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Conductive Microporous Covalent Triazine-Based Framework for
High-Performance Electrochemical Capacitive Energy Storage
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Zhong-Shuai Wu,* Xinhe Bao, and Wei-Qiao Deng*

Abstract: Nitrogen-enriched porous nanocarbon, graphene,
and conductive polymers attract increasing attention for
application in supercapacitors. However, electrode materials
with a large specific surface area (SSA) and a high nitrogen
doping concentration, which is needed for excellent super-
capacitors, has not been achieved thus far. Herein, we
developed a class of tetracyanoquinodimethane-derived con-
ductive microporous covalent triazine-based frameworks
(TCNQ-CTFs) with both high nitrogen content (>8 %) and
large SSA (>3600nm’g™"). These CTFs exhibited excellent
specific capacitances with the highest value exceeding
380 Fg', considerable energy density of 42.8 Whkg™', and
remarkable cycling stability without any capacitance degrada-
tion after 10000 cycles. This class of CTFs should hold a great
potential as high-performance electrode material for electro-
chemical energy-storage systems.

Electric double-layer capacitors, also known as supercapa-
citors, have drawn wide attention in recent years due to the
outstanding features of high power density, wide window of
working temperature, and ultralong lifetime.l!) Supercapaci-
tors store charges via rapid and reversible adsorption—
desorption of electrolyte ions at the interface between
electrode and electrolyte.’! Therefore, the development of
electrode materials with a large electrolyte-accessible surface
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area and a hierarchical porous structure for accelerating
electrolyte-ion transfer is required.

So far, a variety of advanced porous carbon materials with
tailored porous structures, such as activated carbon,”! meso-
porous carbon,””! porous graphene,”! graphene aerogels,
have been developed for high-performance supercapacitors.
In addition, nitrogen-doped carbon materials exhibit superior
performance because the pseudocapacitance effect provided
by N atoms.["! Porous polymer materials, such as metal organic
frameworks (MOFs),® conjugated microporous polymers
(CMPs)P! and covalent triazine-based frameworks (CTFs)!'!
which have controllable pore size distribution and heteroa-
tom doping are promising electrode materials in supercapa-
citors. Among them, CTFs are nitrogen-containing porous
organic frameworks obtained by the trimerization of aromatic
nitriles under ionthermal conditions pioneered by Antonietti
and Thomas."!! Apart from potential applications in hetero-
geneous catalysis,'? and gas storage!'® attributed to their
large SSA (up to 3300 m?>g~ )" and hierarchical pore-size
distribution,™™ CTFs have also been used as electrocatalysts
for oxygen reduction reaction (ORR), potential electrodes
in lithium-sulfur batteries!'”! and supercapacitors.’®! But
existing CTFs have only small SSAs (1700-2400 m*g™") with
a nitrogen content maintained of 7-9%. To develop better
electrode materials for supercapacitors, new CTFs with both
large SSAs and high nitrogen content are required.

Herein, we prepare a new class of nitrogen-rich micro-
porous CTFs using TCNQ with four m-conjugated nitriles as
monomers for trimerization and achieved functionalization
by varying the synthetic temperature. On increasing the
temperature from 400 to 900°C, the resulting products were
denoted as TCNQ-CTF-400 to TCNQ-CTF-900. With opti-
mized SSA and nitrogen content, TCNQ-CTF-800 delivered
excellent electrochemical capacitive energy storage perfor-
mance.

Scheme 1 illustrates the synthesis of TCNQ-CTFs from
the trimerization of TCNQ in molten ZnCl, and further
rearrangement at higher temperatures. The TCNQ-CTF-800
and TCNQ-CTF-900 were prepared by modified synthesis
through annealing TCNQ-CTF-700 under N, atmosphere for
1h at 800°C and 900°C, respectively. The trimerization of
TCNQ was confirmed by Fourier-transform infrared (FTIR)
spectra of TCNQ-CTFs (Figure 1a). In comparison to TCNQ
which has characteristic peaks!™” at 2220 cm™" (-CN stretching
vibration in conjugated nitrile), 3053 cm™ (C—H stretching
vibration), and 860 cm™' (C—H out-of-plane bending vibra-
tion), the two peaks at about 1560 cm™' and 1180 cm™,
corresponding to the vibration of benzene/triazine,'™! indi-
cated the formation of CTFs. The fluorescence emission at

Wiley Online Library
These are not the final page number

Angewandte

intemationalEdition’y Chemie

g2

1


http://dx.doi.org/10.1002/ange.201711169
http://dx.doi.org/10.1002/anie.201711169
http://orcid.org/0000-0002-3671-5951
https://doi.org/10.1002/anie.201711169

2
L

NC, CN

I trimerization . I

] ZnCl, 400C

NC. CN *

TCNQ e C e N

Communications

AN decomposition
& rearrangement
/

Angewandte

intemationaldition’y) Chemie

o H

Amorphous CTFs

Scheme 1. The synthesis of TCNQ-CTFs: Trimerization of TCNQ, further decomposition and rearrangement leading to amorphous CTFs.
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sity functional theory (NLDFT)
model (Figure 2b) suggested that
their pore size can be adjusted by
synthetic temperature. It should be
mentioned that the average pore
size of TCNQ-CTF-400 was about

3500 3000 2500 2000 1500 1000 00 1000 1200 2000
Raman shift (cm")

Wave number (cm™)

©

Figure 1. Structural characterization of TCNQ-CTFs. a) FTIR spectra. b) Raman spectra. Inset: The
ratio of I¢/lp. ¢) HRTEM image of TCNQ-CTF-700. d) TEM image, STEM image, carbon and nitrogen

elemental mapping image of TCNQ-CTF-800, respectively.

422 nm further confirmed the existence of triazine framework
(Figure S1 in the Supporting Information). The XRD patterns
(Figure S2) with one broad peak at about 23° demonstrated
they were amorphous materials. Raman spectra of TCNQ-
CTFs (Figure 1b) exhibited broad D and G bands at 1352 and
1607 cm ™!, respectively. We contributed the two peaks to the
condensed triazine frameworks and benzene rings in TCNQ-
CTFs, which was similar to fused aromatic cluster in
disordered carbon.” The intensity ratio of I5/I, increased
from 0.89 to 1.09 as the temperature rising from 400 to 900°C
(Figure 1b, inset), indicating the size of condensed aromatic
structure in TCNQ-CTFs was gradually increasing. The TEM
images (Figure S3) of TCNQ-CTFs showed obvious porosity,
especially for high-temperature products (Figure 1c). Ele-
mental mapping images (Figure 1d) showed the homogene-
ous distribution of nitrogen, indicating the preservation of
nitrogen functionality in TCNQ-CTFs.

The SSA and pore structures of all these TCNQ-CTFs
were evaluated by the nitrogen adsorption-desorption mea-
surement at 77 K. The isotherm plot of TCNQ-CTF-400
exhibited typical type (a)P! reversible sorption profiles (Fig-
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0.5 nm, which poses difficulties for
the diffusion and transfer of elec-
trolyte ions.’”l With the increase of
temperature, TCNQ-CTF-500/600
showed a larger pore size of approx-
imately 1.2 nm, and TCNQ-CTF-
700/800/900 displayed a broader
pore size distribution of 1-4 nm,
which would be greatly beneficial to
increase electrolyte-accessible sur-
face area. But they were still micro-
pore-dominated materials, even
TCNQ-CTF-900 contained around
60% micropores and approxi-
mately 97% of the total pores
were smaller than 4 nm (Table S1
and Figure S4). In Figure 2¢c, SSA of TCNQ-CTFs increased
from 1174 m?g~" (400°C) to 4000 m*g~"' (900°C), while the
nitrogen content (from element analysis in Table S2) of
TCNQ-CTFs decreased from 21.79 % to 4.56 %. It was clear
that a sharp decrease of nitrogen content was from 17.4 % at
600°C to 8.5 % at 700 °C, which may indicate that the loss of N
atoms led to the formation of the mesopores of TCNQ-CTF-
700. But the nitrogen contents were higher than TNNs!'"l and
PTFs!® with the equivalent BET-areas, as compared in
Figure S5. Furthermore, X-ray photoelectron spectroscopy
(XPS) measurement was conducted to demonstrate the
evolution of nitrogen configurations. According to N1s peak
positions of triazine in melamine and cyano-group in TCNQ
(Figure S6), the deconvolution of TCNQ-CTFs Nls peak
were based on Nlriazinev Ncyano’ Ngraphilicv and Noxide (Figure 26)
Peak areas and relative ratios of the four kinds of nitrogen
were summarized in Table S3.

The absolute contents Of Niaines Neyanor aNd Ngpapnicic
obtained from XPS and element analysis results were plotted
as a function of synthesis temperature (Figure2d). The
trimerization reaction was dynamic reversible and the retro-
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Figure 2. a) Nitrogen adsorption—desorption isotherms. b) Pore-size distribution profile from NLDFT calculation. c) SSA (from BET calculation)
and nitrogen content (from elemental analysis) of TCNQ-CTFs prepared at different temperatures. d) The absolute content (obtained from XPS
and element analysis results) variation of main three kinds of nitrogen centers in TCNQ-CTFs along with temperature. e) The XPS N1s spectra of
TCNQ-CTFs, deconvoluted to show the four N configurations as blue: Nyizines €yan: Neyano, PUrple: Nyponiic, brown: Noge.

trimerization led to the existence of N_y,,,. The cyano moieties
can also react through irreversible C—C bond formation,
which may cause the existence of a small number of N, ppitic-
In Figure 2d, TCNQ-CTF-400 contained 10.5% Nuine and
7.5 % Neyano Which was much more than 3.4 % N, Hence,
the nitrile trimerization equilibrium was the fastest and main
reaction during all these processes. As
the temperature rising, triazine frame-
work began to decompose, causing the
loss of Niiaines €specially at temper-
ature above 600°C. While high tem-
perature affected little on the small
number of N, uiic and its content kept
nearly unchanged. We speculated the
structure containing graphitic nitro-
gen was beneficial to electrical con-
ductivity of TCNQ-CTFs. The abrupt
increase of electrical conductivity
from 0.0008 Scm (600°C; Table S4)
to 0.007 Scm (700°C) was attributed
to the dramatic increase of Nypnisic
relative ratio, which was comparable
t0 Nijasine at 700°C (Table S3). Con-
sidering the large SSA, high nitrogen
content, and available electrical con-
ductivity of TCNQ-CTFs, their super-
capacitive energy storage properties
were further evaluated.
To evaluate the electrochemical

charge—discharge (GCD) profiles with three-electrode
system in 1m KOH aqueous electrolyte using Hg/HgO
electrode as a reference electrode and platinum foil as
a counter electrode. As shown in Figure 3a,b, CV curves of
TCNQ-CTFs (600-900°C) measured at scan rate of 20 mVs™
and their GCD profiles tested at current density of 1 Ag™

Figure 3. Electrochemical performance of TCNQ-CTFs. a) Typical CV curves tested at the scan rate

performance, TCNQ-CTFs were
investigated via cyclic voltammetry
(CV) curves and galvanometric
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of 20 mVs™". b) GCD profiles at the current density of 1 Ag™". c) Specific capacitance as a function
of different current densities of TCNQ-CTFs treated at different temperatures. d) Nyquist plots of
TCNQ-CTF-700, 800, and 900.
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