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Redox-active triazatruxene-based conjugated
microporous polymers for high-performance
supercapacitorst
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Conjugated polymers (CPs) have been intensively explored for various optoelectronic applications in the
Nevertheless, CP based electrochemical
supercapacitors remain largely unexplored. This is mainly owing to the low specific capacitance, poor

last few decades. energy storage devices such as
structural/electrochemical stability, and low energy density of most existing CPs. In this contribution,
a novel set of redox-active conjugated microporous polymers, TAT-CMP-1 and TAT-CMP-2, based on
nitrogen-rich and highly conductive triazatruxene building blocks, were successfully designed and
synthesized to explore their potential application as efficient and stable electrode materials for
supercapacitors. Despite a moderate surface area of 88 m? g~ ! for TAT-CMP-1 and 106 m? g~ ! for TAT-
CMP-2, exceptional specific capacitances of 141 F g% and 183 F g~ were achieved at a current density

of 1 A g%, The resulting polymers exhibited unusually high areal specific capacitance (>160 pF cm™2),
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Accepted 30th January 2017 which is attributed to the pseudocapacitance resulting from redox-active structures with high nitrogen

content. More importantly, the TAT-CMP-2 electrode exhibits excellent cycling stability: only 5%

DOI: 10.1039/c65c05532) capacitance fading is observed after 10 000 cycles at a high current density of 10 A g™, enabling the
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Introduction

Conjugated polymers (CPs) have received remarkable interest in
the last few decades.'™ A large number of CPs have been
explored for various optoelectronic applications, including
light-emitting diodes, solar cells, field-effect transistors, and
chemical sensors, etc.>® Nevertheless, CP based electrochemical
energy storage devices such as supercapacitors, which is an
interesting and wuseful application, remain largely unex-
plored.®** Supercapacitors, as one important kind of electro-
chemical energy storage device, have shown great promise as
the power source for electric vehicles as well as daily
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possible use of these materials as electrodes in electrochemical devices.

appliances.”™® Like other electrochemical devices, electrode
materials are the key to the increase of device performance.
Compared with the major classes of electrode materials for
supercapacitors (carbon-based materials, and metal oxides,
etc.), CPs possess some unique advantages, such as a high
voltage window and adjustable redox activity through easy
chemical modification. This potential, however, has not been
fully exploited yet, due to some shortcomings of CPs, most
importantly related to their relatively low specific capacitance
and cycling stability, as well as their limited redox
reversibility."”>°

Hybridization of CPs with different heteroatoms such as
nitrogen, oxygen, or boron atoms promises to overcome these
limitations.?** Of these heteroatoms, the introduction of
nitrogen has shown the greatest progress since it not only
enables the enhancement of conductivity, wettability, and
electro-active surface area of the electrode, but also endows the
electrode with pseudocapacitance and thus further improves
their electrochemical performance.>*** Compared with physical
doping processes, the introduction of heteroatoms into CPs
through chemical methods has received much less attention,
despite the facile and versatile chemical modification potential
of CPs, mainly due to the lack of suitable CPs with large
capacitance.

Other than the introduction of heteroatoms, the increase of
pore density also holds promise to enhance the capacitance of
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CPs. As a novel series of porous CPs, conjugated microporous
polymers (CMPs) have most recently attracted increasing
attention owing to their merits of permanent porosity, low
density and strong covalent linkages.’**® CMPs have thus
emerged as a promising class of porous materials with huge
application potential in gas storage and separation, heteroge-
neous catalysis, sensors, light harvesting, luminescence, and
energy conversion.”>>' To explore the potential of CMPs as
active electrode materials for supercapacitors, CMPs with
varying structures have been investigated with limited
success.*”** The relatively low conductivity and the limited
chemical and oxidative stability of established CMP linkages,
such as boroxines and boronate esters, however, appear to be
the main obstacles.**

In this work, we developed a novel set of redox-active CMPs
that show outstanding electrochemical performance which can
be attributed to both the optimised pore distribution and the
nitrogen heteroatom within its structure that can increase
capacitance. Triazatruxene (TAT), a planar m-extended conju-
gated block with C; symmetry that can be considered as an
overlapping framework of three carbazole units, was selected as
the building block. Its nitrogen-rich feature and large
T-conjugated planar structure are beneficial to increasing the
electrical conductivity. Due to these features, it shows strong
electron-donating and hole-transporting capabilities, enabling
high-performance organic light emitting diodes, liquid crystal
displays, organic photovoltaics, organic lasers, and fluorescent
sensors.**” To the best of our knowledge, there is no report on
TAT being explored for energy storage applications so far. To
achieve larger capacitance and higher redox stability, imine
bonds which are less susceptible to moisture than boroxine/
boronate ester bonds are introduced. In this way, we can over-
come the low cycling stability and limited redox reversibility of
traditional CPs as well as increase the specific capacitance, to
afford a promising electrode material for electrochemical
applications.

We report herein the syntheses of triazatruxene-based CMPs,
TAT-CMP-1 and TAT-CMP-2, and their promising application in
supercapacitors. Brunauer-Emmett-Teller (BET) models were
applied for TAT-CMP-1 and TAT-CMP-2, where the calculated
BET surface areas were 88 m”> g " and 106 m* g~ ', respectively.
According to electrochemical measurements, TAT-CMP-1 and
TAT-CMP-2 possessed a specific capacitance of 141 F g~ and
183 Fg ' at 1.0 A g™, respectively. The results were superior to
those of most traditional nitrogen-doped carbon electrodes.***°
They also exhibited very stable cycling performance in a three-
electrode system, and only 5% capacitance decay for TAT-CMP-2
was observed after 10 000 cycles at a high current density of
10 A g . These excellent results endow TAT-based CMPs with
great potential for achieving high-performance and stable
supercapacitors. In addition, the influence of the nitrogen
content and molecular structure on the capacitive properties of
the resulting materials were investigated, which sheds light on
the rational design and development of efficient and stable
electrode materials for supercapacitors and other related elec-
trochemical devices.
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Results and discussion

The synthetic procedures of TAT-CMP-1 and TAT-CMP-2 are
depicted in Fig. 1. TATR was synthesized according to our
previous work.*' Direct nitration reaction of TATR with nitric acid
in dichloromethane afforded TAT-3NO, in 82% yield. Subsequent
reduction with N,H,-H,O using Pd/C as a catalyst offered the key
intermediate amine TAT-3NH, in a high yield of 73%. TAT-CMP-1
and TAT-CMP-2 were synthesized under solvothermal conditions
by condensation of TAT-3NH,, with PMDA or TPAL in a mixed
solution of 1,4-dioxane and mesitylene followed by heating at
120 °C for 3 days, giving the solid powders in yields of 82% for
TAT-CMP-1 and 85% for TAT-CMP-2. These materials demon-
strated no changes upon exposure to air, humidity, or organic
solvents. They are insoluble in common solvents such as chlo-
roform, toluene, xylene, tetrahydrofuran (THF), chlorobenzene,
dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMAc), and N-methylpyrrolidone (NMP),
suggesting a hyper-cross-linked structure. Thermogravimetric
analysis (TGA) of TAT-CMP-1 and TAT-CMP-2 showed high
thermal stability with a decomposition temperature of 394 °C and
391 °C (Fig. S1t), respectively. In addition, no distinctive melting
or crystallization transitions were observed during the DSC scans
from room temperature to 250 °C (Fig. S21), suggesting the
amorphous properties of the resulting CMPs, which were further
confirmed by powder X-ray diffraction (XRD) patterns (Fig. S37).
They exhibited a slight spike at 5.5° and a broad peak at 22°,
which revealed that they had fairly low crystallinity. Irregular
stacking morphologies were observed using scanning electron
microscopy (SEM) (Fig. S4 and S5f). The SEM measurements
show that the surface morphologies of the samples are homo-
geneous, composed of loosely packed tiny particles. Moreover,
the particles have irregular shapes with a rather rough surface.
Transmission electron microscopy (TEM) reveals the presence of
micro- and meso-pores that originate from the highly cross-
linked molecular skeletons (Fig. S6 and S77).

X-ray photoelectron spectroscopy (XPS, Fig. 2) and elemental
analysis were conducted to further investigate the chemical
nature of TAT-CMP-1 and TAT-CMP-2. XPS of TAT-CMP-1 shows
a primary C 1s peak at 284.8 eV, N 1s peak at 400.2 eV and O 1s
peak at 532.2 (Fig. 2a). TAT-CMP-2 has a dominant C 1s peak at
284.8 eV, a stronger peak for N 1s at 399.9 eV and a much
smaller signal for the O 1s peak at 531.5 eV (Fig. 2b). These
peaks verify the integration of N atoms into these compounds
(8.4% N atomic ratio in TAT-CMP-1 and 9.7% N atomic ratio in
TAT-CMP-2, which are close to the elemental analysis results
with 8.54% N in TAT-CMP-1 and 10.40% in TAT-CMP-2). From
the XPS results of TAT-CMP-1 (Fig. 2c), we can see three N 1s
peaks, which represent three different sorts of nitrogen atoms
including ternary nitrogen (400.2 eV) from the N-hexyl carbazole
moiety, quaternary nitrogen (401.1 eV), and oxidised nitrogen
(403.0 eV).”> For TAT-CMP-2 (Fig. 2d), the signal peaks at
399.9 eV, 401.5 eV and 402.7 eV are assigned to the N-hexyl
carbazole moiety, quaternary nitrogen, and oxidised nitrogen,
respectively, while a new peak at 398.7 eV appears, which is
attributed to C=N from the amides.*

This journal is © The Royal Society of Chemistry 2017
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TAT-CMP-1

Fig. 1 Synthesis route and the three-dimensional view of TAT-CMP-1 and TAT-CMP-2 in an amorphous periodic cell (grey: carbon, white:
hydrogen, blue: nitrogen, red: oxygen, and n-hexyl groups (R) are omitted for clarity).

The pore structure was evaluated by nitrogen sorption
isotherms measured at 77 K, which revealed that TAT-CMP-1
and TAT-CMP-2 exhibited type I and IV characteristics, con-
sisting of both microporous and mesoporous structures. As
shown in Fig. 3, the sorption isotherms exhibit a rise of uptake
in the low relative pressure region (<0.1), indicative of the
presence of a substantial number of micropores. A slight sorp-
tion hysteresis can be observed over the whole range from 0.1 to
0.8, which can be interpreted as the network swelling or
restricted access of adsorbate molecules through a narrow pore
opening.** Moreover, when the relative pressure exceeds 0.8,
they show a significant increase of nitrogen uptake, suggesting
the presence of a macroporous structure, which can be inter-
preted as the interparticulate voids arising from the loose
packing of small particles as observed in the SEM images. On
the other hand, the desorption isotherms lie above the
adsorption one to form an unclosed loop, displaying a typical
desorption-adsorption hysteresis effect. The BET surface areas
are evaluated to be 88 and 106 m* g~ for TAT-CMP-1 and TAT-
CMP-2, respectively, which are comparable with those of other
porous polymers.”* The results indicate that TAT-CMP-1 and
TAT-CMP-2 are microporous polymers based on nitrogen-rich
triazatruxene conjugated skeletons (Fig. S87).

This journal is © The Royal Society of Chemistry 2017

To evaluate the electrochemical performances of TAT-CMP-1
and TAT-CMP-2, a conventional three-electrode system was
used, which consisted of a triazatruxene-based CMP working
electrode (80 wt% TAT-CMP-1 or TAT-CMP-2, 15 wt% acetylene
black and 5 wt% polytetrafluoroethylene (PTFE)), a saturated
calomel electrode (SCE) as the reference electrode, a platinum
electrode as the counter electrode, and 1.0 M Na,SO, as the
electrolyte.

Cyclic voltammetry (CV) curves for TAT-CMP-1 and TAT-
CMP-2 at scan rates of 5 mV s %, 10 mV s %, 25 mV s~ ' and
50 mV s~ ! are shown in Fig. 4. The CV curves of TAT-CMP-1 and
TAT-CMP-2 exhibit a nearly rectangular shape, which can be
interpreted as the combination of a series of successive multiple
surface redox reactions occurring during the charge/discharge
process in the potential window of —1-0 V vs. Hg/HgO.* The
multiple broad redox peaks constituting these almost rectan-
gular curves indicate pseudocapacitive effects, which may be
associated with the multiple nitrogen-containing moieties
existing in the CMPs.”” It is implied that redox reactions have
fast charging-discharging kinetics. Considering that the
surface area of TAT-CMP-1 and TAT-CMP-2 is significantly lower
(88 m?>g " and 106 m* g~ ') than activated carbon (typically 500~
3000 m> g~ "), the capacitance per surface area reaches 160

Chem. Sci., 2017, 8, 2959-2965 | 2961
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Fig. 2 XPS spectra for the survey scans of (a) TAT-CMP-1 and (b) TAT-CMP-2, and the N 1s core-level spectra of (c) TAT-CMP-1 and (d) TAT-

CMP-2.

pF cm ™2 for TAT-CMP-1 and 173 pF cm ™2 for TAT-CMP-2, much
higher than the theoretical capacitance of EDLCs (1-25
uF cm™?).*® To verify the faradaic process, the XPS results of
TAT-CMP-1 and TAT-CMP-2 samples were investigated using CV
scanning. Particularly, XPS results at different potentials (from
0Vto —0.5V, -1.0, —1.5 V, and —2.0 V) in the second CV
scanning were recorded. The results are depicted in Fig. S9-
S12f in comparison with those recorded before CV scanning
(ESIY). The key data are summarized in Table S1.T In the XPS
spectra, four N 1s peaks represent the four different sorts of
nitrogen atoms including iminic nitrogen (-C=N-, 397.6 +
0.2 eV) from the Schiff base, ternary nitrogen (400.1 + 0.2 eV)
from the N-hexyl carbazole moiety, quaternary nitrogen (401.1 +
0.2 eV), and oxidized nitrogen (402.8 + 0.2 eV).*>** For TAT-
CMP-1, the N 1s peak of quaternary nitrogen (401.1 eV) was
absent after the negative scanning process from 0 V to —0.5 V.
The N 1s core-level spectra are similar with a single peak after
CV scanning from0Vto —1.0V, —1.5V,and —2.0 V, but the N 1s
peaks of quaternary nitrogen (401.1 eV) and oxidized nitrogen
(403.0 eV) both disappeared. This illustrates that the successive
multiple reduction processes occur on the N atoms of TAT-CMP-
1. Likewise, for TAT-CMP-2, the N 1s peaks of quaternary
nitrogen (401.5 eV) and oxidized nitrogen (402.7 eV) dis-
appeared due to the reduction process with a negative scanning
voltage beyond —1.0 V. Obviously, the capacitance is mainly
from the contribution of pseudocapacitance, which is due to the

2962 | Chem. Sci., 2017, 8, 2959-2965

redox reaction mechanisms by the redox-active structures with
a high concentration of N functional groups. Comparing Fig. 3a
with 3b, the area under the CV curve for TAT-CMP-2 is appar-
ently larger than that of TAT-CMP-1, demonstrating that TAT-
CMP-2 has higher capacitance than TAT-CMP-1, which possibly
results from the higher nitrogen content, larger specific surface
area and appropriate pore size distribution.

Galvanostatic charge-discharge experiments were carried
out to further validate the above observation (Fig. 5a and b). On
the one hand, it is clear that the charge and discharge curves at
current densities from 1.0 A g " to 10 A g~' show symmetric
features with a fairly linear slope, which suggests that fast ion
transport and quick electron propagation occur within these
CMP electrodes. On the other hand, the TAT-CMP-2 electrode
displays the highest specific capacitance, which is in good
agreement with the above CV results. The considerable varia-
tions in specific capacitance values, which are extracted from
the discharge slopes and calculated based on the active mate-
rial, distinctly reveal that the electrochemical performance is
closely related to the nitrogen content. For TAT-CMP-1, the
calculated specific capacitances are 141, 132, 115, and 99 F g~
at current densities of 1, 2, 5, and 10 A g’l, respectively.
However, for the higher nitrogen content TAT-CMP-2, the
calculated specific capacitances are 183, 173, 158, and 137 Fg ™"
at current densities of 1, 2, 5, and 10 A g ', respectively
(Fig. S131). More interestingly, the capacitive value of TAT-CMP-

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Galvanostatic charge—discharge curves of (a) TAT-CMP-1 and
(b) TAT-CMP-2 at different current densities.

1 and TAT-CMP-2 is still maintained above 110 F g~ " at a high
current density of 5 A g~ ', suggesting that such a prominent
capacitive performance can be maintained under a high power
density operation. Specifically, when the nitrogen content
increases, the specific capacitance of TAT-CMP-2 at a current
density of 1.0 A g~" increases by nearly 30%. Notably, the
remarkable specific capacitance of TAT-CMP-2 is even superior
to those of most previously reported porous materials with
larger surface areas (Table S17), such as two-dimensional
covalent organic frameworks (48 Fg~ ' at 0.1 Ag™", Sgpr = 1124
m” g7 "),* defect-engineered carbon nanotubes (C = 98 F g™ " at
1 Ag ', Sger = 988 m® g '),*® nitrogen-doped hierarchical
porous carbon nanosheets (C = 128 Fg~ " at 0.1 A g ', Sgpr =
1735 m* g "),* nitrogen-doped carbon nanopatrticles (C = 84
Fglat1Ag?, Sgpr = 365.3 m”> g 1),* sulfur and nitrogen
dual-doped porous carbon materials (C =129 Fg ' at 10A g™},
Sper = 655.4 m> g~ "),* nitrogen/sulfur co-doped mesoporous
carbon (C =160 Fg ' at 1 A g ", Sger = 1161 m* g "),* and
copolymer-templated nitrogen-enriched porous carbons (C =
166 Fg 'at 0.1 Ag ', Sgpr = 500 m?> g~ 1).%

The stability of TAT-CMP-1 and TAT-CMP-2 was tested using
cycling experiments. As demonstrated in Fig. 6, they showed
little capacitance decay (17% for TAT-CMP-1 and 5% for TAT-
CMP-2) after 500 cycles and exhibited almost no changes over
10 000 charge-discharge cycles at a high current density of
10 A g '. In particular, TAT-CMP-2 exhibited better perfor-
mance stability than TAT-CMP-1 without any deterioration.
That is, TAT-CMP-1 and TAT-CMP-2 outperform super-
capacitors with inorganic electrodes, including ruthenium

Chem. Sci,, 2017, 8, 2959-2965 | 2963
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oxide that usually suffers from a decrease in capacitance after
a few cycles. Therefore, the CMPs endow TAT-CMP-1 and TAT-
CMP-2 with not only large capacitance, and high power and
energy densities, but also an excellent cycling life.

Conclusions

In summary, a novel set of redox-active CMPs based on nitrogen-
rich and m-conjugated planar triazatruxene building blocks have
been successfully designed, synthesized, and explored as efficient
and stable electrode materials for high-performance super-
capacitors. The nitrogen groups played a crucial role in inducing
pseudocapacitance by improving the charge mobility of the CMPs
as well as introducing negative charges on the polymer surface,
which is presumed to result in ion doping/dedoping similar to
that observed in N-doped porous carbon materials. Due to the
appropriate porous structure and high N content, the CMPs show
a high specific capacitance of 141 F g~ " and 183 F g~ " at a current
density of 1 A g~ for TAT-CMP-1 and TAT-CMP-2, respectively.
They exhibit unusually high capacitance per unit surface area
(>160 uF cm~?) which is among the highest values obtained for
CMP supercapacitors. Moreover, they manifest excellent revers-
ibility with cycling efficiencies of 95% and 83% after 10 000 cycles
at a high current density of 10 A g~ *. The good supercapacitor
performance, clearly related to the unique nitrogen-rich proper-
ties and porous structure as shown in this work, suggests that
a valuable strategy for improving the electrochemical perfor-
mance is by specifically tuning the nitrogen content via a chem-
ical doping method. This study has demonstrated the very
promising potential of nitrogen-rich triazatruxene-based 7w-CMPs
for applications in high-performance energy storage devices.
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