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Ultrastable tetraphenyl-p-phenylenediamine-
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for high-performance electrochemical
supercapacitors†
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In this study we synthesized two tetraphenyl-p-phenylenediamine-

based covalent organic frameworks (TPPDA-TPPyr and TPPDA-

TPTPE COFs) for potential use in high-performance electrochemical

supercapacitors. This excellent performance arose from their struc-

tures containing redox-active triphenylamine derivatives and their

high surface areas.

Supercapacitors are attracting interest as alternatives to batteries,
because of their high stabilities, fast charge/discharge rates, high
power densities, and lifetimes on the order of 105 cycles.1 The
nature of the faradaic and non-faradaic processes that occur inside
the supercapacitors depends mainly on the electrode material.2

Initially, active carbon was used as the electrode material; it is a
highly porous material that is highly conductive and stable under
various acidic and basic conditions. Nevertheless, active carbon
can only store energy with double-layer capacitors; therefore, its
performance is affected significantly by the nature of its pores.
A large number of carbon pores might make them excessively
small or inaccessible to accommodate solvated electrolyte ions.
This behavior of active carbon limits the energy density achiev-
able with active carbon-based supercapacitors.3 Nitrogen-doped
carbon materials have improved the productivity and efficiency
of supercapacitors significantly through both heteroatom and

pseudocapacitance effects.4 Several organic materials---including
conductive polymers (e.g., polythiophene, polyaniline, and poly-
imide), carbonyl-based compounds, organosulfur compounds,
and stable radical polymers5–7—have been developed recently as
novel materials for use as extremely efficient supercapacitors,
due to their structural diversity, high redox capacities, and
environmental friendliness.8 Triphenylamine (TPA) derivatives
have also been considered for their redox-active behavior,9

excellent electronic properties, and high charge mobilities.10 In
particular, polytriphenylamine derivatives have been employed
as electrode materials for energy storage in various kinds of
supercapacitors, due to their excellent electroluminescence and
charge transport properties, in addition to their excellent mor-
phological and thermal stabilities.11 Moreover, the polytriphenyl-
amine skeleton containing TPA moieties as repeat radical units
can undergo reversible radical redox processes during the char-
ging and discharging processes.12 Accordingly TPA derivatives are
attractive materials for creating new conductively and electro-
chemically stable frameworks with high surface areas and
controllable pore sizes for streamlining the rates of diffusion
of solvent and electrolyte molecules.

Covalent organic frameworks (COFs) are designable crystal-
line networks having long-range periodic three- (3D) and two-
dimensional (2D) structures that are precisely assembled
through the cross-linking of organic building blocks through
covalent bonds. Benefitting from their ordered pore sizes, high
surface areas, and excellent crystallinity, dozens of COFs have
been synthesized in recent years, with promising applications
in, for example, energy storage, catalysis, gas storage, optoelec-
tronics, drug delivery, and separation.13–18 With respect to
electrochemistry, COFs can exhibit distinct advantages over
non-crystalline polymers, because of their controllable pore
sizes and the ability to add redox-active moieties into their
frameworks by varying their building blocks. Although a few
COFs have been tested recently as electrode materials,19 the
number of redox-active moieties inserted into COF frameworks
for use as new electrode materials has remained limited. To the
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best of our knowledge, tetraphenyl-p-phenylenediamine (TPPDA)-
based COFs have not been reported previously. In this paper, we
describe the synthesis of TPPDA-COFs through one-pot [4+4]
Schiff-base condensations of redox-active TPPDA(NH2)4 with tetra-
formyl linkers, TPPyr(CHO)4 and TPTPE(CHO)4 (Scheme 1).

To construct new imine-linked COFs featuring many triphenyl-
amine moieties in their backbones, we prepared the new tetra-
amine precursor TPPDA(4NH2) from p-phenylenediamine in two
steps (Scheme S1, ESI†). The FTIR spectrum featured multiple
signals 3456–3334 cm�1 for the symmetric and asymmetric NH
groups (Fig. 1a and Fig. S1, ESI†). The 1H NMR spectrum

contained a broad singlet at 4.81 ppm, attributable to the four
amino groups, as well as signals for the protons of the amino-
substituted aromatic units in the range 6.68–6.46 ppm (Fig. S2,
ESI†). The 13C NMR spectrum of TPPDA(4NH2) displayed a
characteristic signal at 145.17 ppm for the C–NH2 nuclei, in
addition to signals for the other aromatic carbon nuclei at
142.57, 138.05, 126.49, 120.96, and 115.44 ppm (Fig. 1b and
Fig. S3, ESI†). We obtained organic crystallites of the TPPDA-
TPPyr and TPPDA-TPTPE COFs after solvothermic condensa-
tions of TPPDA(4NH2) with TPPyr(CHO)4 and TPTPE(CHO)4,
respectively. The FTIR spectra of the TPPDA-TPPyr and TPPDA-
TPTPE COFs featured intense signals at 1622 and 1624 cm�1,
respectively, corresponding to their imine (CQN) stretching
vibrations (Fig. 1a and Fig. S4, S5, ESI†). The intensities of the
bands corresponding to the amino NH and formyl CHO stretch-
ing vibrations of TPPDA(4NH2) and TPPyr(CHO)4/TPTPE(CHO)4,
respectively, were significantly attenuated (Fig. 1a and Fig. S4, S5,
ESI†), implying a great degree of imine-linkage formation. The
chemical structures of the TPPDA-TPPyr and TPPDA-TPTPE COFs
were confirmed using solid state NMR spectroscopy (Fig. 1b
and Fig. S6, S7, ESI†). The 13C solid state NMR spectra of the
synthesized COFs featured signals at 178.43–179.79 ppm for the
imino-carbon (CQN) nuclei, but the signals of the C–NH2 and
CHO carbon nuclei of the tetraamine and tetraformyl precursors
were absent. Thermogravimetric analysis (TGA) of the TPPDA-
TPPyr and TPPDA-TPTPE COFs revealed their extraordinary ther-
mal stability, with values of Td10 of approximately 543 and 551 1C,
respectively, and char yields of 70 and 68 wt%, respectively (Fig. S8
and Table S1, ESI†). Thus, the thermal stabilities of these COFs
are superior to those of most previously reported 2D COFs, whose
decomposition temperatures have typically been below 350 1C.

TEM images of the TPPDA-TPPyr COF suggested the presence
of ordered and porous nanofibers, with lengths of up to several
micrometers and diameters of 150–400 nm (Fig. 1c and Fig. S9,
ESI†); TEM images of the TPPDA-TPTPE COF revealed fan

Scheme 1 Synthesis of TPPDA-TPPyr and TPPDA-TPTPE COFs.

Fig. 1 (a) FTIR and (b) solid state 13C NMR spectra of TPPDA(NH2)4 (red), TPPDA-TPPyr (blue), and TPPDA-TPTPE COFs (green). (c and d) TEM and (e and f)
FE-SEM images of the (c and e) TPPDA-TPPyr and (d and f) TPPDA-TPTPE COFs.
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blade-like crystallites with lengths of up to several nanometers
and diameters of 40–80 nm (Fig. 1d and Fig. S10, ESI†). The
FE-SEM images confirmed the nanofiber and fan blade-like
morphologies of the TPPDA-TPPyr and TPPDA-TPTPE COFs,
respectively (Fig. 1e, f, and Fig. S11, ESI†).

To gain insight into the crystallinities of the TPPDA-TPPyr
and TPPDA-TPTPE COFs, we recorded their powder X-ray
diffraction (PXRD) patterns (Fig. 2a and b), which revealed that
the TPPDA-TPPyr and TPPDA-TPTPE COFs both possessed
microcrystalline frameworks with long-ordered structures. In
Fig. 2a, the experimental PXRD (red curve) of the TPPDA-TPPyr
COF featured an intense signal at 5.301, which we assign to the
110 facet, in addition to a set of signals at 10.601, 11.881, and
16.071, assignable to the diffractions of the 210, 220, and 310
facets, respectively. We attribute the broad diffraction signal at
20.831 to the 001 facet, which appeared because of strong
p-stacking between the tetragonal 2D interlayers of the
TPPDA-TPPyr COF (Fig. 2a). Similarly, the PXRD pattern of
the TPPDA-TPTPE COF featured an intense signal at 4.951,
corresponding to the 110 facet, as well as other characteristic
signals at 9.941, 12.071, 14.891, and 20.301, assigned to the
diffractions of the 210, 220, 310, and 001 facets, respectively
(Fig. 2b). We applied the Bragg equation to calculate the 2D
d-spacing between the 100 planes (d100) and the 2D p-interlayer
distance between the COF stacked sheets. The values of d100 of
the TPPDA-TPPyr and TPPDA-TPTPE COFs were 1.66 and
1.78 nm, respectively, while their p-stacking distances were 4.2
and 4.4 Å, respectively (Table S2, ESI†). The hypothetical PXRD
patterns of the TPPDA-TPPyr and TPPDA-TPTPE COFs (Fig. 2a
and b, green curves), obtained from the Pawley refinements, were
consistent with the experimental patterns (Fig. 2a and b, red curves),
with only very small differences (Fig. 2a and b, black curves).

To further study the conformations and unit cell parameters
of our synthesized TPPDA-TPPyr and TPPDA-TPTPE COFs, we

used Material Studio software to construct appropriate AA and
AB stacking models. The resulting data confirmed that the
experimental PXRD patterns strongly matched the simulated
ones for the corresponding AA stacking models (Fig. 2a, b and
Fig. S12, S13, blue curves, ESI†), but they contrasted for the AB
stacking models (Fig. 2a and b, purple curves). We obtained the
following parameters for the unit cells of the AA stacking
models: for TPPDA-TPPyr COF, a = 23.72 Å, b = 23.98 Å,
c = 4.51 Å, a = 104.691, b = 91.461, g = 90.111 (Fig. S14, S15
and Table S3, ESI†); for TPPDA-TPTPE COF, a = 30.17 Å,
b = 22.29 Å, c = 5.02 Å, a = 82.621, b = 86.041, g = 90.061
(Fig. S16, S17 and Table S4, ESI†). We recorded N2 adsorption/
desorption isotherms of our synthesized TPPDA-TPPyr and
TPPDA-TPTPE COFs at 77 K to assess the porosities of their
COF frameworks (Fig. 2c). Their sorption curves revealed a
hybrid of type I- and IV-isotherms with sharp uptakes at low
pressure of P/P0 o 0.01 for TPPDA-TPPyr and TPPDA-TPTPE
COFs and hysteresis loops at high pressure of P/P0 4 0.2 for
TPPDA-TPPyr COF and at P/P0 4 0.1 for TPPDA-TPTPE COF,
indicating the presence of permanent micropores and meso-
pores. The presence of a mixture of micropores and meso-
porous in electrode materials strongly enhanced the ion
transport and diffusion pathway in the charge/discharge
process.20 Derived from the N2 sorption isotherms, the Brunauer–
Emmett–Teller (BET) surface areas of the TPPDA-TPPyr and TPPDA-
TPTPE COFs were 1020 and 1067 m2 g�1, respectively, and their
pore volumes were 0.66 and 0.84 cm3 g�1, respectively (Table S2,
ESI†). Moreover, we used non-local density functional theory (DFT)
to obtain the pore size distribution profiles of our synthesized
COFs. The pore size distributions featured pore widths concen-
trated at 1.25 and 1.57 nm for the TPPDA-TPPyr and TPPDA-TPTPE
COFs, respectively (Fig. 2d and Table S2, ESI†).

We used cyclic voltammetry (CV) and the galvanostatic
charge–discharge (GCD) method to examine the electrochemical
performances of our TPPDA-COFs in a three-electrode system with
1 M KOH as the aqueous electrolyte. Fig. 3a and b display the
corresponding CV curves of TPPDA-TPPyr and TPPDA-TPTPE
COFs, recorded at various sweep rates from 5 to 200 mV s�1 in
the potential window from +0.18 to �0.92 V. The TPPDA-TPTPE
COF provided the relatively higher current density. The corres-
ponding CV curves of these two COF samples had rectangle-like
shapes featuring humps, indicating that this capacitive response
originated from electric double-layer capacitance. The distinct
appearance of humps in the rectangle-like shape is an indication
of pseudocapacitance arising from the presence of the hetero-
atoms (i.e., N atoms).1,15,16 In addition, both samples possessed
redox-active triphenylamine units,15,16 which allowed them
to undergo reversible redox processes at a low sweep rate
(5 mV s�1) in the potential window from +0.18 to �0.92 V
(Fig. S18, ESI†). As previously reported, triphenylamine possesses
nitrogen electroactive center connected to three electron-rich
phenyl rings, in which a reversible radical redox process occurs
during charge and discharge processes.9 Moreover, the current
density increased upon increasing the sweep rate, while the shape
of the CV curve was retained (Fig. 3a and b), indicating good rate
capability and facile kinetics.21,22 Fig. 3c and d present the GCD

Fig. 2 (a and b) PXRD patterns of the (a) TPPDA-TPPyr and (b) TPPDA-
TPTPE COFs: experimental patterns (red); simulated Pawley refined
patterns (green); differences between the observed and simulated patterns
(black); and AA (blue) and AB (purple) stacking patterns. (c) Nitrogen
adsorption/desorption isotherms at 77 K and (d) pore size distributions
for the TPPDA-TPPyr and TPPDA-TPTPE COFs.
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curves of the TPPDA-TPPyr and TPPDA-TPTPE COFs measured at
various current densities from 2 to 20 A g�1. These GCD curves had
triangular shapes featuring a slight bend, suggesting both pseudo-
capacity and EDLC characteristics.13 The discharging time of the
TPPDA-TPTPE COF was longer than that of the TPPDA-TPPyr COF
(Fig. 3c and d), indicating that the capacitance of the former was
larger than that of the latter. We used eqn (S1) (ESI†) to determine
the specific capacitances from the GCD curves (Fig. 3e). The specific
capacitance of the TPPDA-TPTPE COF (237.1 F g�1) was larger than
that of the TPPDA-TPPyr COF (188.7 F g�1) at a current density of
2 A g�1. This excellent performance of the TPPDA-TPTPE COF was
due to its higher surface area (1067 m2 g�1) and pore volume
(0.84 cm3 g�1), along with its heteroatoms, all of which made it
easier for the electrolytes to access the surface of the electrode.21

Table S5 (ESI†) summarizes the corresponding surface areas
and specific capacitances. We examined the durability of our
TPPDA-COFs by cycling them over 5000 times at 10 A g�1

(Fig. 3f). These two TPPDA-TPTPE and TPPDA-TPPyr COFs
displayed excellent cycling stability, with 86.2 and 85.6% retention,
respectively, of their original capacitances after 5000 cycles. Com-
paring with reported stable electrode materials such as metal
oxides23 and MOF-derived metal oxides,24 our TPPDA-COFs are
among the highest stable electrodes. These high stabilities might
be originated from the extraordinary thermal stability and excellent
crystallinity of our COFs materials. The related Ragone plot
(Fig. S19, ESI†) suggested that these two TPPDA-COFs electrodes
possessed good energy and power densities.

In summary, we have prepared a novel redox-active triphenyl-
amine derivative TPPDA(NH2)4 and then used it in the synthesis of
two TPPDA-COFs—TPPDA-TPPyr and TPPDA-TPTPE COFs---through

[4+4] condensation of TPPDA(NH2)4 with tetraformyl linkers. The
resultant TPPDA-COFs had excellent crystallinities, extraordinary
thermal stabilities and high surface areas. In addition, the TPPDA-
COFs had excellent electrochemical capacitances because their
chemical structures contained redox-active triphenylamine units.
Moreover, the two TPPDA-TPTPE and TPPDA-TPPyr COFs displayed
excellent cycling stability at 10 A g�1, with 86.2 and 85.6% retention,
respectively, of their original capacitances after 5000 cycles. We
surmise that the massive stabilities of TPPDA-COFs possessing
TPPDA redox-active moieties might be promising materials for
high-performance real supercapacitors in several fields, particularly
electrochemical energy storage devices.
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