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a b s t r a c t 

We report three new β-ketoenamine-linked covalent organic frameworks (COFs) prepared through 

Schiff-base [3 + 3] polycondensations of 1,3,5-triformylphloroglucinol (TFP-3OHCHO) with three 

tris(aminophenyl)-presenting derivatives—featuring amino, carbazole, and pyridine units, respec- 

tively under solvothermal conditions. The resultant TFP-COFs possessed high BET specific surface area up 

to 686 m 

2 g –1 and excellent crystallinity, which showed excellent electrochemical specific capacitances 

(up to 291.1 F g –1 ) and CO 2 uptake efficiency up to 200 mg g –1 at 273 K. We propose the enhanced 

performance in supercapacitor and gas storage is owing to the conjugated enamine structures with 

redox-active triphenyl amino, carbazole, and pyridine moieties. In addition, we further investigate the 

formation mechanism of the spherical TFP-TPA COF by studying the morphological changes over time. 

The presence of more highly planar monomer units in the hexagonal structures of the resultant COFs led 

to stronger quadrupolar interaction with the included CO 2 molecules. 

© 2019 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Supercapacitors (SCs) are attracting a lot of interest for their

se as energy storage devices [1] . Among them, electric double-

ayer capacitors have particularly useful short charging and dis-

harging times, long cycle lives, high power densities, wide-ranging

orking temperatures, and environmental friendliness [2–4] . In

hese types of devices, charge storage at the interface between

he electrolyte and the electrode occurs through fast and re-

ersible adsorption/desorption reactions [5] . Therefore, the elec-

rode materials must have precise distributions of their pore size,
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igh thermal stability, and stable electrochemical behavior [6] . In

his context, many advanced porous carbon-containing materials

ith suitable pore size distributions ( e.g. , activated carbon

7] , porous nanocarbon [8] , composite nanocarbon [9] , porous

raphene [10–12] , graphene aerogels [13–15] , and mesoporous

arbon [16] ) have been developed in attempts to improve their ef-

ective performance in supercapacitors. Doping such carbon ma-

erials with nitrogen atoms can enhance the efficiency of super-

apacitors as a result of the pseudocapacitance effect offered by

itrogen atoms [17] . Because they contain amino moieties in the

ramework structures, particular crystalline networks, tailorable

ore sizes, and amenability to different types of heteroatom dop-

ng, several porous polymer materials ( e.g. , covalent triazine-based

rameworks [18–20] , metal–organic frameworks [21,22] , or cova-

ent organic frameworks (COF) [23,24] ) have been considered ideal

aterials for use as electrodes in supercapacitors. From the elec-

rochemical perspective, COFs provide outstanding behavior within

upercapacitors, with predictable pore parameters and ordered
ights reserved. 
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structures, making them promising electrode materials for practi-

cal devices [25,26] . 

COFs can be constructed with atomically accurate integration of

building blocks into continuous three-dimensional (3D) or simple

two-dimensional (2D) structure, with ordered pores and periodic

frameworks [27] . There is a major difference between general

amorphous polymers and COFs: namely, that the distinguishing

crystallinity of COFs is provided by reversible condensations that

yield, for example, boronate, borazine, imine, triazine, and azo-

dioxide linkages [28–31] . Considering that they can absorb high

amounts of various gas molecules in ordered arrangements, with

high thermal and chemical stabilities, COFs can display functions

unlike those of many other porous materials [28,31–33] . On the

whole, COFs are organic crystalline micro- and macro-porous

materials possessing high degrees of porosity, constructed through

various types of reversible covalent bonds [33,34] . Nevertheless,

the most attractive characteristic of COFs is because their chemical

structures could be controlled precisely, by varying their building

blocks through organic synthesis, depending on application in

mind [35,36] . To date, COFs have already been used widely, in

catalysis [37–39] , optoelectronics [40,41] , gas storage [42–45] ,

separation [46] , drug delivery [47,48] , environmental remediation

[49] , and energy storage [50,51] . The use of COFs in superca-

pacitors has, however, been limited by the poor oxidative and

hydrolytic stabilities of the previously tested materials [31,52] . 

Recent studies have suggested that the supercapacitor efficien-

cies of COFs could be improved in two ways: (i) including a redox

moiety in β-ketoenamine-linked COFs and (ii) adding metal ions

in polyimine-based COFs. In the first approach, the incorporation

of a redox-active moiety—for example, a 2,6-diaminoanthraquinone

(DAAQ) or 2,5-diaminopyridine (DAP) unit—into the hexagonal

backbone of the COF has indeed enhanced the supercapacitor ef-

ficiencies. For example, DeBlase et al. [25,26] prepared the first

redox-efficient β-ketoenamine-linked COF (DAAQ-TFP COF) con-

taining a 2,6-diaminoanthraquinone moiety in its structure, and

found that the resultant DAAQ-BTA COF functionalized electrode

exhibited good supercapacitor efficiency in H 2 SO 4 as the elec-

trolyte. Likewise, Lei and co-workers [53] prepared a DAAQ-BTA

COF/graphene composite that exhibited good specific capacitance

in KOH as the electrolyte. Furthermore, Khattak et al. [1] reported

a redox-active COF (TaPa-Py COF) featuring 2,5-diaminopyridine

(DAP) units, and found that the resulting electrode displayed

faradaic behavior and high specific capacitance in H 2 SO 4 as the

electrolyte. Although these reported examples all featured good

specific capacitance, the selection of redox-active moieties has

been limited to pyridine and anthraquinone units. In the second

approach polyimine-based COFs with metal ions (Co II , Ni II , Fe III ) in

their cavities have been converted, under pyrolysis (900 °C, 4 h),

into N-doped porous graphenes [54] that exhibited excellent spe-

cific capacitances in KOH as the electrolyte, making them poten-

tially useful as electrodes for supercapacitors. Although the spe-

cific capacitances of these kinds of pyrolyzed COFs have been su-

perior to those of redox-active COFs, their preparation has required

harsh conditions and the resulting COFs, totally converted into

graphene, have lost their crystallinity. Thus, there is still interest

in the construction of highly electrochemically efficient COFs con-

taining novel redox-active moieties. 

We and others have previously prepared COFs possessing pla-

nar and/or nonplanar monomer building units in their structures

[55–58] . In a recent study, we found that the planarity and rigidity

of the building monomers played powerful role affecting the struc-

ture, crystallinity, packing, and applications for the corresponding

COFs [55] . Furthermore, we found that the nitrogen content in

the hexagonal structure of the COFs was strongly correlated with

the CO 2 uptake efficiency of the resultant COFs [55,56] . Neverthe-

less, to the best of our knowledge, there have been no previous
tudies of the effect of the planarity of the building monomers,

hile maintaining the same nitrogen atom content, on the

pplications of β-ketoenamine-linked COFs. As part of our ongoing

esearch in the discovery of new redox-active moieties and the

ffects of monomer planarity on the applications of corresponding

OFs, in this paper we report the use of three tris(aminophenyl)

erivatives including TPA-3NH 2 , Car-3NH 2 , and TPP-3NH 2 , exhibit-

ng various degrees of planarity, as novel redox-active moieties

or the construction of three novel β-ketoenamine-linked COFs

 Scheme 1 ) through one-pot [3 + 3] polycondensations with

,3,5-triformylphloroglucinol (TFP-3OHCHO). Because the resul-

ant β-ketoenamine-linked COFs exhibited excellent crystallinity

nd thermal stability, we examined their suitability for use in

upercapacitor and for CO 2 uptake. 

. Result and discussion 

.1. Materials characterization 

In order to prepare new β-ketoenamine-linked COFs with high-

erformance supercapacitor and excellent CO 2 uptake and study

he role of linker’s planarity on their properties and applications,

e synthesized three TFP COFs—TFP-TPA, TFP-Car, and TFP-TPP

OFs—through one-pot [3 + 3] polycondensations of TFP-3OHCHO

Figs. S1–S3) with TPA-3NH 2 (Figs. S4–S6), Car-3NH 2 (Figs. S7–S9),

nd TPP-3NH 2 (Figs. S10–S12) as novel redox-active and flexible

ris(aminophenyl) building monomers ( Scheme 1 ). Their synthe-

es were performed under solvothermal conditions using mesity-

ene and dioxane (1/1) as a co-solvent over 3 days at 120 °C, in

he presence of 9% of acetic acid (6 M) as the catalyst. The ob-

ained TFP-COFs were insoluble at room temperature, and even at

igh temperatures, in most organic solvents such as tetrahydrofu-

an, dioxane, acetone, dichloromethane, DMF or DMSO. 

Table S1 presents the energy-minimized structures and opti-

ized geometries of these tris(aminophenyl) building monomers,

alculated using density functional theory (DFT) at the B3LYP/6-

11 G (d,p) level. These theoretical calculations revealed that TPP-

NH 2 was the most planar of these building monomers, with Car-

NH 2 also having a more planar structure than TPA-3NH 2 . We

sed elemental analysis, FTIR, and solid state NMR spectroscopy

o confirm the formation of the corresponding TFP-COFs. The ele-

ental analyses of TFP-TPA, TFP-Car, and TFP-TPP COFs provided

 atom contents of 69.94%, 65.10%, and 66.30%, respectively; N

tom contents of 10.72%, 10.51%, and 9.72%, respectively; and H

tom contents of 4.90%, 4.77%, and 5.53%, respectively (Table S2),

n good agreement with the theoretical values. The FTIR spectrum

f TFP-3OHCHO was characterized by the strong broad absorption

t 3453 cm 

–1 for phenolic-OH groups as well as two sharp signals

t 1641 and 1432 cm 

–1 for CH 

= O and C 

= C units (Figs. S13–S15). 

FTIR spectra of the tris(aminophenyl)-presenting monomers

eatured signals at 3406–3207 cm 

–1 for the amino NH 2 units, at

620–1603 cm 

–1 for the bending of the N–H units, and at 1519–

504 cm 

–1 for aromatic C 

= C stretching (Figs. S13–S15). FTIR spec-

ra of the TFP-COFs lacked any of the signals for the CH 

= O groups

f the free TFP-3OHCHO monomer or the amino NH 2 groups of the

ree tris(aminophenyl) monomers, confirming their complete con-

umption. The appearance of a broad peak at 3442–3414 cm 

–1 for

he NH units, as well as peaks at 1619–1610 cm 

–1 for C 

= O units,

519–1448 cm 

–1 for conjugated C 

= C units, and 1261–1235 cm 

–1 

or C–N units, confirmed that the C 

= O groups were present in

he keto form and that the imino C 

= N linkers, formed through

chiff base condensation, had tautomerized into the enamine form

Figs. S13–S15). In other words, our synthesized TFP-COFs ex-

sted in keto-enamine form, stabilized through a large number of

trong hydrogen bonds between the C 

= O groups and NH groups

25,26,28,59] . 
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Scheme 1. Synthesis of three β-ketoenamine-linked COFs—the TFP-TPA, TFP-Car, and TFP-TPP COFs—from TFP-3OHCHO and tris(aminophenyl) derivatives having different 

degrees of planarity. 
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Solid state 13 C NMR spectroscopy confirmed the exis-

ence of the keto-enamine form. The 13 C NMR spectrum of

FP-3OHCHO featured a signal at 192.06 ppm for CH 

= O car-

on and a signal at 173.58 ppm for C 

–OH carbon atoms (Fig.

2); the latter disappeared after the polycondensations with the

ris(aminophenyl) building monomers to form TFP-COFs. Solid

tate 13 C NMR spectra of the TFP-COFs featured signals at 191.96–

91.56 ppm for C 

= O units and other distinguishing signals at

54.42–153.29 and 114.62–114.28 ppm for the enamine ( = C–NH)

nd α-enamine (C 

= C) carbon atoms, consistent with the formation

f β- ketoenamine-linked COFs ( Fig. 1 and S16–S18). 

We used thermogravimetric analysis (TGA) to investigate the

hermal stabilities of our new β-ketoenamine-linked COFs. Under

 N 2 atmosphere, the TFP-COFs displayed high degrees of thermal

tability up to a temperature of approximately 475 °C (Table S3

nd Fig. S19). Considering the 10% weight loss ( T d10 ) and the on-

et temperature ( T onset ), and the char yield as standards, we found

hat the TFP-TPP COF, constructed from the most planar monomer

PP-3NH 2 , exhibited the highest thermal stability; its values of

 d10 of 475 °C and T onset of 489 °C (char yield: 51%) were slightly

igher than those of TFP-Car COF (469 and 487 °C, respectively;

har yield: 56%). On the other hand, TFP-TPA COF, constructed from

he least planar monomer TPA-3NH 2 , was the least thermally sta-

le TFP-COF, with values of T d10 of 457 °C and T onset of 477 °C (char

ield: 52%). Thus, the planarity of the building linkers had a signif-
cant effect on the thermal stability of the obtained COFs, with a

ore planar monomer producing a more thermally stable COF. 

To understand the permanent porosity and crystallinity of these

ew TFP-COFs, we measured their powder X-ray diffraction (XRD)

nd N 2 sorption behavior ( Fig. 2 ). The XRD patterns of TFP-TPA,

FP-Car, and TFP-TPP COFs revealed high degrees of crystallinity,

ith ordered hexagonal 2D honeycomb-type frameworks ( Fig. 2 (a)

nd S20–S22). TFP-TPA COF exhibited the sharp peak at 2 θ = 6.81 °,
hich we attribute to the (100) reflection, in addition to other two

eaks at 2 θ = 11.80 and 13.96 °, corresponding to (210) and (310)

eflections, respectively. A broad peak at 2 θ = 20.41 ° attributed

o the (001) reflection, which was caused by strong π-stacking

etween the 2D interlayers of this COF. The XRD pattern of TFP-Car

OF with a series of peaks at values of 2 θ of 7.48, 11.87, 14.11, and

2.16 °, which we assign to the (100), (210) (310) and (001) re-

ections, respectively. Furthermore, TFP-TPP COF provided a sharp

RD peak at 2 θ = 4.89 °, accompanied by three minor peaks at

 θ = 8.38, 12.57, and 22.38 °, also corresponding to the reflections

f (100), (210), (310), and (001). The Bragg equation ( n λ= 2 d sin θ )

ould be calculated the average d -spacings between the (100)

OF planes ( d 100 ) and the π-interlayer distances between the 2D

heets of the COF planes; for TFP-TPA, TFP-Car, and TFP-TPP COFs,

he values of d 100 are 1.0, 1.1, and 1.6 nm, respectively, and the

-interlayer distances are 3.7, 3.5, and 3.4 Å, respectively (Table

4). Through simulations, we obtained the experimental XRD
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Fig. 1. Solid state 13 C NMR spectra of the TFP-TPA, TFP-Car, and TFP-TPP COFs. 

Fig. 2. (a) PXRD patterns of TFP-TPA, TFP-Car, and TFP-TPP COFs: experimental patterns (green), simulated patterns (purple) from Rietveld refinement, the difference between 

the measured and simulated patterns (black), and the calculated patterns from A–A (red) and A–B (blue) stacking. (b) 3D-space models of the TFP-TPA, TFP-Car, and TFP-TPP 

COFs obtained using A–A stacking crystalline structures [C (gray); N (blue), and O (red) atoms]. (c) N 2 adsorption ( ●) and desorption ( ◦) isotherms measured at 77 K and (d) 

pore size distributions of TFP-TPA, TFP-Car, and TFP-TPP COFs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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Fig. 3. (a–c) FE-SEM images of (a) TFP-TPA, (b) TFP-Car, and (c) TFP-TPP COFs. (d–f) TEM images of the spherical TFP-TPA COF, recorded at various magnifications. 

Fig. 4. (a) Schematic representation of the formation mechanism of the spherical TFP-TPA COF. (b) TEM images of TFP-TPA COF, recorded after various reaction time. 
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a  
attern for TFP-TPA, TFP-Car, and TFP-TPP COFs ( Fig. 2 (a), green

urve) that was consistent with the theoretical pattern by using

he Pawley refinement ( Fig. 2 (a), purple curve), as evidenced by

nly slight differences ( Fig. 2 (a), black curve). To further study the

nit cell parameters and the layer conformations of our TFP-COFs,

he Material studio program was used to construct eclipsed A–A

tacking and staggered A–B stacking models for TFP-TPA, TFP-Car,

nd TFP-TPP COFs ( Fig. 2 (b), Tables S5–S7). The experimental XRD
attern was matched with the simulated pattern for the eclipsed

–A stacking model ( Fig. 2 (a), red curve), but differed significantly

rom those for the staggered A–B stacking model ( Fig. 2 (a), blue

urve). 

Furthermore, the following parameters were provided by the

nit cells of the eclipsed AA-stacking models: for TFP-TPA COF,

 = b = 16.22 Å, c = 4.17 Å, α = β = 90 °, and γ = 120 ° (Figs. S23

nd S24, Table S8); for TFP-Car COF, a = 13.79 Å, b = 16.90 Å,
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Fig. 5. Cyclic voltammograms, recorded at various scan rates in 1 M KOH, of the (a) 

TFP-TPA, (b) TFP-TPP, and (c) TFP-Car COFs. 
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c = 3.84 Å, α = β = 90 °, and γ = 120 ° (Figs. S25 and S26, Table

S9); and for TFP-TPP COF, a = 20.67 Å, b = 21.77 Å, c = 3.55 Å,

α = β = 90 °, and γ = 120 ° (Figs. S27 and S28, Table S10). These data

revealed that the degree of planarity of the tris(aminophenyl) link-

ers controlled the crystallinity of the resultant COFs; increasing

the linker’s planarity increased the d 100 value and decreased π-

interlayer distance between the 2D sheets of these produced COFs.

To determine the permanent porosity of these TFP-COFs, we

measured the N 2 adsorption/desorption isotherms of the TFP-TPA,

TFP-Car, and TFP-TPP COFs at 77 K (–196.15 °C) ( Fig. 2 (c)). The

adsorption/desorption curves of these COFs were type I isotherm,

due to the microporous materials. The three TFP-COFs showed

large N 2 adsorption in the low relative pressure range ( P/P 0 = 0–

0.1 bar) followed by a tenuous increase in the pressure range

( P/P 0 = 0.1–0.9 bar), then again large N 2 adsorption in the pressure

range ( P/P 0 = 0.9–1.0 bar). The N 2 desorption behavior of the three

COFs exactly similar than their N 2 adsorption behavior except that

for TFP-Car COF. the amount of N 2 desorption of TFP-Car COF is

slightly less than that for N 2 adsorption at the same relative pres-

sure, indicating the TFP-Car COF is stronger bonding to nitrogen

atoms than other TFP-TPA and TFP-TPP COFs. The Brunauer–

Emmett–Teller (BET) surface areas of TFP-TPA, TFP-Car, and TFP-

PP COFs, determined from their adsorption/desorption curves,

were 457, 362, and 686 m 

2 g –1 , accompanied by pore volumes of

0.28, 0.34, and 0.35 cm 

3 g –1 , respectively (Table S4). In addition,

we used non-local DFT to determine the pore size distribution of

TFP-TPA, TFP-Car, and TFP-TPP COFs, revealing pore diameters of

approximately 1.1, 1.2, and 1.6 nm, respectively (Table S4). 

We used transmission electron microscopy (TEM) and field-

emission scanning electron microscopy (FE-SEM) to investigate the

morphologies of these COFs. After the liquid exfoliation in EtOH,

the low-magnification TEM images of TFP-TPA, TFP-Car, and TFP-

PP COFs exhibited the ordered rhomboidal networks (Fig. S29).

FE-SEM images of TFP-Car and TFP-TPP COFs revealed the assem-

bly of uniformly distributed and loose blocks, while that of TFP-

PA COF revealed, interestingly, that it had assembled into a dark

homogenous spherical structure ( Fig. 3 (a)–(c)). We used TEM to

further investigate the spherical nature of the TFP-TPA COF. As

displayed in Fig. 3 (d)–(f), TEM image of TFP-TPA COF confirmed

the spherical structure of this COF, and statistical analysis pro-

vided an average value for the diameters of the spheres of 500–

600 nm. The majority of these spheres were present as bundles,

but we observed some separated spheres, possibly resulting dur-

ing the liquid sonication applied for 1 h during sample preparation.

The formation of the spherical TFP-TPA COF presumably arose from

the non-planarity of the tris(aminophenyl) building monomer TPA-

3NH 2 . Thus, as we had reported previously, the degree of planarity

of the building monomers can have a major effect on the COFs

morphology. 

2.2. Formation mechanism 

We examined the mechanism behind the formation of the

spheres of TFP-TPA COF by studying the morphological changes

of this COF at different time during its formation. For this study,

TFP-TPA COF was synthesized under conditions similar to those

described above, but at those particular points in times the re-

action was quenched through removing reaction tube from oil

bath and then cooling to room temperature. These isolated COFs

were washed with acetone several times, followed by THF, before

subjecting them to TEM imaging ( Fig. 4 (b)). The TFP-TPA COF

constructed from the most nonplanar tris(aminophenyl) monomer

TPA-3NH 2 formed the morphology of the isolated sample after

12 h. TEM image at this time exhibited the aggregation from

small ribbon-like crystallite with average heights of 45–60 nm

and average lengths of 140–200 nm ( Fig. 4 (b)). We attribute the
ormation of these kinds of crystallites to the strong π-stacking

etween the layers of TFP-TPA COF along the c -direction ( Fig. 4 (a)).

hese crystallites had self-assemble behavior after 24 h, to yield

ark and dense spherical structures. Higher-magnification image

 Fig. 4 (b)) exhibited that individual crystallites had been used

s the building blocks of the spheres; they were still evident on

he outer shell of spheres. Interestingly, TEM images of isolated

ompound after 36 h revealed complete spherical structures with

mooth outer shells ( Fig. 4 (b)). These smooth shells could be

ttributed to condensation reactions between the terminal amino

nd aldehydic groups of the crystallite surfaces. 

It has been reported previously that the smooth surfaces of

uch spheres require the crystallites present on the sphere’s sur-

ace to reacted among themselves through two different ( e.g. ,

mino and aldehydic) terminal groups [56] . TEM images of iso-

ated samples after 48 h also exhibited smooth spheres ( Fig. 4 (b)),

uggesting that the actual time for forming the crystalline TFP-TPA

OF was 36 h. Previously, we have reported the transformation of

 spherical COF from dark smooth spheres into hollow spheres un-

er the control of inside-out Ostwald ripening, in which crystallites

t the inner center, having energy higher than those on the shell,

igrated to the outer shell to minimize its surface energy [60,61] .

or our β-ketoenamine-linked COF, however, the restricted migra-

ion of the crystallites of the TFP-TPA COF from the inner center
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Fig. 6. (a–c) GCD profiles, recorded at various current densities in 1 M KOH, of the (a) TFP-TPA, (b) TFP-TPP, and (c) TFP-Car COFs. (d) Corresponding specific capacitances 

measured at the various current densities. 
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o the outer shell presumably arose from strong hydrogen bonding

etween these crystallites, thereby minimizing their energy in the

nner center. Thus, the TFP-TPA COF maintained its morphology as

ark spheres, without transformation into hollow spheres. More-

ver, during the synthesis of the TFP-TPA COF, we also recorded

RD patterns of these samples isolated at various reaction time

Fig. S30). The crystallinity of each sample was evident, even after

he shortest reaction time (12 h), suggesting that the aggregation,

ssembly, and smoothing of these COF crystallites did not disrupt

he ordered internal structure for TFP-TPA COF. 

.3. Supercapacitor applications 

To investigate the applicability of our β-ketoenamine-linked

OFs, we measured their supercapacitor performance and CO 2 up-

ake efficiencies. We examined the electrochemical performance of

ur three TFP-COFs samples through cyclic voltammetry (CV) and

alvanostatic charge–discharge (GCD) measurements by the three-

lectrode system in 1 M KOH aqueous solution. Fig. 5 displays the

V curves of these COFs, recorded with various sweep rates. These

V curves of these three TFP-COFs have rectangular-like shape with

he appearance of humps, suggesting that the capacitive response

riginated from a combination of pseudocapacitance and electric

ouble-layer capacitance (EDLC), which arose from the presence of

he N and O heteroatoms [62,63] . In addition, the three COF sam-

les possessed redox-active groups—amino [55,64] , pyridine [1] ,

nd carbazole [65] units—in their structural backbones, inducing

hem to undergo reversible redox processes at a low sweep rate

f 5 mV s –1 in the potential window from + 0.18 to –0.92 V (Fig.

31). The peak separation between the processes of oxidation and
eduction was quite small, suggesting rapid transfer of electrons

etween the GC electrode and the COFs [24] . Moreover, the shape

f the CV curve was retained well, but the current density in-

reased, upon increasing the sweep rate ( Fig. 5 ), suggesting facile

inetics and good rate capability [66] . 

Fig. 6 presents the GCD curves of TFP-COFs, recorded at var-

ous current densities. These GCD curves possessed triangular

hapes with a slight bend, indicating the characteristics of both

eteroatom-derived EDLC and pseudocapacity (derived from the

resence of N and O atoms) [7,62,63] . The discharging time of

he TFP-TPA COF was longer than those of the TFP-TPP COF and

FP-Car COFs ( Fig. 6 (a)–(c)), suggesting that the capacitances of

FP-TPA COF were larger than TFP-TPP and TFP-Car COFs. Fig. 6 (d)

resents the specific capacitances determined from GCD curves by

sing Eq. (S1). At a current density of 2 A g –1 , the TFP-TPA COF

xhibited an excellent specific capacitance of 291.1 F g –1 , which

as decreased to 125.5 F g –1 when the current density increased

o 20 A g –1 . Although TFP-TPP COF possessed the highest surface

rea (686 m 

2 g –1 ) and a greater pore volume (0.35 cm 

3 g –1 ), it

xhibited a specific capacitance smaller than that of the TFP-TPA

OF. We ascribe this behavior to the higher N atom content of

he TFP-TPA COF—evidenced from the elemental analysis data (Ta-

le S2)—increasing the number of active sites for the redox reac-

ions and, thereby, contributing to the pseudocapacitive behavior

f the electrode [67] . In addition, the spherical morphology of the

FP-TPA COF could provide the electrolytes with readier access to

he electrode surface [68] . Khattak et al. prepared a TaPa-Py COF

aving capacitances of 209 F g –1 at 0.5 A g –1 and 164 F g –1 at

 A g –1 . Furthermore, they prepared a DAAQ-TFP COF displaying

he capacitance of 48 ± 10 F g –1 at 0.1 A g –1 , which was stabilized
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at 40 ± 9 F g –1 after 10 cycles, and did not decrease significantly

even after 50 0 0 cycles [25] . Most recently, our group reported the

Car-TPA, Car-TPP, and Car-TPT COFs with capacitances of 13.6, 14.5,

and 17.4 F g –1 , respectively, at 0.2 A g –1 [56] ; we also prepared

TPA-COF-1, TPA-COF-2, TPA-COF-3, TPT-COF-4, TPT-COF-5, and TPT-

COF-6 displaying capacitances of 51.3, 14.4, 5.1, 2.4, 0.34, and

0.24 F g –1 , respectively, at 0.2 A g –1 [55] . 

Table S11 summarizes the corresponding specific surface areas

and specific capacitances. We tested the durability of these TFP-

COFs by cycling over 50 0 0 times at 10 A g –1 ( Fig. 7 ). Significantly,

the TFP-TPA COF displayed superior cycling stability, with a de-

crease in its specific capacitance from 141.8 to 129.1 F g –1 after

50 0 0 cycles, corresponding to a 91% retention of its original capac-

itance. In contrast, the TFP-TPP and TFP-Car COFs exhibited 88.2

and 90.4% retention, respectively. The Ragone plot in Fig. S32 also

reveals that the TFP-TPA COF electrode possessed good energy and

power densities. 

2.4. CO 2 adsorption 

Fig. 8 displays the CO 2 uptakes of our three COFs tested from

0.05 to 1 bar at 298 and 273 K. The spherical TFP-TPA COF ex-

hibited the lowest CO 2 uptake capacities: 92 and 183 mg g –1 at
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Fig. 8. CO 2 uptake capacities of the TFP-TPA (red), TFP-TPP (magenta), and TFP-Car (blue)

figure legend, the reader is referred to the web version of this article.) 
98 K [ Fig. 8 (a)] and 273 K [ Fig. 8 (b)], respectively. For the TFP-Car

OF, these values were 95 and 190 mg g –1 , respectively, and for

he TFP-TPP COF they were 98 and 200 mg g –1 , respectively. These

umbers suggested that there were two factors controlling the CO 2 

ptake efficiencies of the β-ketoenamine-linked COFs: the degree

f planarity of these building monomers and the morphology of

hese resultant COFs. TFP-Car and TFP-TPP COFs, synthesized from

he most-planar monomers Car-3NH 2 and TPP-3NH 2 , respectively,

rovided CO 2 uptake capacities higher than that of TFP-TPA COF,

hich was synthesized by the least-planar monomer TPA-3NH 2 . 

We attribute this slight difference in the uptake capacities of

he TFP-TPA COF and the other two more-planar COFs to the for-

er’s spherical morphology, which enhanced the efficiency of the

OF to uptake CO 2 . Moreover, we used the Clausius–Clapeyron

quation to calculate the isosteric heat of adsorption ( Q st ) of these

hree β-ketoenamine-linked COFs from their CO 2 uptake data at

98 and 273 K. By using the low adsorption of CO 2 (0.1 mg g –1 ) as

 standard, TFP-TPA, TFP-Car, and TFP-TPP COFs exhibited values of

 st of 44, 49, and 55 kJ mol –1 , respectively. These Q st values con-

rm that the higher-planarity building monomer in the structure

f the resultant COF induced a strong quadrupolar interaction with

he included CO 2 molecules. 

In comparison with previously reported β-ketoenamine-linked

OFs, our three new TFP-TPA, TFP-Car, and TFP-TPP COFs provide

xcellent CO 2 uptake capacities, especially for the TFP-TPP COF,

hich exhibited the highest value among them (Table S12). Kan-

ambeth et al. [28] prepared two [3 + 2] β-ketoenamine-linked

OFs, TpPa-1 and TpPa-2, that exhibited CO 2 uptake capacities of

54 and 126 mg g –1 at 273 K, respectively. Biswal et al. [69] re-

orted a [3 + 2] β-ketoenamine-linked COF (TpBD) having a CO 2 

ptake capacity of 85 mg g –1 at 273 K. Furthermore, Chandra

t al. [70] prepared modified β-ketoenamine-linked COFs with

ome electron donating and withdrawing substituents to enhance-

ent the CO 2 uptake capacity. Their nitro-modified COFs [TpBD-

O 2 and TpBD-(NO 2 ) 2 ] exhibited CO 2 uptake capacities of 124 and

03 mg g –1 at 273 K, respectively, while their fluoro-modified COF

TpBD-F 4 ) exhibited a CO 2 uptake capacity of 69 mg g –1 at 273 K.

heir methyl- and methoxy-modified COFs [TpBD-Me 2 and TpBD-

OMe) 2 ] displayed CO 2 uptake capacities of 73 and 53 mg g –1 

t 273 K, respectively. Kaleeswaran et al. [71] synthesized of two

3 + 3] β-ketoenamine-linked COFs, TAPB-TFPB and iPrTAPB-TFP,
(b) 273K 

ssure (P/P
0
)

TFP-TPA COF: 183 mg g-1

TFP-Car COF: 190 mg g-1

TFP-TPP COF: 200 mg g-1
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hat had CO 2 uptake capacities of 180 and 105 mg g –1 at 273 K,

espectively. Further, Gomes and Bhaumik [72] prepared of one

3 + 3] β-ketoenamine-linked COF, TRIPTA which exhibited a CO 2 

ptake capacity of 570 mg g –1 at 273 K. Comparing with imine-

ased COFs, our synthesized COFs exhibited also excellent CO 2 up-

ake capacities among them. Almost reported imine-based COFs

emonstrated CO 2 uptakes between 20–118 mg g −1 at 273 K

57,73] , except TRITER-1 COF which reported by Bhaumik and co-

orkers [74] . It exhibited a CO 2 uptake capacity of 588 mg g –1 at

73 K. 

. Conclusion 

We have synthesized three novel β-ketoenamine-linked COFs

TFP-COFs) through [3 + 3] polycondensations of TFP-3OHCHO with

hree tris(aminophenol) derivatives featuring amino, carbazole, and

yridine units, respectively, at their cores and, therefore, differ-

nt degrees of planarity. These tris(aminophenyl) linkers func-

ioned as novel redox-active moieties in the hexagonal structure

f the resulting TFP-COFs. The chemical structures of the pre-

ared TFP-COFs were confirmed by FTIR and solid state NMR spec-

roscopy. The TFP-COFs possessed high BET surface areas up to

86 m 

2 g –1 and the excellent crystallinity. The planarity of the

ris(aminophenyl) linker controlled the crystallinity of these resul-

ant COFs: increasing the planarity increased the d 100 value and

ecreased the π-interlayer distances between the 2D COFs sheets.

e tested our β-ketoenamine-linked COFs for their suitability for

upercapacitor and gas storage applications. The TFP-COFs exhib-

ted excellent electrochemical efficiencies (up to 291.1 F g –1 ), due

o their conjugated enamine-structures possessing redox-active

mino, carbazole, and pyridine units, respectively. The TFP-COFs

lso possessed excellent CO 2 uptake efficiencies of up to 98 and

00 mg g –1 at 298 and 273 K, respectively. The presence of highly

lanar linkers in the structures of the resultant COFs induced

trong quadrupolar interactions with the included CO 2 molecules.

his study confirms the importance of monomer planarity on the

rystallinity and CO 2 uptake capacity of the corresponding COFs

nd, hence, their environmental applications. Furthermore, we sus-

ect that these new TFP-COFs—containing new redox-active groups

n β-ketoenamine-linked COFs—might be suitable for use in several

pplications, particularly in energy storage devices. 
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