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A Controllable Synthesis of Rich Nitrogen-Doped Ordered
Mesoporous Carbon for CO, Capture and Supercapacitors

Jing Wei, Dandan Zhou, Zhenkun Sun, Yonghui Deng,* Yongyao Xia, and Dongyuan Zhao*

A controllable one-pot method to synthesize N-doped ordered mesoporous
carbons (NMC) with a high N content by using dicyandiamide as a nitrogen
source via an evaporation-induced self-assembly process is reported. In

this synthesis, resol molecules can bridge the Pluronic F127 template and
dicyandiamide via hydrogen bonding and electrostatic interactions. During
thermosetting at 100 °C for formation of rigid phenolic resin and subsequent
pyrolysis at 600 °C for carbonization, dicyandiamide provides closed N
species while resol can form a stable framework, thus ensuring the suc-

which combine the high mesoporosity and
unique properties of doped carbon frame-
works. Among them, nitrogen doping can
enhance the surface polarity, electric con-
ductivity, and electron-donor tendency of
the mesoporous carbons, which enables
their application in CO, capture, electric
double-layer capacitors, fuel cells, and
catalysis.l’!

N-doped mesoporous carbons (NMCs)
are usually synthesized via the nanocasting
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cessful synthesis of ordered N-doped mesoporous carbon. The obtained
N-doped ordered mesoporous carbons possess tunable mesostructures
(p6m and Im3m symmetry) and pore size (3.1-17.6 nm), high surface area
(494-586 m? g'), and high N content (up to 13.1 wt%). Ascribed to the
unique feature of large surface area and high N contents, NMC materials
show high CO, capture of 2.8-3.2 mmol g' at 298 K and 1.0 bar, and exhibit
good performance as the supercapacitor electrode with specific capacitances
of 262 Fg' (in 1 m H,SO,) and 227 F g' (in 6 m KOH) at a current density of

02Ag.

1. Introduction

Ordered mesoporous carbons have received considerable attention
owing to their large surface area, tunable pore structure, uniform
and adjustable pore size, chemically inert nature, mechanical sta-
bility, and good conductivity. These outstanding features make
them ideal candidates for applications in adsorption and separa-
tion, catalysis, electrochemistry, and sensors.[!! However, most of
the mesoporous carbons have highly hydrophobic surface and a
limited number of specific active sites, which impedes their prac-
tical application. It has been demonstrated that the incorporation
of heteroatoms, such as boron, nitrogen, and oxygen, into the
carbon lattice can significantly enhance the mechanical, semi-
conducting, field-emission, and electrical properties of carbon
materials.?l As a result, increasing efforts have been recently
devoted to the synthesis of element-doped mesoporous carbons
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approach, in which nitrogen-containing
polymers as carbon and nitrogen sources
are introduced into the pores of the ordered
mesoporous silicas (i.e., the hard tem-
plates) by impregnation, followed by in
situ carbonization and removal of the silica
template.! This hard-templating synthesis
method is time-consuming, costly, and
unsuitable for mass production. There-
fore, development of a reliable and facile
strategy to synthesize N-doped mesoporous
carbon without the use of a hard template
is highly desirable. Recently, the organic-organic self-assembly
of amphiphilic block copolymers poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO)
and phenolic resin (the carbon precursor) has proven to be a ver-
satile route to synthesize ordered mesoporous carbons,®l even
at large scale.’l Based on this method, some N-containing pre-
cursors, including melamine resins, urea-phenol-formaldehyde
resin and dicyandiamide have been used as carbon sources to
produce N-doped mesoporous carbons. Unfortunately, all these
attempts only result in inferior pore structure with poor thermal
stability or low N content.”l The main reason is that the presence
of Pluronic surfactant with high oxygen content can promote the
decomposition of N-containing precursor, leading to collapsed
mesostructures. In addition, the pyrolysis at high temperature can
also accelerate the decomposition of N-containing frameworks,
resulting in a low N content or collapsed mesostructure. Hao
et al. reported the direct self-assembly of poly(benzoxazine-co-
resol) followed by a carbonization process, obtaining N-doped
porous carbons with well-defined hierachical porosities;® how-
ever, the N content was as low as 3.38 wt%. Recently, the facile
synthesis of N-doped mesoporous carbon via the direct carboni-
zation of ionic liquids with N-containing groups has also been
reported; however, the mesoporous carbons prepared from direct
carbonization methods have usually shown wide pore size and dis-
ordered mesostructure.’] Direct synthesis of ordered mesoporous
carbons with high N content and large surface area from organic—
organic self-assembly still remains a great challenge.
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simply changing the amounts of F127, resol,
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attributed to the introduction of DCDA, which
* can form stable microdomains of carbon

" nitrides in the matrix of phenolic resin. The
rigid phenolic resin framework prevents the
mesostructure from collapse during the
removal of templates and carbonization,
resulting in high surface area. Ascribed to
/ the unique feature of large surface area and
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high N content, NMC materials show high
CO, capture of 2.8-3.2 mmol g! at 298 K
and 1.0 bar, and exhibit good performance
as supercapacitor electrodes, with specific
capacitances of 262 F g! (in 1 m H,SO,) and
227 F g'! (in 6 M KOH) at a current density
of 0.2 A g™

1 EtOH/H,0 °:DADC @:Resol __.: PEO-PPO-PEO

Scheme 1. The formation process of ordered N-doped mesoporous carbon from a one-pot

assembly method using dicyandiamide (DCDA) as a nitrogen source.

Resol as a carbon source has unique properties, as follows. >
It has a moderate size and molecular weight (ca. 500 g mol™?),
which endows a good mobility for assembly. Secondly, it has
multiple phenolic hydroxyl groups that can associate with the
ethylene oxide (EO) repeating units in the PEO-containing
block copolymer templates through hydrogen bonding and
further co-assemble into ordered mesostructures with various
symmetries. Thirdly, upon heating, resols can be polymerized
into thermosetting phenolic resin that is thermally and chemi-
cally stable, and can be pyrolyzed into rigid carbon in inert
atmosphere. However, resol does not contain nitrogen element.
Dicyandiamide (DCDA), possessing one nitrile group and two
amine groups, has high nitrogen content (66.7%) and can be
converted to graphitic carbon nitride (g-C3N,) at high tem-
perature (ca. 550 °C). Direct assembly of DCDA and Pluronic
PEO-PPO-PEO copolymers leads to porous carbon nitrides with
high N content but poor mesostructure and low surface area,
due to the weak interaction between DCDA and PEO-PPO-PEO
and the collapse of the framework during the pyrolysis for the
removal of templates./

Herein, we report a one-pot controllable method to synthesize
N-doped ordered mesoporous carbons with a high N content by
using a low-molecular-weight soluble resol and DCDA as the
carbon and nitrogen source, respectively, commercially avail-
able F127 as a soft template, and ethanol and water as a mixed
solvent via evaporation-induced self-assembly (EISA) process.
In this synthesis, resol molecules can bridge the Pluronic F127
template and DCDA via hydrogen bonding and electrostatic
interactions during EISA process (Scheme 1). During ther-
mosetting at 100 °C for formation of rigid phenolic resin and
subsequent pyrolysis at 600 °C in N, for carbonization, DCDA
provides closed N species while resol can form a stable frame-
work, thus ensuring the successful synthesis of ordered NMCs.
The obtained NMCs possess tunable mesostructures (p6m and
Im3m symmetry) and pore size (3.1-17.6 nm), high surface
area (494-586 m? g71), and high N content (up to 13.1 wt%) by

2. Results and Discussion

By fixing the mass ratio of resol to F127 at

1:1 and varying the mass ratio of DCDA to
resol, a series of samples was synthesized; these are denoted as
H-NMC-x, where x is the mass ratio of DCDA to resol. Small-
angle X-ray scattering (SAXS) pattern of the sample H-NMC-0
without addition of DCDA shows two resolved scattering peaks,
which are indexed as the 10 and 11 planes of a 2D hexagonal
mesostructure, i.e., the space group p6m (Figure 1a), consistent
with FDU-15 mesoporous carbons.’< Similar to H-NMC-0,

Ln I/a.u.

0.0 0.5 1.0 15 2.0
q/nm’!

Figure 1. SAXS patterns of 2D hexagonal N-doped mesoporous carbon
with different mass ratios of DCDA to resol: a) H-NMC-0; b) H-NMC-1.0;
¢) H-NMC-1.5; and d) H-NMC-2.5.
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Figure 2. FESEM images (a,b) and TEM images (c,d) of the N-doped
mesoporous carbons prepared from one-pot assembly method by using
dicyandiamide as a precursor with mass ratio of 1.5 (DCDA/resol)
(H-NMC-1.5). The insets in (c) and (d) are the corresponding FFT dif-
fractograms. FESEM image (e) and TEM image (f) of the N-doped meso-
porous carbon with mass ratio of 2.5 (DCDA/resol) (H-NMC-2.5); the
inset in (f) is the corresponding structural model.

H-NMC-1.0 and -1.5 with different N contents show resolved
SAXS patterns of p6m hexagonal mesostructure (Figure 1b,c).
The slight decrease in the scattering intensity in the samples
with a high amount of DCDA indicates that the ordered mes-
ostructures are slightly degenerated. The unit cell parameters
calculated from SAXS results are 9.8, 11.9, and 13.4 nm for the
H-NMC-0, -1.0, and -1.5 samples, respectively, indicating that
higher amounts of DCDA can dramatically cause the expansion
of mesostructures. When the mass ratio of DCDA to resol was
further increased to 2.5, the obtained H-NMC-2.5 sample shows
no obvious scattering peak, which suggests that the co-assembly
process is slightly hampered by excess DCDA (Figure 1d).
Field-emission scanning electron microscopy (FESEM)
images of the representative H-NMC-1.5 sample show the
ordered mesostructure formed in a layer-by-layer fashion
(Figure 2a). The cross-sectional FESEM image reveals that
the uniform mesopores are periodically aligned over a large
domain (Figure 2b). Transmission electron microscopy

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure3. Nitrogen sorptionisotherms (A) and pore size distributions (B) of
the N-doped mesoporous carbons with different mass ratios of DCDA to
resol: a) H-NMC-0; b) H-NMC-1.0; ¢) H-NMC-1.5; and d) H-NMC-2.5. For
clarity, the isotherms curves in (A) are offset by 150 cm® g™' for H-NMC-
1.0, 300 cm? g7 for H-NMC-1.5, and 450 cm® g' for H-NMC-2.5.

(TEM) images and corresponding fast Fourier diffractograms
(Figure 2¢,d) indicate that the H-NMC-1.5 sample has a high
degree of periodicity viewed from [110] and [001] directions,
respectively. It further confirms that the H-NMC-1.5 sample has
a 2D hexagonal mesostructure (p6m). The H-NMC-2.5 sample
prepared by using a higher DCDA addition has a degenerated
mesostructure with the tubular pores randomly percolated by
large pores (Figure 2e). The TEM image further reveals that
the alignment of mesopore channels is distorted and decorated
by large pores (Figure 2f and inset), which coincides with the
SAXS results (Figure 1d).

Nitrogen adsorption—desorption isotherms of the sample
H-NMC-0 without adding DCDA (Figure 3A, series a) show
type-IV curves with a sharp capillary condensation step in the
relative pressure range of 0.4-0.6 and H;-type hysteresis loop,
indicative of uniform cylindrical pores. As the mass ratio of
DCDA to resol increases to 1.0, 1.5, and then 2.5, the capillary
condensation step shifts to high relative pressure ranges, indi-
cating that the pore size increases gradually (Figure 3A, series
b to d). The pore size distributions derived from the adsorption
branches by using BJH model indicate that, as x increases from
0 to 2.5, the pore size dramatically increases from 3.1 to 14.8 nm
(Figure 3B and Table S1 in the Supporting Information).
The BET surface area and pore volume of all the N-doped
mesoporous carbons are in the ranges 494-658 m? g7! and
0.31-0.47 cm?® g1, respectively (Table S1).

By using a higher mass ratio of resol to F127 (2:1), N-doped
ordered mesoporous carbons with cubic mesostructure
(denoted as C-NMC-x) can be also synthesized via the same
synthesis procedure. Similarly, a series of C-NMC-x samples
can be obtained by tuning the mass ratio of DCDA to resol in
the range 0-2.0. SAXS patterns of C-NMC-0 show three well-
resolved peaks which can be indexed to the 110, 200, and 211
planes of a cubic mesostructure with space group of Im3m
(Figure 4). As the DCDA addition amount increases from 0 to
1.5, all the obtained samples display well-resolved 110 peak in
their SAXS patterns, indicating that the ordered mesostructures
can be well retained in this range. On adding too much DCDA,
with x larger than 2.0, the 110 peaks become less resolved,
as indicated by the SAXS patterns of C-NMC-2.0 (Figure 4f).
The pore size, surface area and pore volume of C-NMC

Adv. Funct. Mater. 2013, 23, 2322-2328
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Figure 4. SAXS patterns of the N-doped mesoporous carbon with body-
centered-cubic mesostructure prepared from one-pot assembly method
by using dicyandiamide as a nitrogen source: a) C-NMC-0; b) C-NMC-0.4;
c) C-NMC-0.8; d) C-NMC-1.5; and e) C-NMC-2.0.

samples are in the ranges 3.9-17.6 nm, 500-548 m? g!, and
0.27-0.47 cm? g1, respectively (Figure S1and Table S1 in the Sup-
porting Information). TEM images of C-NMC-0.8 viewed from
the [100], [110], and [111] directions, respectively, further con-
firm that the obtained materials have highly ordered mesostruc-
tures with Im3m symmetry (Figure S2a—c

in the Supporting Information).”? By con- 7000
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surface of the N-doped mesoporous carbons. The XPS spec-
trum of the N-doped mesoporous carbon (H-NMC-2.5) shows
strong signals from carbon, nitrogen and oxygen elements
(Figure 5a). The content of nitrogen is about 10.7 wt%, close
to the elemental analysis result (13.10 wt%). This implies that
the N element is distributed homogeneously in the framework
of ordered mesoporous carbons. Four peaks were observed in
Ny, spectrum (Figure 5b). The peaks centered at 400.2, 401.2,
402.1, and 403.0 eV are attributed to tertiary nitrogen (N-1),
amino functions (C-NH,; N-2), quaternary nitrogen (N-3),
and pyridine-N-oxide (N-4); the contents of the four types of
nitrogen atoms are listed in the Figure 5c. This suggests that
the basic N atoms (N-1 and N-2) account for up to 60.3% of
the content.

On the basis of the above observations, the successful syn-
thesis of N-doped mesoporous carbons with high N content is
mainly due to the multi-component co-assembly of DCDA (the
nitrogen source), Pluronic F127 (the template molecule) and
resol (the carbon source), as depicted in Scheme 1. F127 copoly-
mers have long hydrophilic PEO segments with abundant EO
repeating units, which can interact with the phenolic hydroxyl
groups of resol molecules via hydrogen bonding. Meanwhile,
the H* ions from the phenolic hydroxyl groups can be cap-
tured by the amine groups of DCDA molecules, resulting in
electrostatic interactions between the partly negatively charged
resol and positively charged DCDA molecules, which helps
to prevent the phase separation of the carbon and nitrogen
precursors during the EISA process. During the evaporation
of the solvent, with a proper ratio of template molecules and
organic precursor, the F127 templates associated with organic
resol and DCDA molecules assemble into rod-like composite
micelles with hydrophobic PPO segments as the cores of rods
surrounded by PEO-resol-DCDA composite shell (Step 1). As
the solvent further evaporates, ordered mesostructure can be

10000

trast, the sample C-NMC-2.0 (Figure S2d)
obtained with higher mass ratio of DCDA
to resol (x = 2.0) reveals lots of randomly
distributed large mesopores in the cubic
mesoporous carbon matrix, which are prob-
ably formed by the decomposition of the
excess DCDA. This phenomenon is also
observed in the H-NMC-2.5 sample.
Elemental analyses were carried out
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to measure the chemical composition of o %5 5
N-doped mesoporous carbons (Table S1 in

the Suppporting Information). The N content C
for the series of H-NMC-x samples increases
dramatically from 0.089 to 13.1 wt% as the
mass ratio of the DCDA to resol increases
from 0 to 2.5. Similarly, the C-NMC-x sam-
ples with cubic mesostructure show the
same trends and their N content increases
from 0.086 to 13.74 wt% as the mass ratio
of DCDA to resol increases from 0 to
2.0 (Table S1). The X-ray photoelectron spec-
troscopy (XPS) technique was used to investi-
gate the nature of the nitrogen species in the

sample

NMC
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Figure 5. XPS spectra of the N-doped mesoporous carbon with the mass ratio of 2.5 (DCDA/
resol) (H-NMC-2.5):
Each peak corresponds to a specific type of nitrogen: N-1: tertiary nitrogen, N-2: amino func-
tions (C—NH,), N-3: quaternary nitrogen, and N-4: pyridine-N-oxide.

a) survey spectrum; b) Ny spectrum; c) is Ny core level peak analyses.

wileyonlinelibrary.com 2325

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

2326 wileyonlinelibrary.com

e \)i\i‘9§

www.MaterialsViews.com

0.0 02 04 06 08 1.0
P/bar —>

Figure 6. a) CO, and N, adsorption isotherms at 298 K for the N-doped mesoporous carbon
H-NMC-2.5. b) CO, adsorption isotherms at different temperature for A-NMC after activation

by KOH.

formed via the packing of the rod-like micelles. After heating
at 100 °C in air for 24 h, the ordered mesostructure can be
fixed by the thermopolymerization of resols, and the DCDA
species can be retained in the matrix of phenolic resin (Step
2). The final step of pyrolysis at 600 °C in N, can remove the
F127 template and carbonize the polymer framework (Step 3).
The N contents can be readily adjusted by simply changing the
mass ratio of DCDA to resol; a higher ratio leads to higher N
content. When the ratio is as high as 2.5, the excess DCDA
cannot be well-dispersed in the resol matrix but aggregates
into nanoparticles, which further polymerize into melamine
particles during pyrolysis. The melamine
can sublimate partially at about 325 °C, as

00 02 04 06 08 1.0
P/bar —>

3.0 5 Therefore, the ratio of initial slopes is as
T 25 a) CO,298K T b) high as 37:1, indicating that the H-NMC-
w Tao4 1 283 K, 2.5 has high selectivity in adsorbing CO,/N,
S 2.04 S 508 mixed gas. To further increase the absorp-
E 15 §3 ] tion capacity, the H-NMC-2.5 was activated
3 = 13 by KOH at 600 °C for 1 h. After activation,
2 1.0- _°é’2 | the H-NMC-2.5 shows higher surface area
2 él | of 1417 m? g! and N content of 6.7 wt%
= 0.5 8 (Table S1 in the Supporting Information).
8 0.0 e i 8 0 The CO, uptake curves indicate an enhanced

CO, capacity of 3.2 mmol g! at 298 K and
1.0 bar (Figure 6b). This implies that, with
increasing surface area of H-NMC-x sam-
ples, more active surface with exposed basic
sites can significantly improve the CO,
capacity.!!] Comparatively, the CO, capaci-
ties at 1.0 bar were measured to be 4.2 and
2.2 mmol g! at 283 and 313 K, respectively. The higher tem-
perature leads to lower CO, adsorption capacity, indicating
that the CO, adsorption process on the H-NMC-x is an exo-
thermic process. To determine the strength of the interaction
between CO, molecular and activated H-NMC-2.5, the isosteric
heat of CO, adsorption was calculated using CO, adsorption
isotherms at 283 and 298 K based on the Clausius-Clapeyron
equation. The isosteric heat of adsorption decreases from
38 to 24 k] mol™! as the CO, adsorption amount increases
from 0.1 to 3.2 mmol g! (Figure S4 in the Supporting Infor-
mation). The high isosteric heat of adsorption is mainly due to

revealed by the thermogravimetric analyses
and differential scanning calorimeter (DSC)
measurements (Figure S3 in the Supporting
Information). As a result of the inhomoge-
nous distribution and sublimation of DCDA-
derived melamine nanoparticles in the resol
matrix, the H-NMC-x samples with greater
amounts of DCDA have larger mesopore
sizes, and broader pore size distribution
(Figure 3B, c,d). The formation of C-NMC-x 1200 ‘

50A/lg ———02Alg

(b)

0.8
%, 0.6 02 A/g
e 0.5 Alg
Eii 1.0 Alg
0.

3.0 Alg
5.0A/g

materials follows the same process. 00 02
The capture of CO, has attracted consid-
erable attention in recent years because it is

the main anthropogenic contributor to cli-
mate change. The CO, sorption isotherms of
the N-doped mesoporous carbon (H-NMC-
2.5) with large surface area (537 m? g™!) and
high nitrogen content (13.10 wt%) show
a high capacity of 2.8 mmol g! at 298 K
and 1.0 bar. By contrast, commercial acti-
vated carbons only show CO, capacities
of 2.1-2.5 mmol g! at 298 K and 1.0 bar,
though they usually have a high surface area

Capacitance/ F g'!

of 2000-3000 m? g~! (Figure 6a).l'% Compar-
atively, the adsorption capacity of the sample
H-NMC-2.5 for N, at 298 K and 1.0 bar
is only 0.26 mmol g!. The initial slopes of
the CO, and N, adsorption isotherms are

calculated to be 13.59 and 0.37, respectively. 6 m KOH (d).
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Figure 7. Electrochemical performance of the sample H-NMC-2.5 using a three-electrode
cell: cyclic voltammograms at different scan rates in 1 m H,SO, (a) and 6 m KOH (c); and
galvanostatic charge/discharge curves at different current densities in T m H,SO, (b) and

Adv. Funct. Mater. 2013, 23, 2322-2328
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the N-containing groups that serve as Lewis bases and readily
interact with the acidic CO, molecules.

Mesoporous carbon has been widely applied for electrode
materials in supercapacitors. The modification of carbon mate-
rials with nitrogen functionalities is one of the most prom-
ising method to enhance the capacity while maintaining the
superb cycleability of the supercapacitor.*><! Herein, inspired
by their high surface area and high N content, H-NMC-2.5 was
used as the electrode of the supercapacitor. The cyclic voltam-
metry for H-NMC-2.5 sample in both acidic (1 m H,SO,) and
basic (6 v KOH) media shows a nearly rectangular shape, sug-
gesting a double-layer capacitance behavior (Figure 7). The rec-
tangular shape is retained well even at high scan rate (200 mV
s7!). The charge-discharge tests of H-NMC-2.5 sample were
conducted at current densities from 0.2 to 5.0 A g”1. The spe-
cific capacitances calculated from the charge-discharge curve
are ca. 262 F g'! (in H,S0,) and 227 F g'! (in KOH) at a cur-
rent density of 0.2 A g™1. The specific capacitances are 244 F g~!
(in H,SO,) and 213 F g! (in KOH) at a current density of
0.5 A g1, which are much better than that for the mesoporous
carbon FDU-15 without N modification (110-130 F g1).1o%
When the current density increases to 5 A g!, the specific
capacitances of N-doped mesoporous carbon still retain 63%
(in H,SO,4) and 60% (in KOH), respectively (Figure S5 in the
Supporting Information).

3. Conclusions

In summary, we demonstrate a facile and controllable one-
pot method to synthesize ordered mesoporous carbon with
high surface area and high N content by using soluble resol
as a carbon source, dicyandiamide as a nitrogen source, and
commercial triblock copolymer F127 as a soft template via
solvent evaporation induced self-assembly process. Owing to
their multiple phenolic hydroxyl groups, resol molecules can
serve as a bridge to connect the template F127 and DCDA
molecules via hydrogen bonding and electrostatic inter-
actions, which makes the three components co-assembly
into ordered mesostructures during the EISA process. The
obtained N-doped ordered mesoporous carbons possess
tunable mesostructures (hexagonal p6m and cubic Im3m
symmetry) and pore size (3.1-17.6 nm), high surface area
(494-586 m? g!), and high N content (up to 13.1 wt%) by
changing the ratio of F127, resol, and DCDA. As a result of
their high surface area and high N content, as well as highly
accessible mesopores, the N-doped mesoporous carbons
show excellent performance as absorbents for CO, capture
(2.8-3.2 mmol g7}, 298 K, 1.0 bar) and as supercapacitor elec-
trode with high specific capacitance in both acidic (262 F g1,
1 M H,SO,) and basic (227 F g}, 6 M KOH) media at a cur-
rent density of 0.2 A g~!. Therefore, it is believed that these
N-doped mesoporous carbons are promising as novel versa-
tile nanomaterials for multi-purpose applications in a range
of fields. This synthesis concept is applicable for design of
mesoporous carbons doped with other elements by choosing
appropriate precursors which can interact with resols, be con-
verted stable intermediate phases in situ, and finally endure
pyrolysis at a high temperature.
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4. Experimental Section

Synthesis of N-Doped Ordered Mesoporous Carbons: For the typical
synthesis of the N-doped mesoporous carbon with 2D hexagonal
mesostructure, F127 (1.0 g) and different amounts of DCDA (0 to
2.5 g) were first dissolved in a mixture of ethanol (20 g) and water
(10 g). Then, 5.0 g of resol ethanol solution (20 wt%) was added and
stirred for 0.5 h. In all these syntheses, the mass ratio F127 to resol
was fixed at 1:1. Transparent composite films were obtained by pouring
the solution into Petri dishes to evaporate the solvent at 50 °C for 6 h.
After further heating in an oven at 100 °C for 24 h for thermosetting,
the as-made composites were scrapped and crushed into powders for
pyrolysis. The pyrolysis was carried out in a tubular furnace under N,
atmosphere at 250 °C for 2 h and then 600 °C for 3 h with a ramp
rate of 1 °C min~'. The samples were denoted as H-NMC-x (hexagonal
N-doped mesoporous carbon), where x is the mass ratio of DCDA to
resol.

In activation with KOH, the H-NMC-2.5 sample was chemically
activated by heating the mixture of H-NMC-2.5 and KOH powder (mass
ratio of KOH/H-NMC-2.5 was 6:1) under N, at 600 °C for 1 h with a
ramp rate of 5 °C min~'. The product was first washed with 2 m HCI to
remove inorganic salts, and then washed with distilled water until the
pH value of the filtrate reached 7.0. Finally, the sample was dried in an
oven at 100 °C. The activated N-doped mesoporous carbon was denoted
as A-NMC. The synthesis of N-doped mesoporous carbons with cubic
mesostructure were similar except that the mass ratio of F127 to resol
was 1:2, and the obtained samples were denoted as C-NMC-x (cubic
N-doped mesoporous carbon), where x is the mass ratio of DCDA to
resol.

Characterization: Small angle X-ray scattering (SAXS) measurements
were taken on a Nanostar U small-angle X-ray scattering system (Bruker,
Germany) using Cu Ko radiation (40 kV, 35 mA). The d-spacing values
were calculated from the formula d = 27/g. Nitrogen sorption isotherms
were measured at 77 K with a Micromeritics Tristar 3020 analyzer (USA).
Before measurements, the samples were degassed in a vacuum at 180 °C
for at least 6 h. The Brunauer-Emmett-Teller (BET) method was utilized to
calculate the specific surface areas. By using the Barrett-Joyner-Halenda
(BJH) model, the pore volumes and pore size distributions were derived
from the adsorption branches of isotherms, and the total pore volumes
(V) were estimated from the adsorbed amount at a relative pressure
P/Py of 0.995. Transmission electron microscopy (TEM) experiments
were conducted on a JEOL 2011 microscope (Japan) operated at 200 kV.
Field-emission scanning electron microscopy (FESEM) images were
collected on the Hitachi Model S-4800 field emission scanning electron
microscope. The dried samples were directly used for the observation
without any treatment. Elemental analyses were done on an Elementar
Vario EL Il microanalyzer. XPS experiments were carried out on a RBD
upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg Kot radiation
(hv =1253.6 eV) or Al Ko radiation (hv = 1486.6 eV). Binding energies
were calibrated by using the containment carbon (C; = 284.6 eV). The
CO, adsorption isotherms were measured in a temperature-controlled
water bath on IGA gravitometer adsorption apparatus. The samples
were degassed at 200 °C for 8 h (increasing rate: 10 °C min™', outgas
rate: 50 mbar min™).

Electrochemistry Test: For fabrication of a working electrode, a mixture
containing active materials (80 wt%), acetylene black (10 wt%), and
polytetrafluoroethylene (PTFE; 10 wt%) was well mixed to form a
homogeneous slurry. The slurry was then pressed onto a titanium screen
that serves as a current collector. The typical mass of active material was
about 5 mg cm~2, and the thickness of the electrode membrane about
98 um (estimated apparent electrode density is about 0.51 g cm™). The
electrochemical experiments were carried out using a three-electrode
cell, employing platinum as the counter electrode, a saturated calomel
electrode (SCE) (0.2415 V vs. the standard hydrogen electrode) as
the reference electrode and 1 m H,SO,4 (or 6 m KOH) solution as the
electrolyte. The cyclic voltammetry (CV) and the galvanostatic charge—
discharge (GC) tests were performed using electrochemical analyzer,
CHI 605B at ambient conditions.
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from the author.
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