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ABSTRACT: In this study, we used one-pot polycondensation
through Suzuki cross-coupling to prepare three three-dimensional
(3D) conjugated microporous polymers (CMPs; Try-Ph-Th, Try- ©

Ph-Py, and Try-Ph-TPE) containing triptycene (Try) moieties ) O woBoy  SU2ukireaction
connected to thiophene (Th), pyrene (Py), and tetraphenylethene ez SO — .
(TPE) units. Thermogravimetric analysis (TGA) revealed that the . e

thermal stabilities of the Try-Ph-Py CMP (T, = 60S °C; char !
yield = 80 wt %) and the Try-Ph-TPE CMP (T, = 517 °C; char
yield = 71 wt %) were higher than those of the Try-Ph-Th CMP
(T410 = 471 °C; char yield = 65 wt %) and other CMP materials.
The Try-Ph-TPE CMP sample possessed a high specific surface
area (up to 700 m* g~') and pore volume (0.45 cm® g'), based on
N, adsorption/desorption analyses as well as superior electrochemical performance, characterized by a specific capacity of 245 F g™
at a current density of 0.5 A g~'. The Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs exhibited high-capacity retentions of 75.00,
85.71, and 92.85%, respectively. In addition to their extraordinary three-electrode performance, these CMPs provided high specific
capacitances (53, 84.2, and 166 F g™, respectively) when used as real supercapacitors.

1L Try-Ph-TPE CMP

*Qutstanding thermal stability: T ;0 517 °C, char yield: 71 wt%

*Applied in coin cell supercapacitors: Specific capacitance: 166 F/g

KEYWORDS: Suzuki coupling, triptycene, tetraphenylethene, conjugated microporous polymers, supercapacitor

B INTRODUCTION

Increasing energy consumption and climate damage from the
use of conventional fossil fuels are spurring the development of
alternative energy sources and efficient energy storage devices.
In particular, supercapacitors have become attractive devices
because of their rapid charge/discharge switching, high power

frameworks (COFs), covalent triazine frameworks (CTFs),
hyper-crosslinked polymers (HCPs), and conjugated micro-
porous polymers (CMPs).>”~*® CMPs are particularly interest-
ing because they are amorphous materials possessing linked 7-
conjugated building blocks, where the sizes of the linkers can
range from small phenyl units to bicyclic and macrocyclic
moieties. These macromolecular networks have typically been

density, and long cycle life.'~ The storage of electrical charge in
supercapacitors arises from their functioning as electrochemical
pseudocapacitors or electrical double-layer capacitors
(EDLCs).”™"? Charge storage in pseudocapacitors, also
known as redox supercapacitors, operates through reversible
redox reactions occurring between the electrolyte and electrode
materials."*~"” In EDLCs, charge storage is more of a physical
process, involving adsorption/desorption of charged ions at the
interface between the electrolyte and the electrode; accordingly,
EDLCs require a high surface area, a narrow and consistent pore
size distribution, and a large pore volume if they are to provide
high capacitance."™'? Porous organic polymers (POPs) are
interesting materials because of their potential for application in
various fields—especially for energy storage and gas cap-
ture.”" "> According to ITUPAC classification, porous materials
can be divided into macroporous (pore diameter: >50 nm),
mesoporous (2—50 nm), or microporous (<2 nm). POPs can
also be defined in terms of their synthetic materials and their
methods of constructed routes, for example, as covalent organic
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constructed using such reactions as Sonogashira—Hagihara,
Suzuki—Miyaura, and Yamamoto coupling. The large number of
potential structural units and the many available synthetic
methods allow optimization of the structures, skeletons, and
properties of CMPs.*’~>° Triptycene (Try) has a paddle wheel
shape, composed of three benzene units connected through two
sp>-hybridized carbon atoms, with Dy, symmetry; the three
benzene rings are arranged relatively at angles of 120° with a
huge volume of the surrounding aromatic skeleton.”’~*
Because of this characteristic structure, Try exhibits good
thermal stability, mechanical properties, and porosity. In this
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Figure 1. Schematic representation of the preparation of the (a) Try-Ph-Th, (b) Try-Ph-Py, and (c) Try-Ph-TPE CMPs.

study, we used a Try derivative as a building block to construct
new CMP materials. Previously, Mastalerz et al. prepared metal-
assisted salphen organic frameworks featuring three-dimen-
sional (3D) Try moieties as a central monomer unit and applied
them to gas adsorption.”” Furthermore, the Nuckolls group
constructed pseudocapacitors from porous materials containing
3D Try and perylene diimide units.”” Recently, Das et al.
employed a nitrogen- and oxygen-rich Try-based COF for the
uptake of radioactive iodine.”’ Inspired by those previous
reports, here, we inserted a 3D Try monomer into three CMPs
(abbreviated Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE; Th,
thiophene; Py, pyrene; TPE, tetraphenylethene) through one-
pot polycondensations using Suzuki—Miyaura coupling. We
then examined the chemical structures, morphologies, crystal-
linities, thermal degradation, char yields, and porosities of these
3D Try-CMPs. Because all of these 3D Try-CMPs possessed
excellent thermal stabilities and high Brunauer—Emmett—Teller
(BET) surface areas, we examined their potential utility in
electrochemical applications. Interestingly, measurements of
three-electrode systems and symmetric supercapacitor coin cells
containing these porous 3D Try-CMPs revealed their suitability
for real and hybrid electrical energy storage applications.

B EXPERIMENTAL SECTION

Materials. Benzophenone (99%), bromine (Br,), sodium thio-
sulfate, thiophene (Th), zinc (Zn, 98%), titanium tetrachloride (TiCl,,
99.9%), benzene diboronic acid (Ph-2BO, 98%), benzeneboronic acid
[PhB(OH),], 1,4-dioxane (DO), potassium carbonate (K,CO;,
99.9%), Try, anhydrous magnesium sulfate (MgSO,, 99.5%),
tetrahydrofuran (THF), acetone, ethanol (EtOH), dichloromethane
(DCM), dimethylformamide (DMF), methanol (MeOH), and chloro-
form (CHCl;) were purchased from Alfa Aesar. Pd(PPh;), was
obtained from Sigma-Aldrich. 1,3,6,8-Tetrakis(4-bromophenyl)pyrene

(Py-Ph-Br,) and tetraphenylethene (TPE) were synthesized according
to Schemes S1 and S2, respectively.*® Py-Ph-Br, had T, = 281 °C and
char yield = 48 wt % (by thermogravimetric analysis (TGA); Figure
S1).

Synthesis of Tetraphenylethylene (TPE). Under N,, a mixture of
Zn (4.31 g, 65.9 mmol) and benzophenone (3.00 g, 16.4 mmol) in THF
(100 mL) was stirred at 0 °C for 10 min. After adding TiCl, (3.60 mL,
33.0 mmol), the mixture was warmed to 80 °C for 24 h. Finally, add 5%
aqueous K,COj into the reaction mixture. Then, THF was removed
under reduced pressure, and the remaining solution was extracted three
times with EtOAc, and then to remove EtOAc, it was dried over MgSO,
and removed to obtain TPE as a white solid (Scheme S2; 2.66 g, 97%,
mp = 229 °C by differential scanning calorimetry (DSC); Figure S2).
FTIR (KBr, cm™; Figure S3): 3047 (aromatic C—H stretching), 1602
(C=C stretching). '"H NMR (500 MHz, CDCl,, &, ppm; Figure S4):
7.08—7.09 (12H), 7.01-7.03 (6H). *C NMR (125 MHz, CDCl, §,
ppmy; Figure S5): 140.70—126.4.

1,1,2,2-Tetrakis(4-bromophenyl)ethene (TPE-Br,). Br, (4.00
mL, 80.0 mmol) was added to a mixture of TPE (3.32 g, 10.0 mmol),
DCM (20 mL), and glacial acetic acid (10 mL) in a reaction flask at 0
°C (ice bath). The mixture solution was stirred at room temperature for
48 h, and then it was extracted three times with water. The resulting
white powder was recrystallized using a mixture of DMC/MeOH to
obtain pure TPE-Br, (Scheme S3; 6.15 g, 95%). mp = 261—262 °C
[DSC; Figure S6]. FTIR (KBr, em™!): 3051 (aromatic C—H
stretching), 1572 (C=C stretching). '"H NMR (500 MHz, CDCl,, §,
ppm; Figure $7): 7.27 (8H), 6.86 (18H). *C NMR (125 MHz, CDCL,,
&, ppm; Figure S8): 142.30—121.80. T = 354 °C; char yield = 0.7 wt
% (by TGA; Figure S9).

2,3,4,5-Tetrabromothiophene (Th-Br,). Br, (5.3 mL, 0.033
mmol) and Th (2.0 g, 0.023 mmol) were dissolved in CHCl; (30 mL)
at 0 °C, and then the mixture was heated under reflux for 24 h. After
cooling, the solution was added to cool saturated sodium thiosulfate.
The obtained solid was collected and washed with hot EtOH to provide
Th-Br, as a white powder (Scheme S4; 80%; T, = 119 °C). FTIR (KB,
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Figure 2. (a) Chemical structures, (b) FTIR spectra, (c) solid-state NMR spectra, and (d) TGA traces of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE

CMPs.

cm™): 1636 (C=C), 852 (C—S). '"H NMR (500 MHz, DMSO-d,, §,
ppm; Figure $10): no peaks detected. *C NMR (125 MHz, CDCl,, §,
ppm; Figure S11): 116.936, 110.284.

2,3,4,5-Tetraphenylthiophene (Th-4Ph). A mixture of Th-Br,
(2.00 g, 1.40 mmol), Pd(PPh,), (0.30 g, 0.050 mmol), PhB(OH),
(3.70 g, 6.53 mmol), and K,CO, (8.30 g, 16.6 mmol) was degassed
three times under N,. DO (50 mL) and H,O (10 mL) were added, and
then the mixture was heated at 90 °C for 48 h. The solution was placed
in ice-cold H,O and neutralized with HCl (2 mL). The powder was
filtered off, washed with water and MeOH, and dried to produce a white
powder (Scheme S4). FTIR (KBr, cm™'; Figure S12): 3063 (C—H
aromatic), 1595 (C=C), 1493, 1456, 1075, 1028, 912. '"H NMR (500
MHz, DMSO-d,, 8, ppm; Figure S13): 7.25 (4H), 7.12 (8H), 6.97
(8H). *C NMR (125 MHz, DMSO-d,, 6, ppm; Figure S14): 140.31—
127.74.

2,5-Bis(4-bromophenyl)-3,4-diphenylyhiophene (Th-Ph-
Br,). A solution of Th-4Ph (5.00 g, 12.8 mmol) and Br, (420 g
26.28 mmol) in CHCl,; (40 mL) was stirred at 0 °C (ice bath) for 4 h.
After evaporation of the solvent, the residue was washed with EtOH to
give a yellow solid (Scheme S5, 85%). FTIR (KBr, cm™): 3047.38 (C—
H aromatic), 1491.15, 1437.03, 1074.84. "H NMR (500 MHz, DMSO-
de, 8, ppm; Figure S15): 7.37,7.15, 7.08, 6.95, 6.79 (CH aromatic). *C
NMR (125 MHz, DMSO-dy, &, ppm; Figure S16): 140.87—121.97 (Th
and aromatic carbon nuclei). Ty = 331 °C and char yield = 0.3 wt %
(by TGA; Figure S17).

2,3,6,7,14,15-Hexabromotriptycene (Try-Brg). A mixture of
Try (1.00 g, 3.90 mmol), Fe (0.080 g, 1.4 mmol), I, (0.13 g, 0.40
mmol), and Br, (1.49 mL, 39.0 mmol) in CHCI; (80 mL) was stirred in
around-bottom flask at 65 °C for 24 h. The excess Br, and CHCl; were
evaporated under reduced pressure. The obtained solid was washed
with EtOH for 2 h. Column chromatography (eluent: hexane) provided
Try-Brg as a solid (Scheme S6; 75%; T, > 350 °C). FTIR (KBr, cm™):
3060 (C—H aromatic), 2924 (C—H aliphatic), 1446, 1355, 1095,
930.70, 881.69. 'H NMR (500 MHz, DMSO-d,, &, ppm; Figure S18):
7.61 (CH aromatic), 5.81 (CH aliphatic). *C NMR (125 MHz,

DMSO-ds, 8, ppm; Figure S19): 144.37, 129.54, 122.99, 51.30
(aliphatic carbon nuclei). Ty = 461 °C and char yield = 4 wt % (by
TGA; Figure S20).

Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs. A solution of Try-
Brg (0.20 g, 0.27 mmol), Ph-2BO (0.14 g, 0.84 mmol), Th-Ph-Br,
(0.070 g, 0.13 mmol) [or Py-Ph-Br, (0.070 g, 0.085 mmol) or TPE-Br,
(0.060 g, 0.092 mmol)], K,CO; (0.38 g, 10 mmol), and Pd(PPh,),
(0.10 g, 0.10 mmol) in DMF (8 mL) and H,O (2 mL) was degassed
three times under vacuum and then stirred at 80 °C for 72 h. The gray
solid was filtered off and washed several times with H,0, THF, MeOH,
and acetone. The gray powder of Try-Ph-Th, green solid of Try-Ph-Py,
and green powder of Try-Ph-TPE CMPs were dried at 100 °C; their
syntheses are displayed in Figure la—c, respectively. Elemental analysis
for Try-Ph-Th CMP: C, 81.71%; H, 5.11%; S, 6.18. Elemental analysis
for Try-Ph-Py CMP: C, 86.71%; H, 4.52%. Elemental analysis for Try-
Ph-TPE CMP: C, 88.26%; H, 4.10%.

B RESULTS AND DISCUSSION

Synthesis and Characterization of 3D CMPs Contain-
ing Try Units. Th-Ph-Br, was prepared in three steps, as
displayed in Schemes S4 and SS. First, Th-Br, was synthesized
through the reaction of Th with Br, in CHCI; under reflux. Next,
Th-4Ph was prepared in high yield through Suzuki coupling of
Th-Br, with PhB(OH), in toluene in the presence of K,CO; and
Pd(PPh;),. Finally, the bromination of Th-4Ph with Br, in
DCM afforded Th-Ph-Br, as a yellow solid. Try-Brs was
prepared as a white solid in good yield through the reaction of
Try with Br, in CHCI; in the presence of small amounts of Fe
and I, (Scheme S6). Nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectra confirmed the
successful synthesis of Th-Ph-Br,, Py-Ph-Br,, TPE-Br,, and
Try-Brs [see the Experimental Section and Supporting
Information (SI)].
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Table 1. TGA, BET, and Capacitance Data of the 3D Try-
CMPs

char surface pore capacity at
T yield area volume pore size 05Ag™!
sample (°C) (wt%) (m’g™") (em’g™) (nm) (Fg™)
Try-Ph- 471 65 364 0.25 1.78 114
Th
CMP
Try-Ph- 605 80 611 0.36 1.51 152
by
CMP
Try-Ph- 517 71 715 0.45 1.06—1.68 245
TPE
CMP

Figure 1 displays the synthetic routes we used to prepare our
three 3D CMPs through eflicient Suzuki polymerizations in
mixtures of DMF and H,O with K,COj; as the base and Pd as the
catalyst. The Try-Ph-Th CMP was obtained as gray powder
from the reaction of Try-Brs with Th-Ph-Br, and Ph-2BO
[Figure 1a]; the Try-Ph-Py CMP was obtained as a green solid
from the reaction of Try-Brs with Py-Ph-Br, and Ph-2BO
[Figure 1b]; and the Try-Ph-TPE CMP was obtained as a green
solid from the reaction of Try-Brs with TPE-Br, and Ph-2BO
[Figure 1c]. The three isolated 3D CMPs containing Try units

were insoluble in all tested solvents, including MeOH, H,0,
DMF, DMSO, DCM, CHCIl;, THF, and acetone, suggesting
that they possessed high crosslinking densities and high degrees
of polymerization, thereby implying high degrees of porosity and
high specific surface areas.

We used FTIR spectroscopy, solid-state '*C NMR spectros-
copy, and TGA to examine the chemical structures and thermal
stabilities of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs
(Figure 2). The FTIR spectrum [Figure S21a] of Try-Bry
displayed the absorption band centered at 3060 and 2924
cm™ for the C—H aromatic and C—H aliphatic units. The FTIR
spectra [Figures S21b, S22b, and S23b] of Th-Ph-Br,, Py-Ph-
Br,, and TPE-Br, showed the absorption peaks in the range of
3051—3047 cm ™" due to the presence of phenyl rings in their
chemical structures. The FTIR spectra of all three CMPs
featured their main characteristic absorption peaks in the ranges
of 3038—3026, 2969—2958, and 1620—1598 cm ™!, representing
the stretching vibrations of their C—H aromatic, C—H aliphatic
(Tyr unit), and C=C bonds, respectively [Figure 2b and
Figures S21c, S22c, and S23c]. In the solid-state NMR spectra,
the signals of the aromatic carbon nuclei of the Try-Ph-Th, Try-
Ph-Py, and Try-Ph-TPE CMPs appeared in the ranges of
146.00—116.60, 145.22—115.15, and 144.80—116.41 ppm,

(a) (b) (c)

_ 300 300 300

o
© 250 250 250

e

O

N

o 200+ 200 200

o

O A

= {

8 150 ) 1504 1504

W

< 592 SIDOOOOC0C

- 100—37 . 100 100

=

c

© 50 50 50

= —@—Try-Ph-Th CMP (Adsorption) Try-Ph-Py CMP (Adsorption) Try-Ph-TPE CMP (Adsorption)
g =C=Try-Ph-Th CMP (Desorption) Try-Ph-Py CMP (Desorption) Try-Ph-TPE CMP (Desorption)

0 T T 0 T - T T T 0 T - . T T
0.0 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)
(d) (e) (u
04 04 1.5

—~

o)) ,
o 03] q 0.3

e

O 1.0

N

o) ‘3\

E o02] |o 0.2

)

o )

i I o 0.54

S 01{09 0.14

o *N

o , o

? %ﬁm
0.0 L T T r— 0.0 T T T T 0.0 T T T T
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10

Pore Size (nm)

Figure 3. (a—c) N, adsorption/desorption isotherms and (d—f) pore size distribution patterns of the (a and d) Try-Ph-Th, (b and ) Try-Ph-Py, and
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Figure 4. (a—c) SEM and (d—f) TEM images of the (a and d) Try-Ph-Th, (b and e) Try-Ph-Py, and (c and f) Try-Ph-TPE CMPs.
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Figure S. (a—c) CV and (d—f) GCD curves of the (a and d) Try-Ph-Th, (b and e) Try-Ph-Py, and (c and f) Try-Ph-TPE CMPs. From their GCD
curves, we estimated the specific capacitances of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs at 0.5 A g™' to be 114, 152, and 245 F g™/,
respectively. Furthermore, at current densities of 0.5, 1,2, 3, 6,7, 10, 16, and 20 A g™', the specific capacitances [Figure 6a] for the Try-Ph-Th CMP
were 114, 53, 31, 25, 20, 18, 16, 14, and 13 F g™, respectively; for the Try-Ph-Py CMP, they were 152, 60, 26, 14, 14,7, 4, 3, and 2 F g™, respectively;
and for the Try-Ph-TPE CMP, they were 245, 78, 34, 24, 15, 12,9, 7, and 6 F g™, respectively. Thus, among our three as-prepared CMPs used as
electrode materials, the Try-Ph-TPE CMP (245 F g™') delivered the highest specific capacitance, followed by the Try-Ph-Py (152 F g™') and Try-Ph-
Th (114 F g™') CMPs. Based on their BET surface areas, we had expected the Try-Ph-TPE CMP to deliver the highest capacity.

respectively [Figure 2c]. Signals at 54.22, $4.69, and 54.69 ppm frameworks of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE
confirmed the successful incorporation of Try moieties in the CMPs, respectively [Figure 2c]. We performed TGA by heating
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Figure 6. (a) Capacitance performance and (b—d) capacitance
retention of the (b) Try-Ph-Th, (c) Try-Ph-Py, and (d) Try-Ph-TPE
CMPs.
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Figure 7. (a) Performance data of 3D Try-CMP precursors as organic
electrodes compared with those of other CMPs. (b) Ragone plots of the
3D Try-CMP precursors.

Table 2. Characteristics of Fitted Nyquist Plots of the 3D Try-
CMPs

sample R, (Q) R,(Q) CPE-EDL (Ss") CPE-P (Ss")
Try-Ph-Th CMP 62.03 4000 691 x 107° 2.01 x 107*
Try-Ph-Py CMP 39.66  443.1 191 x 107 125 x 1073

Try-Ph-TPE CMP  23.16  20S.1 7.15 % 107° 6.80 x 107*

all three CMPs from 40 to 800 °C under N, atmospheres
[Figure 2d and Table 1]. The 10% weight losses of the Try-Ph-
Th, Try-Ph-Py, and Try-Ph-TPE CMPs under N, occurred at
temperatures of 471, 605, and 517 °C, respectively. The char
yields at 800 °C for the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE
CMPs were 65, 80, and 71 wt %, respectively. The TGA data
suggested that all Try-CMP materials were the most stable
thermal stability compared with their corresponding monomers
according to TGA analyses. Nevertheless, all three of these 3D
CMPs based on Try units exhibited excellent thermal stabilities
at temperatures as high as 800 °C, making them potentially
suitable for use in many real applications.

We performed N, adsorption/desorption measurements at 77
K to examine the porosities of the three Try-CMPs (Figure 3
and Table 1). The N, adsorption profiles [Figure 3a—c] of all
three 3D Try-CMPs revealed sharp degrees of N, capture at
values of P/P, of less than 0.01 and rapid increases in N, capture
for values greater than 0.9. The presence of clear hysteresis
during the desorption processes of the Try-Ph-Py and Try-Ph-
TPE CMPs indicated that their framework structures featured
both mesoporous and microporous characteristics.””*® In
addition, the N, isotherm profiles of the Try-Ph-Th, Try-Ph-
Py, and Try-Ph-TPE CMPs were type I and type IV curves
(according to IUPAC classification), indicative of hierarchical
porous structures. The BET surface areas and total pore volumes
were 364 m* g_1 and 0.25 cm® g_l, respectively, for the Try-Ph-
Th CMP; 611 m* g™ ' and 0.36 cm® g™/, respectively, for the Try-
Ph-Py CMP; and 715 m* ¢! and 0.45 cm® g7/, respectively, for
the Try-Ph-TPE CMP. Applying nonlocal density functional
theory (NLDFT), we determined the pore diameters of the Try-
Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs to be 1.75, 1.51, and
1.06—1.68 nm, respectively [Figure 3d—f]. The nanoscale
dimensions of these pores implied the presence of meso- and
microporosity in these Try-CMP frameworks. Furthermore,
powder X-ray diffraction (PXRD) revealed the amorphous
characteristics of these three Try-CMPs [Figure S24a—c].

We also used field emission scanning electron microscopy
(FE-SEM) and high-resolution transmission electron micros-
copy (HR-TEM) to examine the morphologies of the porous
Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs (Figure 4). All
three Try-CMPs contained small agglomerated spherical
particles, according to FE-SEM imaging [Figure 4a—c]. The
HR-TEM images [Figure 4d—f] indicated the presence of bright
and alternating dark regions, probably indicating that all of the
Try-CMPs featured porous networks. The compositions and
various elements in the chemical structures of the Try-Ph-Th,
Try-Ph-Py, and Try-Ph-TPE CMPs [Figure 2a] were confirmed
using SEM-EDS (energy-dispersive X-ray scattering) and TEM-
EDX (energy-dispersive X-ray spectroscopy). Evidence for the
existence of carbon and sulfur atoms distributed homogeneously
in the Try-Ph-Th CMP framework, and for carbon atoms in the
Try-Ph-Py and Try-Ph-TPE CMP skeletons, is provided in
Figures $25—528. Also, the X-ray photoelectron spectra (XPS)
confirmed the presence of C and S elements in the Try-Ph-Th
CMP and C element in both Try-Ph-Py and Try-Ph-TPE CMPs
[Figure S29].

Electrochemical Analysis and Electrochemical Impe-
dance Spectra of the 3D Try-CMPs. Many CMP compounds
have already proven to be reliable electrode materials for various
forms of energy storage devices'*® because of their
extraordinarily high surface areas, redox-active moieties, and
stable chemical morphologies during application. In this study,
we evaluated the electrochemical performance of the Try-Ph-
Th, Try-Ph-Py, and Try-Ph-TPE CMPs through cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD)
curves within the potential range from —1.0 to 0.0 V, with 1.0 M
aqueous KOH as the electrolyte. Figure Sa—c displays the CV
traces of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs
recorded at scan rates between S and 200 mV s™. For each
compound, the curves were rectangular, suggesting the
combined effects of EDLC and pseudocapacitance. The CV
curves persisted at higher scan rates; because current density
increases with respect to the sweeping rate, these materials
displayed high stability, rate capability, and kinetics. Figure 5d,e
presents the GCD curves of the Try-Ph-Th, Try-Ph-Py, and Try-
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Figure 8. (a) Nyquist plots, (b) equivalent fitted circuit, (c) Bode plots of frequency-dependent resistance (magnitude), and (d) Bode plots of
frequency-dependent phase angles for the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs.

Ph-TPE CMPs recorded at current densities in the range of 0.5—
20 A g~". The GCD curves of these CMPs were triangular with
slight bends, indicating the presence of both EDLC and
pseudocapacitive behavior. In addition, the discharging times
of all of the CMPs were longer than the charging times,
suggesting that these materials possessed high capacities.

We also evaluated the long-term cycling stabilities of these
electrode materials [Figure 6a—c] over 2000 charge/discharge
cycles at a relatively high current density of 10 A g™'. The
capacity retentions for the Try-Ph-Th, Try-Ph-Py, and Try-Ph-
TPE CMPs were 75.00, 85.71, and 92.85%, respectively. Thus,
among these three porous compounds, the Try-Ph-TPE CMP
delivered the most outstanding capacity retention of greater
than 92% after long-term cycling. The extraordinary behavior of
this Try-Ph-TPE CMP can be explained by considering its high
BET surface area. The electrochemical performance of our three
Try-CMP materials was excellent when compared with that of
other porous materials [Figure 7a and Table S11.7%%* The
Ragone plots in Figure 7b reveal that the energy densities of the
Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs in three-
electrode systems were 16, 25, and 34.1 W h kg™, respectively.

Electrochemical impedance spectroscopy (EIS) can be an
excellent tool for characterizing electrode—electrolyte interfaces
in a specific frequency domain. It provides information about the
internal resistances offered by the electrode material and the
electrolyte system. Here, we recorded the EIS spectra of our
CMPs, using an aqueous solution of 1.0 M KOH as the
electrolyte. We fitted the obtained EIS curves to an equivalent
circuit containing an equivalent series resistance (R,), a charge
transfer resistance (R,), constant phase elements representing
EDLC (CPE-EDL) and pseudocapacitive (CPE-P) behavior,
and a Warburg element (Zw). Table 2 lists the obtained fitted
data.

According to this data, Figure 8a,b presents the Nyquist plots
and electrical equivalent circuits, respectively, of the Try-Ph-Th,
Try-Ph-Py, and Try-Ph-TPE CMPs. The values of the initial
series resistance, also known as the ohmic resistance, offered by
the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE CMPs were 62.03,
39.66, and 23.16 £, respectively. Thus, among these three three-
electrode materials, the Try-Ph-TPE CMP displayed the lowest
resistance and, hence, delivered the highest specific capacitance.
Figure 8c displays the frequency-dependent magnitude Bode
plots, revealing lines with negative slope in the low-frequency
region, along with modest resistance in the higher-frequency
region. From this information, we predicted extraordinary
capacitive behavior for all three of these porous materials when
used as electrode materials for energy application.®*™®’

Figure 8d presents the frequency-dependent phase-angle
Bode plots for all three electrodes, revealing the calculated knee
frequencies. The knee frequency is a measure of the rate
performance of an electrode material, usually obtained when the
phase angle becomes 45°. Under such conditions, both the
capacitive and resistive properties become equal. The knee
frequencies for the Try-Ph-Th, Try-Ph-Py, and Try-Ph-TPE
CMPs were 93.42, 17.29, and 127.5 Hz, respectively. Thus, the
knee frequency of the Try-Ph-TPE CMP was higher than those
of the other electrodes, suggesting its extraordinary performance
when emplo(yed as an electrode material in energy storage
applications.®* ™’

Electrochemical Characteristics of Symmetrical
Supercapacitor Coin Cells Incorporating the 3D Try-
CMPs. Our evaluation of the practical use of these porous
compounds included building symmetrical supercapacitor coin
cells as well as examining their three-electrode performance. To
build the coin cells, we adopted the CR2032 structure,
consisting of bottom and top covers, a metal spring, a separator,
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Figure 9. (a—c) CV and (d—f) GCD curves of symmetrical supercapacitor coin cells incorporating the (a and d) Try-Ph-Th, (b and e) Try-Ph-Py, and
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Figure 10. (a) Specific capacitance and (b) stability of symmetrical
supercapacitor coin cells incorporating the Try-Ph-Th, Try-Ph-Py, and
Try-Ph-TPE CMPs,

an anode and a cathode, and an electrolyte. To build
symmetrical supercapacitors, we used our CMPs as both the
cathode and the anode. A slurry, made in accordance with our
previous report,”’ was cast onto carbon paper. We employed a

Selemion AMV membrane with aqueous 1.0 M KOH as the
electrolyte. All electrochemical measurements were performed
at potentials between —0.7 and +0.3 V, with scan speeds in the
range from S to 200 mV s~'. Figure 9a—c presents the CV
profiles of the symmetrical coin cells for supercapacitors based
on the three 3D Try-CMPs, measured at the various scan rates.
The practically rectangular forms of these CV curves resulted
from the combined EDLC and pseudocapacitive behavior of the
electrode materials.””****~7° The current density increased
upon increasing the scan speed, demonstrating the high stability
and rapid kinetics of these electrode materials.””****~7° Figure
9d—f displays the GCD curves of all three 3D Try-CMPs, tested
at various current densities in the range from 0.5 to 10 A g~".
These GCD curves were triangular with a small bend, suggesting
both pseudocapacitive and EDLC properties.””* The discharge
times from such curves can usually be correlated to the specific
capacitance.””** Accordingly, the GCD curves of these CMPs
suggested that the Try-Ph-TPE CMP took the longest time to
discharge, an indication of its higher capacitance, followed by the
Try-Ph-Th CMP and then the Try-Ph-Py CMP [Figure 9f]. The
specific capacities of the Try-Ph-Th, Try-Ph-Py, and Try-Ph-
TPE CMPs at 0.5 A g_1 were 53, 84.2, and 166 F g_l,
respectively [Figure 10a]. This behavior could also be related to
the surface areas of these porous materials. Figure 10b displays
the long-term cycling stability evaluated by measuring the
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charge/discharge process over 5000 cycles at a relatively high
current density of S A g~'. Here, all three of these porous
polymers employed as electrode materials for symmetric
supercapacitor coin cells displayed outstanding capacity
retention: 91.0, 92.0, and 97.0% for the Try-Ph-Th, Try-Ph-
Py, and Try-Ph-TPE CMPs, respectively. As displayed in Figure
10b, the coin cell incorporating the Try-Ph-TPE CMP delivered
the highest percentage capacity retention (>97%). Furthermore,
the calculated energy densities for the Try-Ph-Th, Try-Ph-Py,
and Try-Ph-TPE CMPs were 7.3, 11.7, and 23.1 W h kg_l,
respectively (Figure S30). We revealed that 3D Try-CMP SSC
devices showed high energy density values compared with other
reported SSC devices [Table S2]. SEM images at different
magnifications revealed that the Try-Ph-TPE CMP had small
agglomerated spherical particles after electrochemical experi-
ments, as presented in Figure S31. Figure S32 reveals that the
Try-Ph-TPE CMP could power a glowing LED. Thus, the
outstanding performance of these coin cell supercapacitors
reveals the potential capability of such porous compounds for
real and hybrid electric energy storage applications.

B CONCLUSIONS

We used Suzuki cross-coupling to prepare three novel 3D Try-
CMPs containing Try moieties. TGA revealed that both the Try-
Ph-Py and Try-Ph-TPE CMPs had high values of T, (605 and
517 °C, respectively) with a char yield of up to 70 wt%. In
addition, the Try-Ph-TPE CMP possessed a high specific surface
area (715 m® g7') and pore volume (0.45 cm’® g™'). We
evaluated the electrochemical performance of both three-
electrode systems and symmetrical supercapacitor coin cells
based on these three CMPs, with an eye on real applications. In
the three-electrode and coin cell supercapacitors, the Try-Ph-
TPE CMP delivered outstanding specific capacities of 245 and
166 F g™, respectively, at a current density of 0.5 A g/, superior
to those of the other porous polymers used as electrode
materials. In addition, the Try-Ph-TPE CMP exhibited superior
cycling stability over 2000 charge/discharge cycles at a relatively
high current density of 10 A g™'; the capacity retentions were
greater than 93.0% for the three-electrode system and 97.0% for
the supercapacitor coin cell after 5000 cycles of charging/
discharging at a current density of S A g~". Thus, because of their
good specific capacitances, facile synthesis, high surface areas,
and tunable morphologies, our new Try-linked CMPs appear to
be excellent candidate materials for use in energy storage.
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