentration of 1.5 mg mL−1 and the bottle of mixture staying still after 1 month.
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image shown in Figure 1c. The transformation of block-shaped
carbons into corrugated morphologies is mainly ascribed to
the thermodynamics of carbides reaction with chlorine. At
relatively low temperature, the undesired CCl4 can be formed
based on the reaction equation of C(s) + 2Cl2(g) → CCl4(g),
which has broken down the carbon framework and resulted in
shrinking in different directions to form corrugated lamella
carbon,37 while in the temperature range from 800 °C (CDC-
N/Cl-800) to 900 °C (CDC-N/Cl-900), the corrugated
lamella carbon gradually decreases with the shorter complete
chlorination time of CDC-N/Cl-800 (Figures 1d and S1). At
chlorination temperature of 1000 °C (CDC-N/Cl-1000), it
shows a single block-shape morphology due to the shorter
reaction time and turns into an onion-like crystalline shape
(Figure 1e). The introduction of N and Cl heteroatoms into
the carbon lattice will not only design the hierarchically porous
structure but also improve the hydrophilicity of the carbon
material. The obtained CDCs-N/Cl were mixed with
deionized water at a concentration of 1.5 mg mL−1, and no
precipitation was observed even when the dispersion stayed
still for 1 month (Figures 1f and S2).
To further investigate the chlorination temperature depend-

ent morphology variation of CDCs-N/Cl, transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) were employed (Figures 2 and
S3). A large number of pores were presented on the carbon
surface owing to the Cl/Ti atoms reaction in the lattice
framework and releasing of gaseous TiCl4. All the CDCs-N/Cl
samples presented abundant of micro- to mesopores. Both the
pores’ size and density were first increased with the elevation of
chlorination temperatures, and maximized at 800 °C. With
further increasing of the temperature, partial pores started to
disappear (Figures 2a−c and S3a). HRTEM was also utilized
to verify the temperature resulted structural differences. Almost
disordered carbons were observed for CDC-N/Cl-700 (Figure
2d). While partially ordered graphite lattice accompanying
with predominant disordered amorphous carbon were found in
both CDC-N/Cl-800 (Figure 2e) and CDC-N/Cl-900 (Figure

S3b), as highlighted with orange dashed ellipses. For CDC-N/
Cl-1000, as shown in Figure 2f, the amorphous structure
transformed into ordered crystalline grain-like carbon onions,
as pointed out with orange dashed circles.
In addition, the CDCs-N/Cl microstructure evolution was

also justified via X-ray Diffraction (XRD) . As shown in Figure
S4a, TiC0.5N0.5 powders presented five characteristic peaks
between 10° and 80°. With the optimized reaction time,
TiC0.5N0.5 can be completely transformed into CDCs with two
broad diffraction peaks at 2θ around 26° and 43° under
different temperatures, which were respectively assigned to the
(002) and (101) crystallographic planes of the carbon
materials (Figure S4b). It is worth noting that the chlorination
degree depends on both chlorination temperature and reaction
time, which takes shorter reaction time to realize the same
transformation at higher chlorination temperature (Figure S5).
Typically, with the sample chlorination at 800 °C for 3 h,
residual precursor diffraction peaks can be observed. While an
increase of the reactive time to 4 h can obtain perfect CDC-
N/Cl-800.
Proper porosity is very critical for the CDCs-N/Cl to abtain

decent electrochemical performance. As demonstrated in
Figure 3a, the isotherms of all of the CDCs-N/Cl exhibit the
typical types I and IV hysteresis loops, proving the existence of
micropores and mesopores.38−40 The multipoint BET results
evidentially justified the strong influences of chlorination
temperature on the sample SSA value. It was firstly increased
with the elevated chlorination temperatures and reached the
maximum value of 1453.8 m2 g−1 at 800 °C. With a further
increasing of the chlorination temperature beyond 900 °C, the
SSA value is decreased to 695.8 m2 g−1. The pore size
distribution (PSD) curves, obtained by using the density
functional theory (DFT) method, exhibit three noticeable
peaks centered at ∼0.7, 1.7, and 3.4 nm, evidently
demonstrating the hierarchical porous structure from micro-
pores (<2 nm) to mesopores (between 2 and 50 nm) of the
CDCs-N/Cl (Figure 3b). The unique hierarchical porous
structure in the CDCs-N/Cl is beneficial to the electrolyte

Figure 2. TEM images of the as-prepared (a) CDC-N/Cl-700, (b) CDC-N/Cl-800, and (c) CDC-N/Cl-1000. HRTEM images of the as-prepared
(d) CDC-N/Cl-700, (e) CDC-N/Cl-800, and (f) CDC-N/Cl-1000, showing that the microstructures were transformed from amorphous to short-
range ordered graphite (orange dashed ellipses) and further to onion-like crystalline (orange dashed circles).
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accommodation and ions transport. Moreover, the correspond-
ing total pore volume showed a change tendency similar to that
of SSA with elevation of chlorination temperatures, as
displayed in Table S2. It is attributed to the partially structural
collapse of pore walls due to the selective replacement of Ti
atoms by C and N atoms. These observations are also verified
by the HRTEM.
For a systematical characterization, Raman spectra was also

applied to study the evolution of microstructure and structural
defects of CDCs-N/Cl, as the results shown in Figure 3c−f.
Two noticeable characteristic peaks D and G band were
respectively observed at 1350 and 1580 cm−1. The former peak
was originated from the breathing mode with A1g symmetry,
and the latter one was due to the graphite in-plane bond-
stretching motion of the pairs of carbon atoms in sp2

configuration with E2g symmetry.41−43 All of the samples
demonstrated a broad and strong D band peak, obviously
implying the presence of high-ratio disordered structure in
CDCs-N/Cl. Moreover, the intensity of D band (ID) was
higher than that of G band (IG) at 800 °C, while the D band
became weaker as the chlorination temperature was raised

above 800 °C. Accordingly, a decreasing of the average ID/IG
values from 3.05 ± 0.45 to 2.23 ± 0.05 when temperature
increased from 700 to 1000 °C, clearly indicated that the
carbons gradually became more ordered with increasing
chlorination temperatures. The ID/IG values were determined
by the multipeak fit of four Voigt functions for D′, D, D″, and
G bands (Figure S6 and Table S3). The D′ and D″ bands
represent transpolyacetylene-like chains at both layer edges
and amorphous carbon and five-/seven-membered rings
linking the aromatic regions, respectively.44,45

Besides the microstructure characterization, the chemical
composition of CDCs-N/Cl were also studied by using X-ray
photoelectron spectroscopy (XPS), as seen in the results
shown in Figures 4 and S7. The XPS survey spectra (Figure
4a) confirmed the presence of C, N, and O in all the CDC-N/
Cl samples, and a small amount of Cl can be detected due to
the formation of C−Cl bond in the chlorination process.
Besides, negligible Ti can also be observed, indicating the
accomplishment of chlorine etching to the precursor. The
detailed compositions calculated from the XPS survey spectra
are shown in Table S4. For the Ti content, the highest value

Figure 3. (a) N2 absorption/desorption isotherms. (b) Corresponding pore size distribution curves obtained by using DFT method. Raman spectra
of the as-prepared (c) CDC-N/Cl-700, (d) CDC-N/Cl-800, (e) CDC-N/Cl-900, and (f) CDC-N/Cl-1000. Four Vigot functions were used to fit
the results.
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(1.41 at%) is found in the CDC-N/Cl-1000 due to the
relatively short reaction time. Moreover, the N and Cl amounts
decreased with the increasing reaction temperature (Figure
4b,c), which is ascribed to the chlorination resulted N loss and
carbon nitride decomposition.
In addition, energy-dispersive X-ray spectroscopy (EDS) was

also employed to characterize the elemental distribution of
CDC-N/Cl-800, as shown in Figure S8. The C species is
dominating in the products with a weight percent of 77.6 wt %.
The O and N species respectively possess a weight percent of
8.3 and 8.2 wt %. The trace of O species is mainly attributed to
the oxidation during chlorination and H2O absorption in the
air atmosphere. Due to the Cl atoms doping, Cl species (3.9 wt
%) was also detected. In addition, only very little Ti atoms (2.0
wt %) was detected, indicating that the vast majority of Ti
species was extracted, which is consistent with the XPS results.
To obtain the detailed surface elemental information, the C

1s, N 1s, and Cl 2p high-resolution spectra of CDCs-N/Cl
were deconvoluted. The high-resolution C 1s spectra can be
fitted with four component peaks at 284.7, 285.8, 287.7, and
289.5 eV (Figures 4d and S7a−c). Among them, the peak
located at 284.7 eV is ascribed to sp2 carbon atoms bound to
neighboring carbon atoms. While the peaks located at 285.8
and 287.7 eV can be respectively assigned to C−O and CO,
the peak located at 289.5 eV is due to the O−CO bond.46,47

Moreover, the high-resolution N 1s spectra is dominated by
four different peaks at 398.3, 399.6, 401.0, and 403.5 eV
(Figures 4e and S7d−f). The peak at 398.3 eV refers to the N
bound to two carbon atoms, donating one p electron to the
conjugation with the aromatic π-conjugated rings, namely,
pyridinic N (N-6). The peak at 399.6 eV is commonly ascribed
to the pyrrolic N (N-5), which possesses good electron-poor
characteristics and higher charge mobility. The peak at 401.0
eV corresponds to graphitic-like N or quaternary N (N-Q),
which is incorporated into the graphene layer and replaces a
carbon atom within graphene frameworks. For the peak at
403.5 eV, it is attributed to the pyridinic oxidized N (N-
X).48−52 Evidently, the percentages of N-6 and N-5 decreased
respectively from 37.1% and 18.6% to 13.8% and 7.3% while

the proportion of N-Q increased from 32.7% to 49.9%, with
increasing chlorination temperatures. Lastly, the high-reso-
lution Cl 2p spectra of CDCs-N/Cl were presented in Figures
4f and S7g−i, in which three peaks, located at 198.2, 200.6, and
202.2 eV, can be respectively deconvoluted corresponding to
Cl−, Cl 2p3/2 and/or C−Cl, and Cl 2p1/2 groups.53,54

According to their peak intensities, the ratio of C−Cl content
to Cl-containing group is decreasing as the elevation of reactive
temperatures.
A systematical characterization of the CDCs-N/Cl well

demonstrated their hierarchically porous structure, high N, Cl
co-doping, high SSA, and thus the great potential of acting as
superior electrode materials for high-performance super-
capacitors. The electrochemical characterization of CDCs-N/
Cl was performed first in 6 M KOH aqueous electrolyte in a
three-electrode configuration. As shown in Figure 5a, all the
CDCs-N/Cl based electrodes exhibit rectangular-like cyclic
voltammetry (CV) curves at a scan rate of 50 mV s−1 with a
potential window of 1 V, indicating the characteristic of
electrical double layer (EDL) capacitance. CDC-N/Cl-800
possesses the largest enclosed area, namely, the highest specific
capacitance, comparing with that of CDC-N/Cl-700, CDC-N/
Cl-900, and CDC-N/Cl-1000. Furthermore, the triangle-like
galvanostatic charge−discharge (GCD) curves of CDC-N/Cl
based electrodes are obtained at a current density of 0.5 A g−1

and shown in Figure S9a (Supporting Information), which
justified the good EDL behavior again. Among them, the
CDC-N/Cl-800 holds the longest charge or discharge time,
thus the highest specific capacitance. Figure 5b presents the
specific capacitance as a function of current densities. At a
current density of 0.5 A g−1, CDC-N/Cl-800 possesses the
highest specific capacitance of 277.7 F g−1, while for CDC-N/
Cl-700, CDC-N/Cl-900, and CDC-N/Cl-1000, the values
respectively are 227.7, 182.3, and 43.9 F g−1. As shown in
Figure 5c, the presented specific capacitance value of 277.7 F
g−1 is the highest among all of the CDC materials, including Cl
doping of ordered mesoporous carbon with few-layered
graphene walls,46 N-doped SiC-CDC aerogels,50 TiC-CDC
nanofelts,55 and so on.56−62 Even at high current density of 30

Figure 4. (a) XPS survey spectra. (b) N levels. (c) Cl levels. Deconvoluted high-resolution (d) C 1s, (e) N 1s, and (f) Cl 2p spectra of CDC-N/Cl-
800.
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A g−1, the specific capacitance of CDC-N/Cl-800 can still
maintain a value of 169.4 F g−1.
Furthermore, under AC potential amplitude of 5 mV, the

electrochemical AC impendence behaviors of CDCs-N/Cl are
studied in the frequency ranges from 105 to 10−1 Hz, as shown
in Figure S9b. The Nyquist plots exhibit the typical features of
porous carbon with an arc at high frequencies, a 45° Warburg
region at medium frequencies, and an almost vertical line at
low frequencies. The most vertical line for CDC-N/Cl-800
electrode indicates the most capacitive characteristics at low
frequencies. For CDC-N/Cl-800 electrode, an apparent 45°
Warburg region at medium frequencies was observed, which is
related to the diffusion of the ions into the electrode materials
interface inside small pores. The equivalent series resistance
(ESR) determined by the electrode materials, electrolyte, and
the interface between electrode materials and current
collector,63,64 and the values are as low as 0.40−0.56 Ω for
CDC-N/Cl electrodes. Moreover, we present the CV and
GCD curves of CDC-N/Cl-800 electrode in Figure S9c,d,
which further demonstrates the excellent electrochemical
performance.
On one hand, the unique hierarchical porous architecture,

dominated micropores and mesopores of CDC-N/Cl-800,

favors rapid diffusion of electrolyte ions into the micropores
located within the wall of mesopores, which could provide a
fast diffusion channel through shortening the diffusion length
(Figure 5d). On the other hand, an efficient interconnectivity
of the porous channels can lead to much lower impedance for
the transfer of the electrolyte ions through the channels and
the micropores in the carbon wall, and thus showing better
capacitive behavior and higher power density.65,66 The good
electrochemical properties of CDC-N/Cl-800 electrodes in
return imply that most of the micropores within the
mesoporous skeleton can be utilized effectively for charge
storage. The micropores located at ∼0.7 nm contribute most
to the formation of EDL capacitance, in consideration of the
compatibility between the pore size and the desolvated K+ ions
with a diameter of 0.35−0.42 nm.26 And mesopores centered
at 3.4 nm efficiently promote the electrolyte ions diffusion and
transfer for hierarchically porous CDC-N/Cl-800 samples.
Moreover, the hierarchical pores provide much more

chemically active sites, such as electron-rich N and Cl atoms,
tosupport a fast electrons and ions transfer path for forming
pseudocapacitance in CDC-N/Cl-800 (Figure 5e). The
electron-rich N and Cl doping increases the charge density
and improves the polarity of the carbon matrix through the

Figure 5. (a) CV curves of the various CDC-N/Cl electrodes at a scan rate of 50 mV s−1. (b) Specific capacitance values versus current densities of
the various CDC-N/Cl electrodes. (c) Specific capacitance comparison between CDC-N/Cl-800 and the other CDC materials in
aqueous electrolyte. (d) Schematic hierarchically porous structure in the CDCs-N/Cl as electrode materials. The mesopores are conductive to
the transportation of electrolyte ions, and numerous micropores support the accommodation of electrons, making a contribution to capacitance. (e)
Sketch showing the possible locations for N and Cl atoms in a carbon network. (f) CV curves of the HPC6@CDC-N/Cl-800 asymmetrical
supercapacitor at different scan rates between 20 and 500 mV s−1. (g) Specific capacitance under diversified current densities. Inset represents the
GCD curves at different current densities between 0.1 and 2 A g−1. (h) Long-term cycling stability for 20,000 cycles at a current density of 2 A g−1.
Inset is the GCD curves for the last five cycles. (i) Nyquist plots before and after cycling stability measurement. Inset shows the high-frequency
region.
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interaction of free electrons with large π electrons in the
carbon skeleton and thus high capacitance and power
characteristics for CDC-N/Cl-800 electrodes. Finally, the
effect of hierarchical pores can enhance the ion-accessible
SSA, which in turn supplies much more effective chemically
active sites to favor the formation of pseudocapacitance.67

Thus, heteroatoms doping and hierarchically porous structure
show a synergistic effect on electrochemical properties at low
charge−discharge rates, while the latter contributes to high
charge−discharge rates, demonstrating that outstanding
electric conductivity of the doped carbon materials could
guarantee both high energy and power density.
Two-electrode configuration evaluation is much more effi-

cient. However, N, Cl co-doped CDCs with hierarchical pores
are ideal negative electrode materials while only a specific
capacitance of 41.9 F g−1 (167.6 F g−1 for a single electrode)
was exhibited at a current density of 0.2 A g−1 because of their
extremely low specific capacitance at positive voltage range
(Figure S10). Hence, CDC-N/Cl-800 was employed as the
negative electrode material to build up an asymmetrical
supercapacitor, and hierarchically porous carbons (HPC6)
were chosen as positive electrode because of their excellent
capacitive performance (Figure S11). In Figure 5f, the CV
curves exhibit perfect rectangular shapes from 0 to 1 V in a
wide scanning range of 20−500 mV s−1, indicating an excellent
capacitive behavior and rate capability. And the shape becomes
gradually distorted after scan rates beyond 500 mV s−1, owing
to the limited electrolyte ions diffusion kinetics. The GCD
curves at different current densities ranging from 0.1 to 30 A
g−1 are shown in the inset of Figures 5g and S12. All the curves
resemble isosceles triangular shapes, indicating an ideal EDL
behavior, even when the current density reaches up to 30 A
g−1. A minor drop of 0.28 V was observed at a high current
density of 30 A g−1, implying an internal resistance of 0.74 Ω,
according to IR drop = ΔV/2I. Besides, Figure 5g shows the
specific capacitance values as a function of current densities,
which are derived from the GCD curves. The HPC6@CDC-
N/Cl-800 asymmetrical supercapacitor exhibits the highest
specific capacitance of 58.3 F g−1 (233.4 F g−1 for a single
electrode) at a current density of 0.1 A g−1 and then decreases
to 43.2 F g−1 at 30 A g−1, maintaining 74.1% of the initial
capacitance.
In addition, the capacitance retention ability of super-

capacitors at a fixed current density is a critical parameter. The
long-term cycling test was conducted at a current density of 2
A g−1. After 20,000 cycles, 97% of its initial capacitance can be
retained (Figure 5h). Moreover, the inset (GCD curves) show
a highly symmetrical isosceles triangle shape with insignificant
changes in the last five cycles, demonstrating the excellent
cycling stability. EIS analysis was conducted in the frequency
range from 105 to 10−2 Hz at voltage of 5 mV (Figure 5i). The
ohmic resistance is 0.54 Ω in the high-frequency region and
shows no apparent change after cycling 20,000 cycles at 2 A
g−1, again indicating outstanding electrochemical stability. The
interfacial charge transfer resistances (Rct) located at the high-
to-medium-frequency region are very low at 0.56 and 0.45 Ω
before and after cycling, respectively. Moreover, Warburg
impedance, a typical 45° phase angle in the medium-frequency
region, decreases with cycling numbers, which is due to
the improved ion diffusion. In addition, the nearly vertical line
in the low-frequency region reveals the ideal capacitive
behavior with good propagation characteristic of electrolyte
ions at the electrode/electrolyte interface.68,69

These results ensure that HPC6@CDC-N/Cl-800 asym-
metrical supercapacitor delivers a high energy of 8.1 Wh kg−1

at a power density of 0.05 kW kg−1 and then remains 6.0 Wh
kg−1 at an exceedingly high power density of 15 kW kg−1

(Figure S13). In a word, the as-prepared CDC-N/Cl-800
electrode materials exhibit a collection of compelling features,
including high specific capacitance, high rate capability, and
excellent cyclic stability in comparison with previously
reported CDCs based supercapacitors, as summarized in
Table S5.

■ CONCLUSION
In conclusion, we prepared CDCs-N/Cl at large scale with
superior electrochemical performance for supercapacitors using
a rapid in situ direct etching method. By simply adjusting
chlorination temperature and reaction time, the CDCs could
be doped with a tunable amount of N (6.30−9.97 at. %) and
Cl (1.22−5.51 at. %), and controllable pore size distribution
(from micro- to mesoporous range) as well as high surface area
up to 1453.8 m2 g−1. The CDC-N/Cl-800 electrode exhibited
the highest specific capacitance of 277.7 F g−1 among
all reported CDC materials so far in a three-electrode
configuration, and a value of 233.4 F g−1 at 0.1 A g−1 as the
negative electrode for asymmetrical supercapacitors. In the
meanwhile, outstanding capacitance retention of 74.1% at a
high current density of 30 A g−1 was achieved for the as-built
asymmetrical supercapacitors. And after 20,000 cycles, 97%
initial capacitance can be retained, indicating excellent cycling
stability. The combination of multi-heteroatom doping and
hierarchical pore design for CDCs overcame the present
limitations of slow faradaic reaction and poor ion transport in
traditional microstructured carbon . It is a practical advance-
ment in supercapacitive electrode materials preparation toward
high-performance supercapacitors.
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