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ABSTRACT: In this contribution, nitrogen- and sulfur-codoped 3D cubic-
ordered mesoporous carbon (KNOMC) materials with controlled dopant
content (10.0—4.6 atom % for nitrogen and 0.94—0.75 atom % for sulfur) are
presented, using KIT-6 as the template and pyrrole as the precursor, and its
supercapacitive behavior is also investigated. The presented materials exhibit
excellent supercapacitive performance by combining electrical double-layer
capacitance and pseudocapacitance as well as the enhanced wettability and
improved conductivity generated from the incorporation of nitrogen and sulfur
into the framework of carbon materials. The specific capacitance of the
presented materials reaches 320 F g™' at a current density of 1 A g~', which is

significantly larger than that of the pristine-ordered mesoporous carbon reported
in the literature and can even compete with some metal oxides and conducting polymers.
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Bl INTRODUCTION

In recent years, the quick development of hybrid electric
vehicles and portable electronic devices promoted by
increasingly serious air pollution due to the enormous
consumption of fossil fuel accelerated the growing need for
high-power energy resources. Currently, in comparison with
batteries and conventional capacitors, supercapacitors have the
advantages of high power density, fast charge/discharge
processes, and long cycle life and have been considered a
good choice for high-power energy to meet the need for fast
growth in power required by devices.' ™

In principle, the capacitive behavior of supercapacitors can be
categorized into two types according to the mechanism of
electrical energy storage:' (1) electrical double-layer capaci-
tance (EDLC), which stores charges at the interface between
the electrode and electrolyte;*”” (2) pseudocapacitance
generated by reversible redox or faradaic charge-transfer
reactions,® such as transition-metal oxides™'® and conducting
polymers."" Generally, supercapacitors using carbon materials
as an electrode mainly stored electrical energy in the form of
EDLC. However, the energy stored in the supercapacitors
based on EDLC is far lower than that of batteries, which limits
their use in applications that require high power density.* The
development of high-energy-density supercapacitors without
sacrificing cycle life and high power density has thus been a key
challenge for researchers. Carbon-based composites, such as A-
MnO,/carbon,"> Mn,0;/carbon,"® polyaniline/graphene,'*
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and polyaniline/ordered mesoporous carbon composites,'®
combining EDLC and pseudocapacitance have been explored
to further improve the power and energy densities of the
supercapacitors. Although these composites have exhibited
enhanced capacitance and good cyclability, the trivial
fabrication process, poor chemical stability in an acid medium,
and unsatisfied compatibility with organic electrolytes limit
their applications as high-power supercapacitor electrodes.
Alternatively, chemical doping with heteroatoms, such as
nitrogen, sulfur, boron, or phosphorus, can considerably
improve the capacitance of carbon materials because of
additional contributions from pseudocapacitance and enhanced
electronic conductivity.'*">° For example, nitrogen-doped
graphene shows a remarkable performance as an electrode
material of supercapacitors with a high specific capacitance of
280 F g~!, which is about 4 times larger than that of pristine
graphene.”’ Ma and co-workers reported that the specific
capacitance of the nitrogen-doped hollow graphitic carbon
spheres reaches 306 F g™" at a current density of 0.1 A g”'in 2
M H,SO,,** while Kim and coresearchers observed that the
specific capacitance of the nitrogen-doped mesoporous carbons
prepared by ammoxidation is enhanced by about 53% over that
of pristine-ordered mesoporous carbon.'® Very recently, the
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Figure 1. Scheme for the synthesis of KNOMC (A) and TEM images of KIT-6 (B1, B2, and B3), KNOMC-650 (C1, C2, and C3), KNOMC-800
(D1, D2, and D3), and KNOMC-950 (E1, E2, and E3), viewed along various directions.

enhanced supercapacitive behavior of sulfur-doped carbon
materials due to the pseudocapacitive behavior related with
oxidized sulfur species (sulfone and sulfoxides) was re-
ported.**™>* Zhao et al. reported that the specific capacitance
of sulfur-doped mesoporous carbon derived from 4,40-
thioldiphenol was improved by 72% over that of conventional
ordered mesoporous carbon; the capacitance measured in an
alkaline electrolyte was found to be proportional to the sulfur
content.”® Seredych and Bandosz also reported that the
volumetric capacitance of sulfur-doped micro/mesoporous
carbon—graphene composites reached 65 F cm™, which is
higher than that of pristine-ordered mesoporous carbon;**
meanwhile, the visible-light exposure and electrolyte oxygen
content exhibited remarkable effection for the supercapacitive
behavior of sulfur-doped carbon materials because of the
photoactivity and oxygen reduction performance of these
materials.”®

Although the additional contribution from pseudocapaci-
tance is believed to be the origination of the enhanced
capacitance performance of the heteroatom-doped carbon
materials, direct evidence (reversible redox peaks originating
from the faradaic reaction) of this presumption is so far absent.
In this work, nitrogen- and sulfur-codoped 3D cubic-ordered
mesoporous carbons (KNOMCs) were synthesized using KIT-
6 as the template and pyrrole as the precursor, and its capacitive
performance as electrode materials of supercapacitors is also
investigated. The reported materials exhibited a high specific
capacitance of 320 F g™' at a current density of 1 Ag™' in 2 M
potassium hydroxide (KOH). The supplementary pseudocapa-
citance and enhanced wettability as well as the improved
conductivity generated from the incorporation of nitrogen and
sulfur into the carbon framework are believed to be responsible
for the excellent capacitance performance of KNOMC
materials. The pseudocapacitance originating from the redox
or faradaic charge-transfer reaction because of the chemical
doping of heteroatoms into the frameworks of carbon materials
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was proven by the apparent reversible redox peaks shown on
the cyclic voltammetry (CV) curves.

B EXPERIMENTAL DETAILS

Synthesis of the KIT-6 Template. Bicontinuous cubic (Ia3d)
mesoporous silica KIT-6 was obtained following the method reported
by Kleitz et al.*” Briefly, 2.0 g of Pluronic P123 (EQ20PO70EQ?20,
MW = 5800, Aldrich) was added to the mixed solution of 72 g of
distilled water and 4 g of 35% HCI. After complete dissolution, 2.0 g of
butanol was added and stirred at 35 °C for 1 h. Then 4.3 g of
tetraethyl orthosilicate (Aldrich, 99.9%) was added to the homoge-
neous clear solution. The mixture was left under stirring for 24 h at 35
°C and subsequently heated for 24 h at 100 °C in a Teflon-lined
autoclave vessel. The solid product obtained was filtered and dried at
100 °C, and then the template was removed by extraction in an
ethanol—HCI mixture. The KIT-6 template was then obtained after
calcination at 550 °C under atmosphere.

Synthesis of KNOMC Materials. A nanocasting strategy was
adopted to synthesize the KNOMC materials using KIT-6 as the
template. The general synthesis process is summarized and illustrated
in Figure 1A. First, pyrrole monomers polymerize to form an oligomer
catalyzed by sulfuric acid in the pores of the KIT-6 template, and then
the oligomer reacts with sulfuric acid to generate a sulfonated product
of the oligomer via electrophilic substitution at 160 °C. Finally, the
KNOMC materials were obtained through further carbonization and
removal of the template. In brief, 1.0 mL of pyrrole (Aldrich, 99%) was
mixed with 0.5 mL of absolute alcohol, and then a transparent light-
yellow solution was obtained when 0.1 mL of sulfuric acid (98%) was
added immediately. The solution was slowly dropped onto the surface
of 1.0 g of the KIT-6 template. The impregnated sample was heated at
80 °C for 2 h under vacuum to evaporate alcohol and then
precarbonized for 8 h at 160 °C. The impregnation/precarbonization
process was repeated. Then, the resultant brown product was
carbonized under an argon atmosphere at 350 °C for 2 h and was
completely carbonized at 650—950 °C for 2 h. Finally, the silica
template was removed by dissolution in a HF (10 wt %) aqueous
solution to obtain the KNOMC materials. The KNOMC series
materials synthesized at different carbonization temperatures are
referred to as KNOMC-x, where x denotes the carbonization
temperature.
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Characterization. Transmission electron microscopy (TEM)
experiments were conducted on a JEM-2010 microscope operated at
200 kV. X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo Multilab 2000, using monochrome Al Ka as the excitation
source. The small-angle X-ray scattering (SAXS) patterns were
collected on a X'Pert X-ray defractometer (Phillips) using Cu Ka
radiation. The d spacing values were calculated by the formula d = 1/2
sin 6, and the unit cell parameters were calculated from the formula a
= 6'2d,,,.2® The wall thickness was calculated from Wy = 4/3.0919 —
D/2, where a represents the unit cell parameter and D is the pore
diameter calculated from the nitrogen sorption measurements.””
Nitrogen adsorption/desorption isotherms were performed at 77 K on
a Micromeritics ASAP 2020 volumetric adsorption analyzer. The pore-
size distribution was calculated by employing the Barrett—Joyner—
Halenda (BJH) method from the adsorption branch, and the pore
volume was estimated from the amount of nitrogen gas adsorbed at a
relative pressure P/P, of 0.99S. The specific surface area (Sppr) was
determined by utilizing the Brunauer—Emmett—Teller (BET)
equation.

Electrochemical Measurements. Electrical measurements were
carried out at room temperature on an electrochemical analyzer, CHI
910B (Shanghai, Chenhua Limited Co.), using a KOH (2 M) aqueous
solution as the electrolyte. A three-electrode system using KNOMC as
the working electrode, a platinum slice as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode was
employed to evaluate the supercapacitive behavior of the presented
materials. To prepare the working electrode, KNOMC samples were
ground with acetylene black (10 wt %) and poly(tetrafluoroethylene)
(5 wt %) and then pressed onto nickel foam that served as a current
collector.

B RESULTS AND DISCUSSION

The representative TEM images of the KIT-6 template and the
KNOMC materials synthesized at different carbonization
temperatures are shown in parts B, C, D, and E of Figure 1,
respectively. The TEM images of the KNOMC materials clearly
exhibit well-ordered mesoporous structure; linear arrays of
mesopores are arranged in regular intervals. Synthesized
KNOMC:s with body-centered-cubic Ia3d structure types are
reversed replicas of the KIT-6 mesoporous silica template, as
shown in Figure 1D2; the cross-sectional TEM images of the
KNOMC samples clearly display the same well-ordered 3D
body-centered-cubic mesostructure as that of the KIT-6
template.

The ordered arrangement of the carbon nanorods in
KNOMC materials is further substantiated by the well-resolved
SAXS peak. As shown in Figure 2, the SAXS patterns for all
materials exhibit three well-resolved diffraction peaks, asso-
ciated with the 211, 220, and 332 reflections of 3D cubic Ia3d
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Figure 2. SAXS patterns of the KIT-6 template and KNOMC
materials.

space groups, respectively.””**** The nearly the same SAXS
patterns of KNOMC materials and the KIT-6 template indicate
that the aforementioned KNOMC materials are faithful inverse
replicas of this template. The unit cell parameters for the KIT-6
template and KNOMC materials evaluated from the SAXS data
are summarized in Table 1. As shown in Table 1, framework
shrinkage during the pyrogenation/carbonization process of the
precursor can be observed; the cell parameter (a) was
calculated to be 9.2, 8.7, and 7.8 nm for KNOMC-650,
KNOMC-800, and KNOMC-950, respectively. The shift of the
diffraction peaks to higher angle provides direct evidence for
this shrinkage phenomenon.*" Meanwhile, framework shrink-
age is observed to be more serious at higher temperatures, as
demonstrated by the decrease of the cell parameter and wall
thickness with increasing carbonization temperature. More
serious decomposition of the C—N and C—S bonds at higher
temperatures may be responsible for this phenomenon.

The nitrogen adsorption/desorption isotherms and pore-size
distribution of KNOMC materials and the KIT-6 template are
shown in Figure 3, respectively. The textural parameters of the
corresponding samples are listed in Table 1. As shown in Figure
3A, the isotherms of KNOMC materials exhibit the same type
IV adsorption behavior; meanwhile, a H1-type hysteresis loop
is present at the higher relative pressure of 0.4—0.9 in the
adsorption isotherms, which indicated the mesoporous nature
of the synthesized codoped carbon materials.>***> The sharp
increase of the adsorption amount at the initial step of the
hysteresis loop corresponding to the capillary condensation of
nitrogen inside the ultralarge mesopores reveals the narrow
pore-size distribution of the codoped materials.** The
isotherms of all samples of KNOMC materials exhibit two
major capillary condensation steps from the uniform-sized
structural and complementary mesopores, respectively. The
complementary mesopores may be generated from the
combination of mesopores due to the collapse of the pore
wall. The step of the adsorption branch of KNOMC-800 and
KNOMC-950 shifts to lower relative pressure compared with
that of the KIT-6 template, implying a decrease of the pore size.
From Figure 3B, it can be observed that the pore-size
distribution centers on 2.72, 2.98, and 3.68 nm for KNOMC-
650, KNOMC-800, and KNOMC-950, respectively, while the
KIT-6 template has a wall thickness of 3.5 nm, which suggests
that a large portion of the pores originates from the pore wall of
the silica template, agreeing well with the TEM results.
Meanwhile, the pore-size distribution curves of the KNOMC
materials show another pronounced shoulder peak at about 12
nm, which originates from the combination of mesopores due
to the collapse of the pore wall. These shoulder peaks gradually
disappear with increasing carbonization temperature, which is
probably due to the fact that higher carbonization temperatures
result in decomposition of the C—N and C—S bonds and a
corresponding decrease of the nitrogen and sulfur content,
which reduces the structural defect caused by the incorporation
of nitrogen and sulfur atoms in the carbon framework. The
average pore sizes (D,y) calculated by the BJH model are 6.20,
327, and 429 nm for KNOMC-650, KNOMC-800, and
KNOMC-950, respectively. The calculated BET surface areas
are 1064, 693, and 880 m* g~' for KNOMC-650, KNOMC-
800, and KNOMC-950, respectively, while the single-point
total pore volumes reach 1.78, 0.75, and 1.09 cm?® g_l,
respectively.

The chemical compositions of the synthesized KNOMC
materials were analyzed using XPS. As shown in Table 2,
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Table 1. Textural Parameters of the KNOMC Materials

sample ID dyoo [nm] a [nm] W, [nm] D [nm] D,, [nm] Sper [m* g7'] Vi [em® g7'] Vi [em® g7']

KIT-6 92 225 35 7.60 6.15 944 1.32 126
KNOMC-650 9.2 22.6 5.9 2.72, 12.9 6.2 1064 1.78 1.68
KNOMC-800 8.9 21.8 5.6 2.98, 11.42 3.27 693 0.75 0.69
KNOMC-950 7.8 19.1 4.3 3.68,11.0 429 880 1.09 1.04

S0F a o species, the oxygen content increased from 3.13 to 5.96 atom %

—e—KIT-6 4 as the carbonization temperature increased from 650 to 950 °C.

o T Ezgmg:ggg /// The incorporation of nitrogen and sulfur heteroatoms within

—=—KNOMC-950 the carbon framework of KNOMC materials was confirmed by
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Figure 3. Nitrogen adsorption/desorption isotherms (A) and pore-
size distributions (B) of the KIT-6 template and KNOMC materials.

reasonable amounts of both nitrogen and sulfur were detected
in all samples. KNOMC-650 and KNOMC-800 exhibit their
approximate nitrogen contents, but for KNOMC-950, it
decreases to 4.6 atom %. These results indicate good thermal
stability for KNOMC materials when the carbonization
temperature is below 800 °C. However, when the temperature
is higher than 800 °C, decomposition of the C—N bond
becomes serious. For sulfur, a slight fluctuation of the sulfur
content (from 0.75 to 0.94 atom %) was observed, which also
demonstrates good thermal stability of the C—S bond in the
framework of KNOMC materials. Besides variation of the sulfur

the XPS spectra (Figure 4). As shown in Figure 4, the XPS
spectra of the N 1s orbital exhibit two peaks at 398.4 and 400.6
eV. One of the peaks around 398.4 eV is commonly attributed
to the pyridinic-like nitrogen species, which is bound to two
carbon atoms and donates one p electron to the aromatic &
system, and another peak around 400.6 eV can be assigned to
the quaternary nitrogen bound within a graphite-like frame-
work, which is incorporated into the graphene layer and
replaces a carbon atom within a graphene plane.>*~>” The XPS
spectra of the S 2p orbital exhibit a higher complexity due to
spin—orbit coupling phenomena, which show several peaks at
164.1, 165.3, and 168.2 €V for all samples. In spite of that, all of
the peaks are referred to carbon-bound sulfur atoms: the peaks
around 164.1 eV represent sulfur atoms bound in cyclic carbon
structures in an aromatic environment, such as thiophenic-like
sulfur,®®* and the peak around 165.3 €V can refer to the
sulfoxide.”>*' The peak around 168.2 eV is considered to be
originated from —C—$(0,)—C— sulphone bridges.***" The
XPS spectra of the C 1s orbital can be deconvolved as three
peaks: the main deconvolved peak around 284.5 eV comes
from aromatic or other sp>-hybridized carbon atoms bound to
neighboring carbon atoms or hydrogen,>>** while the slightly
less pronounced deconvolved peaks at around 285.1 and 286.5
eV can be assigned to the electron-poor carbon bound to
nitrogen or sulfur.>**™* For O 1s, the XPS spectra can be
deconvolved as three peaks corresponding to the binding
energies (BEs) of C=0 (530.8 eV), C—O (533.1 eV), and C—
OH (534.2 eV) species, respectively.”>*® Overall, the results of
XPS characterization illuminated that the nitrogen and sulfur
heteroatoms were firmly incorporated into the primarily
aromatic carbon backbone.

The dopant species of the nitrogen and sulfur heteroatoms
within the carbon framework of KNOMC materials were
observed to be dependent on the carbonization temperature. As

Table 2. Summary of XPS Peak Analysis on the KNOMC Materials

KNOMC-650 KNOMC-800 KNOMC-950
sample BE (eV) rel intens (%) content (atom %) BE (eV) rel intens (%) content (atom %) BE (eV) rel intens (%) content (atom %)
Cls 284.5 31.8 86.41 284.5 35.1 84.53 284.5 21.7 88.62
285.1 47.7 285.1 43.3 285.1 46.4
286.5 20.5 286.5 21.6 286.5 31.9
N Is 400.6 64.9 9.72 400.6 61.9 10.08 400.6 80.1 4.61
398.4 35.1 3984 38.1 3984 19.9
S 2p 164.1 358.7 0.75 164.1 39.3 0.94 164.1 32.8 0.81
165.3 17.0 165.3 26.4 165.3 23.4
168.2 47.3 168.2 34.3 168.2 43.8
O 1s 530.8 61.7 3.13 530.8 73.5 4.45 530.8 45.1 5.96
533.1 19.1 533.2 12.4 533.2 9.1
534.2 19.2 534.2 14.1 534.2 45.9
2660 dx.doi.org/10.1021/am405128j | ACS Appl. Mater. Interfaces 2014, 6, 2657—2665
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Figure 4. XPS spectra of C Is, N 1s, S 2p, and O 1s for KNOMC materials.

shown in Table 2, the relative content of the graphite-like
nitrogen species increases from 61.9 to 80.1% with increasing
carbonization temperature, while the relative content of
pyridinic-like nitrogen species correspondingly reduces from
38.1 to 19.9% (as shown in Figure 4 and Table 2). This may be
due to the fact that graphite-like nitrogen species own higher
BEs than pyridinic-like nitrogen species, and higher thermal
stability is reasonably expected.

CV was used to evaluate the potential applications of
KNOMC materials for supercapacitors. The CV curves of the
fabricated electrodes at a scan rate of 1 mV s™' are shown in
Figure SA. The CV curves of all electrodes show a rectangular-
like CV shape overlapped by at least two pairs of approximate
reversible redox peaks at ca. —0.1 and —0.5 V of the anodic scan
and ca. —0.5 and —0.7 V of the cathodic scan. In an ideal
EDLC, energy must be retrievable as discharge over the same
potential range as that required to store the energy upon
charging, which is reflected in rectangular-shaped cyclic
voltammograms,*” while pseudocapacitors are associated with
fast and reversible oxidation/reduction (redox) or faradaic
charge-transfer reactions, which is reflected in reversible redox
peaks.”*® So, the synthesized KNOMC materials show a
composite capacitance performance by combination with the
EDLC and pseudocapacitance. It was reported that the
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pseudocapacitance of carbon materials originated from
quinone—hydroquinone transitions;*****° however, in most
cases, these transitions just displayed an unpronounced hump
on the CV curves,*?** indicating a small contribution for the
capacitance performance of carbon materials. In our experi-
ment, because of the incorporation of nitrogen and sulfur
heteroatoms within the framework of ordered mesoporous
carbon, those redox peaks became strong and obvious and the
contribution of the pseudocapacitance for the capacitance
performance of KNOMC materials became well-pronounced
correspondingly. Because of the high electronegativity of
nitrogen atoms, the incorporation of nitrogen heteroatoms
within the carbon framework, especially for the pyridinic-like
nitrogen species, decreases the charge density of the aromatic
carbon, which weakened the C=0 and C—OH bonds and thus
favored the quinone—hydroquinone transitions and generated
pronounced pseudocapacitance. Meanwhile, the reversible
redox related with oxidized sulfur species (sulfone and
sulfoxides) also contributed to the pseudocapacitance of
KNOMC materials.”® The peak-to-peak separation (AE,),
which is the difference in the potential between the anodic and
cathodic peaks, is associated with the rate of electron transfer.>!
Lower AE, values correspond to a higher electron-transfer rate.
It can be seen from Figure SA that KNOMC-950 exhibits a

dx.doi.org/10.1021/am405128j | ACS Appl. Mater. Interfaces 2014, 6, 2657—2665
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Figure 5. CV curves of the KNOMC electrodes at a scan rate of 1 mV s™' (A). CV curves of the KNOMC electrodes at varying scan rate between
0.5 and 20 mV s™* (B). CV curves of the KNOMC electrodes at a scan rate of 100 mV s~ (C). CV curves of the KNOMC-850 electrodes at a scan

rate of 1 mV s~ after 1 and 200 cycles of charge/discharge (D).

lower AE, value than KNOMC-650 and KNOMC-950,
indicating faster electron-transfer rates. Figure 5B shows the
CV curves of KNOMC materials at varying scan rate between
0.5 and 20 mV s™". It can be seen that for all materials two pairs
of redox peaks can be clearly observed when the scan rate is
lower than 2 mV s™!; when the scan rate is higher than 2 mV
s7!, the first pairs of redox peaks at ca. —0.1 V of the anodic
scan and ca. —0.5 V of the cathodic scan are diminished
gradually. However, the second pairs of redox peaks at ca. —0.5
V of the anodic scan and ca. —0.7 V of the cathodic scan can
still be clearly observed even at a scan rate of 20 mV s™'. These
results indicate that the second pairs of redox peaks have faster
electron-transfer rates than the first pairs of redox peaks. As the
scan rate increases to 100 mV s !, all redox peaks are
diminished, but the CV curves for all samples still maintain an
approximate rectangular-like shape with slight distortion, as
shown in Figure SC, illuminating a fast charge/discharge
process and high power capability for KNOMC as electrode
materials in a 2 M KOH aqueous solution. Figure SD displays
the CV curves of KNOMC-850 at a scan rate of 1 mV s™" after
1 and 200 cycles of charge/discharge; it can be seen that after
200 cycles of charge/discharge the redox peaks still retain the
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same shape as that after the first charge/discharge, indicating
the well reversibility of those redox peaks.

Figure 6A presents the charge/discharge curves of the
KNOMC electrodes within a potential window of —1.0 to 0 V
vs SCE at a current density of 1 A g~'. During the charging, all
KNOMC electrodes reveal an apparent voltage plateau around
—0.1 V and another inconspicuous voltage plateau around —0.5
V, the voltage plateaus of which correspond to the two anodic
peaks exhibited on the CV curves (Figure SA). The plateaus of
the discharging potential are observed at approximately —0.5
and —0.7 V, which are related to the cathodic peaks at ca. —0.5
and —0.7 V in the CV curves. These results illuminate that the
supplementary pseudocapacitance originating from the redox or
faradaic charge-transfer reactions contribute to the excellent
capacitance performance of KNOMC materials. The specific
capacitances calculated from the discharge curves reach 302 and
320 F ¢! at a current density of 1 A g~ for KNOMC-650 and
KNOMC-850, while that of KNOMC-950 is 185 F g_l, the
values of which are much larger than that of the pure ordered
mesoporous carbon CMK-3 with a Sgpr value of 1480 m?* g™
(129 F g7' at 1 A g™'), indicating that the incorporation of
nitrogen and sulfur heteroatoms within the carbon framework
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Figure 6. Galvanostatic charge/discharge curves of the KNOMC electrodes at a current density of 1 A g™ (A). Specific capacitance of the KNOMC
electrodes at different current densities (B). Cycle performance of the KNOMC electrodes at the current density of 1.0 A g~' (C). Nyquist plots of

the KNOMC electrodes (D).

effectively enhances the capacitance performance of ordered
mesoporous carbon. A remarkable correspondence between the
specific capacitance and the content of nitrogen and sulfur
incorporated into the carbon framework proves credible
evidence for this conclusion. Meanwhile, when the current
density is larger than 2 A ¢!, the charge and discharge plateaus
gradually disappear; all samples present a symmetrical triangle
shape (as shown in Figure S1 in the Supporting Information),
which is the typical characterization of the ideal electrical
double-layer capacitor, indicating that the capacitance perform-
ance of the KNOMC electrodes mainly depends on the EDLC
rather than the pseudocapacitance under the high current
density. Moreover, even at a high current density of 10.0 A g™,
there was no observation of obvious voltage drop at the current
switches, indicating a quite low resistance of the KNOMC
electrodes.” It was reported that the pyridinic-like nitrogen at
the periphery of the graphene layers results in the attraction of
ions, such as protons, and a consequent pseudocapacitive
interaction.*® For graphite-like nitrogen species, the nitrogen
atom is inset into the carbon matrix and bonded to three
carbon atoms, three valence electrons in the graphite-like
nitrogen species form ¢ bonds, the fourth electron fills a p state,
and the fifth electron forms a 7* state, giving the p-doping
effect, which improves the conductivity of the carbon
materials.”' The sulfur dopant species, such as thiophenic-like
sulfur and sulfone, may also play significant roles in modifying
the surface properties, especially when a sulfur atom is bonded
with benzene rings or shares a conjugated planar ring system
with delocalized #-electron clouds instead of discrete
alternating single or double bonds.>* Meanwhile, the nitrogen
and sulfur dopants modify the polarity of carbon matrixes
because of the fact that carbon atoms adjacent to a nitrogen or
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sulfur atom possess a substantially high positive charge density
to counterbalance the strong electronic affinity of the nitrogen
and sulfur atoms,”>* which improves the wettability of the
carbon matrix. This increased electrode/electrolyte wettability
can promote ion diffusion in the interface between the
electrode and electrolyte and the interior of KNOMC
electrodes, thus improving the electrochemical performance.55
So, the supplementary pseudocapacitance and enhanced
wettability as well as the improved conductivity originating
from the incorporation of nitrogen and sulfur into the carbon
framework are responsible for the excellent capacitance
performance of KNOMC materials.

Figure 6B shows the effect of the current density on the
specific capacitance of the KNOMC electrodes. The values of
the specific capacitance for the KNOMC electrodes are found
to be strongly dependent on the current density. The sharp
decrease of the specific capacitance when the current density is
lower than 10 A g~' may be caused by the gradual decrease of
the pseudocapacitance with increasing current density due to
the fast charge/discharge. Even so, the KNOMC electrodes still
exhibit a relatively large value of specific capacitance at the
relatively large current density, such as 109, 143, and 108 F g_1
for KNOMC-650, KNOMC-850, and KNOMC-950 at 10 A
g, respectively. The cycling stability of the KNOMC
electrodes was examined using galvanostatic charge/discharge
cycling at a current density of 1 A g™' for 1000 cycles and is
presented in Figure 6C. In the first 10 cycles, the specific
capacitance decreases quickly, but the capacitance retention
rate is approximately 100.0% during the 20—1000th cycles for
all samples. After 1000 cycles, the specific capacitances are 247,
255, and 161 F ¢! for KNOMC-650, KNOMC-800, and
KNOMC-950, respectively, the values of which reach 82%,
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80%, and 87% of that of the first cycle, respectively, which
demonstrates the good cycling performance of the KNOMC
electrodes. Figure 6D shows the electrochemical impedance
spectroscopy of the KNOMC electrodes in a 2 M KOH
solution. The Nyquist plots of the KNOMC electrodes exhibit
the typical features of porous electrodes with a 45° Warburg
region at high-to-medium frequencies and an almost vertical
line at low frequencies. At sufficiently high frequencies, the
intercept at the real impedance (Z') axis is related to the
internal resistance, including the resistance of the bulk
electrolyte, the intrinsic resistance of the electrode materials,
and their contact resistance with the nickel foam current
collector. The internal resistance is found to be 0.97, 0.98, and
0.94 Q for KNOMC-650, KNOMC-800, and KNOMC-950,
respectively, which is lower than that of pure carbon CMK-3
(1.11 Q), indicating that the incorporation of nitrogen and
sulfur into the carbon framework can effectively enhance the
conductivity of carbon materials.***’

H CONCLUSION

KNOMC synthesized via a nanocasting strategy using KIT-6 as
the template and pyrrole as the precursor exhibits excellent
capacitance performance. The specific capacitances reach 302,
320, and 185 F ¢! for KNOMC-650, KNOMC-850, and
KNOMC-950, respectively, at a current density of 1 A g/,
which is dependent on the content of nitrogen and sulfur
incorporated into the carbon framework. At least two pairs of
approximate reversible redox peaks originating from the redox
or faradaic charge-transfer reactions are exhibited on the CV
curves. The supplementary pseudocapacitance and enhanced
wettability as well as the improved conductivity generated from
the incorporation of nitrogen and sulfur into the carbon
framework are believed to be responsible for the excellent
capacitance performance of KNOMC materials.
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