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This review introduces synthesis and energy storage applications of recent redox-active porous organic
polymer (POP) materials. First, various redox-active molecular systems were summarized and then, syn-
thetic examples of redox-active POP bearing the redox-active molecular moieties were described. Various
synthetic strategies based on diverse coupling reactions of building blocks were described. In addition,
postsynthetic modification strategies for the preparation of redox-active POP were described. Second,
structures and electrochemical features of battery and pseudocapacitor devices were introduced. Then,
electrochemical performance of various redox-active POP materials was summarized and described.
Finally, merits and weak points of redox-active POPs as electrode materials were discussed and future

research direction was suggested.
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Introduction

As portable electronic devices have spread in human soci-
ety, energy storage in rechargeable batteries and super-
capacitors has become an important research subject.'
During the last two decades, there have been numerous pro-
gresses in the development of new energy storage mate-
rials.> Reversible redox conversions of various materials
have been utilized as chemical principles of electrical
energy storage. Most related studies have focused inorganic
electrode materials such as silicon, tin, carbon materials,
metal oxides, and metal chalcogenides.3

Recently, organic electrode materials have attracted ren-
ewed attention of scientists.* The merits of organic elec-
trode materials can be summarized as follows. First,
organic electrode materials can be chemically engineered
from biomass.” The renewable feature of biomass can
induce sustainable chemistry of energy storage devices.’
Second, because organic electrode materials are free from
heavy metals, they are more environmental-friendly than
inorganic ones. Third, due to their unique flexible features,
organic electrode materials are very promising in the engi-
neering of flexible energy storage devices. Fourth, due to
the relatively facile and diverse synthetic methodologies of
organic materials, the electrochemical performance parame-
ters such as cell potentials and capacities can be easily con-
trolled through tailored chemical modification.

In this regard, redox-active molecular organic com-
pounds have been studied as electrode materials of batte-
ries.® However, gradual dissolution of organic electrode
materials into electrolytes can result in the gradual loss of
storage capacities. In addition, intermediate cationic or
anionic radical species generated by the single electron oxi-
dation or reduction of neutral organic compounds are sub-
ject to dimerization, resulting in the loss of the original
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redox performance. To overcome these problems, the net-
working of redox-active molecular compounds is a promis-
ing strategy to achieve advanced organic electrode
materials.

Recently, (amorphous) porous organic polymer (POP)
has been prepared through the networking of organic build-
ing blocks.” Various coupling reactions of rigid organic
building blocks induced the microporosity and high surface
areas of POPs. Due to their cross-linked features, resultant
POP materials are insoluble in common solvent including
electrolyte solution. Due to the high surface area, porosity,
and chemical stability, the functional sites of POP can be
utilized in the various applications.’

Redox-active functionality can be incorporated into the
POPs through two strategies.’ First, a predesigned building
block approach® can be applied to achieve the redox-active
POPs. Usually, coupling functional groups are introduced
into the redox-active molecules. And then, the resultant
redox-active building blocks can be coupled through vari-
ous organic reactions. Second, redox-active functionality
can be incorporated into the POP through a postsynthetic
modification strategy.’ In this case, after POP platforms are
prepared by the coupling of relatively simple organic build-
ing blocks, the tailored redox-active moieties can be further
introduced into the POP through side group or main chain
postsynthetic modification.

In addition, to further enhance electrochemical perfor-
mance of redox-active POP materials, their morphologies
can be engineered by hard and soft template synthesis.'’
For example, hollow redox-active POP materials with thin
shell thicknesses could be prepared by the coupling of
organic building blocks on the surface of nanoscaled silica
templates. The etching of silica templates results in the for-
mation of hollow POP materials."' Due to the empty inner
space and thin shell thickness, electrolyte solution can be
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easily diffused into hollow POP materials, resulting in the
enhanced utilization of redox-active sites in the materials.
In addition, nano-sized POP materials have been prepared
by polymeric surfactants through the kinetic control of
growth.'?

Recently, there have been significant studies on the
development of redox-active POPs for energy storage
applications.'*™ While redox-active metal—organic frame-
work (MOF) and covalent organic framework (COF) have
been reviewed, the redox-active (amorphous) POP materials
have been relatively less reviewed.* In this review paper,
we introduce the recent examples of redox-active POP
materials for energy storage. Especially, this review focuses
on redox-active molecular species and synthetic strategies
for the redox-active POPs, which will be helpful in the
designed synthesis of POP-based electrode materials for
battery and pseudocapacitor applications.

Carbonyl-Based Redox Species and POP

One of the representative organic redox species is benzo-
quinone (Figure 1). Because the benzoquinone shows
reversible two-electron redox reaction, benzoquinone-based
POP can be a promising electrode material. Recently, Han
et al. reported the preparation of benzoquinone-based POP,
denoted by Poly-P5Q'? (Figure 1).

Figure 1. The redox reaction of benzoquinone and the synthesis
of MOP-bearing benzoquinones through networking based on
Friedel-Craft reaction. Reproduced under permission of ref. 13.
Copyright 2017, Elsevier.
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They used a macrocyclic compound, dimethoxypillar[5]
arene (DMpillar[S]arene), as a starting compound. Through
the FeCls-catalyzed Friedel-Craft reaction in the presence
of dimethoxymethane, the hypercrosslinked polymer of
DMpillar[S]arene was obtained. The Ce-mediated oxidation
of dimethoxyarene rings resulted in the generation of ben-
zoquinone moieties in the Poly-P5Q. The surface area of
the Poly-P5Q was measured to be 104 m*g. While the
Poly-P5Q showed heterogeneous porous structure, mainly,
mesoporosity was observed in the range of 2-5 nm. The
Poly-P5Q was thermally stable up to 120°C.

Similar to benzoquinone, anthraquinone is a very useful
redox compound showing reversible two-electron redox
reaction (Figure 2). Additional side benzene rings of anthra-
quinone can be utilized in the introduction of various func-
tional groups including coupling functional groups.
Recently, Marcilla and coworkers reported the preparation
of anthraquinone-based redox-active POP (IEP-11-E12).'*
(Figure 2).

Basically, the IEP-11-E12 was prepared by the
Sonogashira coupling of 1,3,5-triethynylbenzene with
2,6-dibromoanthraquinone. Especially, the POP materials
were prepared through formation of mini-emulsions using a
mixture of toluene, triethylamine, and water, resulting in a
mixture of nanoparticles with diameters of 200-300 nm
and nanowires with widths of 10-20 nm. Finally, the inter-
mediate POP materials were further treated under
solvothermal conditions to form IEP-11-E12.

Through the combination of mini-emulsion method and
solvothermal treatment, highly porous IEP-11-E12 mate-
rials could be obtained. While conventional Sonogashira-
based synthesis resulted in irregular POP (IEP-11-C) with a
surface area of 609 m?%/g, the IEP-11-E12 showed a high
surface area up to 2200m?/g. Interestingly, as solvothermal
treatment time increased from 6 h to 12 h, the surface areas
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Figure 2. Two-electron redox reaction of anthraquinone and syn-
thesis of anthraquinone-based POP materials by the Sonogashira
coupling of 1,3,5-triethynylbenzene with 2,6-dibromoanthraquinone.
Reproduced under permission of ref. 14. Copyright 2020,
Wiley-VCH.
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increased from 961 m*/g to 2200 m*/g. While the IEP-11-C
showed conventional microporosity (pore sizes <2 nm), the
IEP-11-E12 showed a dual porous feature with
mesoporosity in the range of 2-15 nm and conventional
microporosity. The IEP-11-E12 showed better dispersion
ability in acetone than IEP-11-C, due to its nanostructural
nature. In addition, in the engineering of thin film, more
compact layers (three times thinner) could be engineered,
compared with the cases of IEP-11-C.

Next redox-active organic systems are aromatic com-
pounds with diacyl groups, which show two-electron redox
conversions (Figure 3). In 2018, Son and co-workers
reported the preparation of hollow POP materials bearing
1,4-di(3-phenylpropynoyl)benzene moieties (denoted by
H-CMP-BPPB)."” (Figure 3).

The H-CMP-BPPB was prepared by the carbonylative
Sonogashira coupling of 2 equiv 1,3,5-triethynylbenzene
with 3 equiv 1,4-diiodobenzene in the presence of carbon
monoxide. While the conventional Sonogashira coupling
results in the coupling of terminal alkynes with aryl halides,
the carbonylative Sonogashira coupling induces the inser-
tion of carbonyl group between alkynes and arenes. Espe-
cially, in the synthesis of H-CMP-BPPB, POP materials
were formed on the surface of silica spheres. The silica
etching through treatment with HF solution resulted in the
hollow H-CMP-BPPB materials with an average diameter
of 218 nm and an average shell thickness of 23 nm.

The insertion of carbonyl groups in the H-CMP-BPPB
was characterized by infrared (IR) absorption and solid
state '°C nuclear magnetic resonance (NMR) spectroscopy.
The strong vibration peak of carbonyl groups was observed
at 1645 cm™". In ">C NMR spectrum, the carbonyl '*C
peak appeared at 175 ppm, which was confirmed by the
model compound. The content of incorporated carbonyl
groups in H-CMP-BPPB was measured to ~6.69 mmol/g
by elemental analysis. The surface areas of H-CMP-BPPB
were measured to be 622 m?/g with typical microporosity
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Figure 3. Two-electron redox conversion of 1,4-diacylbenzene
and the synthesis of hollow POP materials bearing 1,4-di
(3-phenylpropynoyl)benzenes through carbonylative Sonogashira
coupling of 1,3,5-triethynylbenzene with 1,4-diiodobenzene in the
presence of carbon monoxide. Reproduced under permission of
ref. 15. Copyright 2018, Royal Society of Chemistry.
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(a micropore volume of 0.18 cm’/g). The H-CMP-BPPB
was thermally stable up to 303°C.

Further dicarbonyl and multicarbonyl compounds such
as benzil and phenanthrene-9,10-dione are redox-active and
have been studied in the synthesis of organic electrode
materials.'® Especially, pyrene-4,5,9,10-tetraone is a very
promising redox-active organic unit because it shows a
four-electron redox reaction (Figure 4).

In 2020, Wang and coworkers reported the preparation
of conjugated microporous polymer bearing pyrene-4,5,
9,10-tetraone moieties (denoted by PT-BTA) through the
Suzuki coupling of 2,7-dibromopyrene-4,5,9,10-tetraone
and 1,3,5-tris(4,4,5,5-tetramethyl-1,2-dioxaborolan-2-yl)
benzene.'” The PT-BTA showed a characteristic IR peak of
carbonyl groups at 1682 cm™" and was thermally stable up
to 200°C.

Noncarbonyl-Based Redox Species and POP

Recently, redox-active POP bearing noncarbonyl species
also have been prepared by the coupling of predesigned
building blocks and by the postsynthetic introduction of
redox-active species to POP. For example of noncarbonyl
redox-active species, 1,1,4,4-tetracyanobutadiene deriva-
tives with substituents show two-electron redox conversion,
as shown in Figure 5.

In 2017, Son and coworkers reported that the post-
synthetic modification strategy can be applied to introduce
1,1,4,4-tetracyanobutadiene species into POP."® At first,
POP bearing internal alkynes with electron-rich aryl groups
was prepared by the Sonogashira coupling of tri
(4-ethynylphenyl)amine with tri(4-iodophenyl)amine. For
the template synthesis of hollow POP materials, ZIF-8 was
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conversion
4,5,9,10-tetraone and the synthesis of POP bearing pyrene-

Figure electron redox of pyrene-
4,5,9,10-tetraone  moieties by the Suzuki coupling of
2,7-dibromopyrene-4,5,9,10-tetraone and 1,3,5-tris(4,4,5,5-tetra-
methyl-1,2-dioxaborolan-2-yl)benzene. Reproduced under permis-

sion of ref. 17. Copyright 2020, Royal Society of Chemistry.
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tetracyanobutadiene and the synthesis of redox-active POP through
post-synthetic modification of POP through the reaction with

tetracyanoethylene. Reproduced under permission of ref. 18. Copy-
right 2017, Royal Society of Chemistry.

Figure 5. Two-electron redox conversion of

used as a template. The successive reaction of hollow POP
materials with a tetracyanoethylene reagent resulted in gen-
eration of 1,1,4,4-tetracyanobutadiene moieties in the POP.
The resultant material was denoted by H-MTPN-TCNE.

The original orange color of POP changed to black
(H-MTPN-TCNE with additional absorption band at 489 nm)
through the postsynthetic modification, due to the photo-
induced intramolecular charge transfer from the electron-rich
triphenylamine moieties to the electron-deficient 1,1,4.4,-
tetracyanobutadiene moieties. Through the postsynthetic
modification, the surface areas decreased from 767 m2/g to
589 m?%/g. The vibration peak of cyano groups of H-MTPN-
TCNE was observed at 2221 cm™". Through elemental analy-
sis, the incorporated 1,1,4,4-tetracyanobutadiene species in
the H-MTPN-TCNE was calculated as 1.3 mmol/g.

Viologens are dipyridinium salts and electron-deficient
systems. The viologens are known to show their unique
two-electron redox conversion (Figure 6).

In 2012, Son et al. reported the synthesis of POP-bearing
viologens by the Sonogashira coupling of tetra
(4-ethynylphenyl)methane with viologen salts bearing two
di(4-iodophenyl) substituents.'” The resultant POP was
denoted by MONT. Interestingly, due to unique self-
templating reaction, the MONT showed tubular morphol-
ogies with a wall thickness of 31 nm and was thermally
stable up to 205°C. The surface area of MONT was mea-
sured to be 765 m?/g.

One of the representative electron-rich and redox-active
organic systems is triphenylamine. The triphenylamine is
known to show reversible one-electron oxidation reaction
to generate a cationic radical species (Figure 7). Recently,
there have been many papers on the synthesis of POP mate-
rials using triphenylamine derivatives as building blocks.?
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Figure 6. Two-electron redox conversion of viologen derivatives
and the synthesis of POP bearing viologens through the
Sonogashira coupling of tetra(4-ethynylphenyl)methane with
di(4-iodophenyl)viologen salt. Reproduced under permission of
ref. 19. Copyright 2012, Wiley-VCH.
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Figure 7. One-electron redox conversion of triphenyl amine and
the synthesis of POP-bearing triphenylamines by the Ni(COD),-
catalyzed Yamamoto coupling of tetrakis(4-bromophenyl)biphe-
nyl-4,4’-diamine. Reproduced under permission of ref. 22.
Copyright 2016, Elsevier.

Those POP materials have been applied to various purposes
including gas adsorbents.”'

In 2016, Jiang and coworkers reported the preparation of
redox-active POP-bearing triphenylamine moieties.>* The
POP was prepared by the Yamamoto coupling of tetrakis
(4-bromophenyl)biphenyl-4,4’-diamine. The resultant POP
was denoted by YPTPA, showing a high surface area up to
1557 m?/g and microporosity.

Carbazoles with aromatic substituents are redox-active
cyclic compounds bearing triphenylamines. The carbazoles
are also known to show reversible one-electron oxidation
reaction (Figure 8).

www.bkes.wiley-vch.de 162



Review

Redox-Active Porous Organic Polymers for Energy Storage

BULLETIN oF THE
KOREAN CHEMICAL SOCIETY

-e

ﬁf

r " Cu20 —O- FeCI3 : :
Q O PDCzBT

Figure 8. One-electron oxidation conversion of a carbazole deriv-
ative and the synthesis of POP-bearing carbazole moieties by the
Friedel-Craft reaction of dicarbazolylbenzothiadiazole building
block. Reproduced under permission of ref. 23. Copyright 2015,
Royal Society of Chemistry.
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Figure 9. One-electron oxidation of phenothiazine derivatives
and the synthesis of POP-bearing phenothiazines by the
Co,(CO)g-catalzyed [2+2+2] cyclization of N-methyl-
3,7-diethynylphenothiazine. Reproduced under permission of ref.
24. Copyright 2020, Royal Society of Chemistry.

Carbazole derivatives have been utilized as building
blocks in the synthesis of POP materials.*® In 2015, Huang
and coworkers reported the synthesis of conjugated micro-
porous polymers bearing carbazoles (denoted by PDCzBT).
The dicarbazolylbenzothiadiazole building block was pre-
pared by the Cu,O-catalyzed coupling of carbazole with
benzothiadiazole. Through the analysis of N, adsorption—
desorption isotherm curves, the surface area and pore vol-
ume of PDCzBT were measured to be 1166 m*/g and
0.7 cm’/g, respectively. The PDCzBT was thermally stable
up to 350°C

Phenothiazines are known to show a reversible one-
electron oxidation reaction (Figure 9).

While the phenothiazines have been utilized as redox-
active species in the electrochromic devices, the POP mate-
rials with phenothiazines are relatively less explored.”* In
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Figure 10. One-electron oxidation of ferrocene and the synthesis
of POP-bearing ferrocenes on the reduced graphene oxide (rGO)
by the Sonogashira coupling of 1,3,5-triethynylbenzene with 1,1'-
dibromoferrocene in the presence of 4-bromophenyl terminated
rGO. Reproduced under permission of ref. 25. Copyright 2018,
Royal Chemical Society.

Fc-GMP

2020, Yang and coworkers reported the preparation of POP
bearing phenothiazine moieties (denoted by HPPT) by the
Co,(CO)g-catalyzed [2 + 2 + 2] cyclization of N-methyl-
3,7-diethynylphenothiazine.”* The HPPT showed a high
surface area of 452 m?/g and high thermal stability up
to 421°C.

Ferrocene is a famous redox-active organometallic com-
pound, showing chemical stability and reversible one-
electron oxidation (Figure 10). Due to the electrochemical
stability, the ferrocene has been utilized as a standard redox
system of cyclic voltammetric studies of nonaqueous sys-
tems. Recently, there have been synthetic efforts for the
POP-bearing ferrocenes.*

For example, 1,1’-dibromoferrocene has been used as a
building block in the synthesis of redox-active POP.*> In
2018, Tang et al. reported the synthesis of reduced
graphene oxide (rGO) composite of POP bearing ferrocene
(Fc-GMP) by  the  Sonogashira  coupling  of
1,3,5-triethynylbenzene with 1,1’-dibromferrocene in the
presence of 4-bromophenyl-terminated rGO. The content of
rGO in the Fc-GMP was measured to be 5.3%. The
Fc-GMP showed a high surface area of 800 m?/g.
According to the AFM studies, the thickness of FC-GMP
was measured to be ~15 nm.

Energy Storage Performance of Redox-Active POPs for
Batteries

The redox-active POP materials can be applied for electri-
cal energy storage. If the redox conversions of the POP
materials are reversible, the thermodynamically non-
spontaneous redox reactions can be applied for the energy
charging process. In another hand, the thermodynamically
spontaneous redox reactions can be applied for the energy
discharging process.' In this regard, the redox-active POP
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materials have been applied as electrode materials for sec-
ondary batteries,'>!*1718:22-24

As displayed in Figure 11, the redox-active POP mate-
rials have been fabricated on the surface of current collector
using the binder and conductive carbon slurry. Usually, the
redox-active POP materials have been studied as cathode
materials in the Li-half cells. The conventional anode mate-
rial was lithium metal.

— -
A
Lithium lon Battery _
(Half Cell) % Li Metal
Lit = Anode Materials
‘—g— (Oxidation in discharge)
§ «— Current Collector
=
Separator
< S
= s
) L=
-
o e
Potential (V) Time (s)

Figure 11. The structure of lithium ion battery (Li-half cell) which
has been conventionally used for the redox-active POP materials
and conventional patterns of cyclovoltammograms and charge—
discharge profiles.

In the cyclic voltammetry, the redox-active POP mate-
rials showed conventional reduction and oxidation peaks.
In the charging and discharging profiles, if the redox-active
POP materials show clear plateaus, those materials can
induce clear cell potentials in battery applications.

The recent electrochemical performance of the redox-
active POP materials as cathode materials in the Li and
Na-half cells was summarized in Table 1. At first, in the
lithium ion batteries, the Poly-P5Q showed the capacities
of 50.6 and 36.3 mAh/g at the current densities of 0.1 and
0.2 Alg, respectively'® (entries 1 and 2 in Table 1). The
reduction potential of carbonyl groups of benzophenone
moieties was observed at 2.23 V (vs Li/Li*). The charge
transfer resistance (Rct) was measured to be 77.3 Q.

The IEP-11-E12 with anthraquinone moieties showed
capacities of 69 and 47 mAh/g at the 5C and 30C condi-
tions, as cathode materials for lithium ion batteries, respec-
tively'* (entries 3 and 4 in Table 1). The charge/discharge
potentials were located around 2.35 and 2.15 V (vs Li/Li*),
respectively. Especially, the high surface area of IEP-
11-E12 induced the enhanced electrochemical performance.

The PT-BTA-bearing pyrene-4,5,9,10-tetraone moieties
showed the discharge capacities of 74.3, 58.6, and
35.0 mAh/g for lithium ion batteries at the current densities
of 0.1, 0.2, and 1 A/g, respectively'’ (entries 5 and 7 in
Table 1). The PT-BTA showed two pairs of redox peaks at
2.05/2.70 and 2.65/2.36 V, respectively, indicating multiple
redox processes. According to electrochemical impedance

Table 1. Electrochemical performance of redox-active POP as cathode electrode materials for batteries.

Entry Materials Capacities” (mAh/g) Current Density (A/g) Ref.
1 Poly-P5Q 50.6 (LIB) 0.1 13
2 Poly-P5Q 36.3 (LIB) 0.2 13
3 IEP-11-E12 69 (LIB) 5C 14
4 IEP-11-E12 47 (LIB) 30C 14
5 PT-BTA 74.3 (LIB) 0.1 17
6 PT-BTA 58.6 (LIB) 0.2 17
7 PT-BTA 35.0 (LIB) 1 17
8 H-MTPN-TCNE 120 (LIB) 0.1 18
9 H-MTPN-TCNE 107 (LIB) 0.2 18
10 H-MTPN-TCNE 80 (LIB) 1 18
11 H-MTPN-TCNE 72 (LIB) 2 18
12 YPTPA 97.6 (LIB) 2 2
13 PDCzBT 1042 (LIB) 0.02 B
14 PDCzBT 404 (LIB) 0.1 B
15 PDCzBT 312 (LIB) 0.2 =
16 PDCzBT 145 (SIB) 0.02 B
17 PDCzBT 119 (SIB) 0.05 B
18 PDCzBT 99 (SIB) 0.1 =
19 HPPT 93 (LIB) 0.2 24
20 HPPT 87 (LIB) 0.4 24
21 HPPT 75 (LIB) 0.8 24

“LIB and SIB in parentheses imply lithium ion batteries and sodium ion batteries, respectively.
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spectroscopy (EIS), the Rer of PT-BTA in the coin-cell
batteries was measured to be 72 Q.

The H-MTPN-TCNE bearing 1,1,4,4-tetracyano-
butadiene moieties showed discharge capacities of
120, 107, 80, and 72 mAh/g for lithium ion batteries at the
current densities of 0.1, 0.2, 1, and 2 A/g, respectively'®
(entries 8—11 in Table 1). While the main redox potential
of discharging process was observed at ~3.75 V (vs Li/Li"),
additional redox reactions were observed in the potential
range of 1.5-3.0 V. While the H-MTPN without post-
synthetic modification showed the Rcr of 165 Q, the Rt
of H-MTPN-TCNE was measured to be 93 Q, indicating
that the introduction of 1,1,4,4-tetracyanobutadiene moie-
ties to H-MTPN induced the compatible contact of cathode
materials with electrolyte solution.

The YPTPA containing triphenylamines showed a dis-
charge capacity of 97.6 mAh/g at the current density of
2 A/g for lithium ion battery* (entry 12 in Table 1). The
oxidation and reduction peaks of YPTPA were observed at
3.71 and 3.74 V (vs Li/Li"), respectively. The Rcr of
YPTPA was measured to be 319 Q.

The PDCzBT-bearing carbazoles and benzothiadiazoles
showed the capacities of 1042, 404, and 312 mAh/g at the
current densities of 0.02, 0.1, and 0.2 A/g, respectively, for
lithium ion batteries™ (entries 1315 in Table 1). In addi-
tion, the PDCzBT was applied as a cathode material for
sodium ion batteries and it showed 145, 119, and 99 mAh/g
at the current densities of 0.02, 0.1, and 0.2 A/g, respec-
tively (entries 16—-18 in Table 1). Interestingly, major redox
contribution of the PDCzBT was observed in the potential
range of 0-0.5 V (vs Li/Li* and vs Na/Na*).

The HPPT containing phenothiazine moieties showed
discharge capacities of 93, 87, and 75 mAh/g at the current
densities of 0.2, 0.4, and 0.8 A/g, respectively, for lithium
ion batteries?* (entries 19-21 in Table 1). It showed
cathodic and anodic peaks at 3.78 and 3.47 V (vs Li/Li"),
respectively.

Energy Storage Performance of Redox-Active POPs for
Pseudocapacitors

Recently, supercapacitors also have been considered as
promising energy storage devices,?® in addition to batteries.
While the supercapacitors that are based on capacitive
energy storage have a merit of excellent power efficiency,
due to the fast charge/discharge process, they have a critical
disadvantage in energy storage capacity. In comparison,
while the batteries that are based on redox energy storage
have a merit of relatively high energy storage capacity, they
have poor power efficiency, due to the relatively slow
charge/discharge process.

Pseudocapacitors are advanced energy storage devices
that are based on the combined capacitive and redox energy
storage.'® Thus, the electrode materials of pseudocapacitors
should have both capacitive and redox behaviors. The com-
parison of device structures, cyclic voltammograms, and
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charge—discharge profiles of the conventional capacitor and
pseudocapacitor was displayed in Figure 12(a) and (b).

The POP with conjugated skeletons can be applied as
electrode materials of supercapacitors. In addition, the
redox-active POP materials with conjugated network struc-
tures can be applied as energy storage electrode materials
for pseudocapacitor. Among the redox-active POP mate-
rials introduced in this review, the H-CMP-BPPB and
Fc-GMP have been applied as electrode materials for pseu-
docapacitors.'>? Their electrochemical performance was
summarized in Table 2.

The H-CMP-BPPB bearing redox-active 1,4-di
(3-phenylpropynoyl)benzene moieties showed capacitances
of 220 and 120 F/g at the current densities of 0.5 and
10 Alg, respectively, in the symmetric coin cell super-
capacitors.'> Interestingly, according to the EIS studies, the
Rcr of H-CMP-BPPB in the current collector was mea-
sured to be 5.9 Q, which is attributable to the hollow struc-
ture and thin shell thickness of 23 nm. Interestingly, the
shell thickness of H-CMP-BPPB increased from 23 nm to
38 nm through the charge/discharge cycling.

v
Capacitor
(Capacitive %
Energy Storage) g
:
Capacitive Materials & -l — Current Collector
= 2 (Electrode)
( a) Separator
2 s
£ g
° 4
Potential (V) Time (s)
. \"
Pseudocapacitor
(Redox & Capacitive g .
= i Additional
Energy Storage) g #8 Redox Species
Capacitive Materials = o Current Collector
= be (Electrode)

(b) . Separator

2 S
= s
: :
g g

[«]
o a

Potential (V) Time (s)

Figure 12. The structures of (a) capacitor (based on capacitive
energy storage) and (b) pseudocapacitor (based on the combined
capacitive and redox energy storage) devices and their conven-
tional patterns of cyclovoltammograms and charge—discharge
profiles.
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Table 2. Electrochemical performance of redox-active POP as electrode materials for pseudocapacitors.

Entry Materials Capacitances” (F/g) Current Density (A/g) Ref.
1 H-CMP-BPPB 220 (two) 0.5 15
2 H-CMP-BPPB 120 (two) 10 15
3 Fc-GMP 470 (three) 0.5 =
4 Fc-GMP 231 (two) 0.5 =
5 Fc-GMP 246 (three) 10 =

#Two and three imply two-electrode devices and three-electrode cyclic voltammetric measurements, respectively.

The Fc-GMP-bearing ferrocene moieties showed capaci-
tances of 470 and 246 F/g at the current densities of 0.5 and
10 Alg, respectively, in the three-electrode cyclic
voltammetric test system.”> The Fc-GMP maintained the
capacitance of 231 F/g at the current density of 0.5 A/g in
the two-electrode device. The high capacitances are attribut-
able to the rGO contents in the materials. The Rcp of
Fc-GMP-based electrode was measured to be 8.48 €, indicat-
ing the enhanced conductivity by the rGO in the materials.

Conclusion and Perspective

Through investigation of the recent redox-active POP mate-
rials, it became clear that the POP has a striking synthetic
merit of facile chemical engineering. Various redox-active
moieties could be incorporated into POP through the
predesigned building block approach and postsynthetic
modification strategy. Due to the high surface area, poros-
ity, and chemical stability, the redox-active POP materials
could be successfully applied as electrode materials for bat-
teries and pseudocapacitors. The redox-active POP mate-
rials have been mainly applied as cathode materials for
batteries. Due to the insoluble feature of POP materials, the
batteries and pseudocapacitors fabricated with leaching-free
POP showed good cycling performance.

However, the critical weak points of the redox-active
POPs as energy storage materials are their poor conductivi-
ties and the limitation of energy storage capacities. These
problems can be overcome through the chemical engineer-
ing of functional composites. The advanced composite
materials with the redox-active POP and functional inor-
ganic materials (such as conducting or redox-active inor-
ganic materials) can be developed. In addition, the
morphology engineering of the redox-active POP materials
can enhance the electrochemical performance, due to the
reduced diffusion pathways of electrolyte solution into the
electrode materials. Thus, the morphology-engineered
POP-inorganic composites can be future research direction
of development of advanced redox-active POP materials.
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