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As the demand for next-generation electronics is increasing, organic and polymer-based semi-
conductors are in the spotlight as suitable materials owing to their tailorable structures along with
flexible properties. Especially, polyimide (Pl) has been widely utilised in electronics because of its
outstanding mechanical and thermal properties and chemical resistance originating from its crystallinity,
conjugated structure and m—= interactions. Pl has recently been receiving more attention in the energy
storage and conversion fields due to its unique redox activity and charge transfer complex structure. In
this review, we focus on the design of Pl structures with improved electrochemical and photocatalytic
activities for use as redox-active materials in photo- and electrocatalysts, batteries and supercapacitors.
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1. Introduction

As the demand for next-generation wearable electronics and
robotics is ever-increasing, thin-film-based flexible electronic
devices that can be bent, folded, twisted, compressed and
stretched into arbitrary shapes are receiving significant attention
owing to their high electrical and mechanical performances.
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materials for the development of future electronics.

Since traditional rigid metal-oxide-semiconductors have limited
softness and flexibility, organic semiconducting materials based
on soft, lightweight and molecularly tailorable small mole-
cules and polymers are essential prerequisites toward realising
next-generation flexible electronics.®> Therefore, various appro-
aches utilising polymeric substrates comprising plastics, elasto-
mers, paper and textiles have been studied for the fabrication
of flexible and conductive electrodes® hybridised with multi-
dimensional nanomaterials, ferroelectric polymers and thermo-
electric materials.>™®

Among the promising organic-based electronic device mate-
rials, polyimide (PI) is drawing much attention because of its
superior thermo-oxidative stability, high mechanical strength,
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unique electrical properties and high solvent resistance. Owing
to these outstanding properties originating from its crystal-
linity, conjugated structure and n-rn interactions, PI has been
applied in high-tech industries such as aerospace, electronics
and optics (Fig. 1).° Recently, the insulating property of PI as an
encapsulating layer has been used to protect devices from
external attrition."

New approaches for PI applications have been emerging in
the fields of energy conversion and storage systems based on
PI's donor-acceptor structure and redox activity. Electron-rich
amine and electron-deficient anhydride moieties used to con-
struct donor-acceptor structures enable facile charge transfer
in energy conversion and storage systems. In addition, they are
beneficial for charge separation as the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are located at the donor and acceptor positions,
respectively;'' the energy band diagram demonstrates that
the bandgap of PI can be tailored via comonomer tuning in
the visible-light range of 1.9-3.0 eV (Fig. 1(b)).">™ As a result,
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several research groups have exploited semiconducting PI
for various photocatalytic energy conversion reactions.'®™°
Furthermore, PI is considered to be an excellent redox-active
polymer that can store electric energy via enolization reactions
of its carbonyl groups with the metal ions of elements such as
Li and Na (Fig. 1(c)).>>*' As the performance of polymer
electrode materials depends on the functional groups, PI has
been studied as both a cathode and anode material. In addition,
the operating voltage can be readily tuned by selecting a suitable
precursor combination to control the conjugation length or
electronegativity.”>>*

Over the century since the development of PI, its properties
and synthetic methods have been reviewed in the context of
various applications. In contrast, the aim of this review is to
cover its use in energy conversion and storage applications
along with the recent progress in the synthetic methods and
topological control used to produce PI (Fig. 2). In the first
section, we discuss diverse imidization reactions in various
synthetic environments and the progress in topological control
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Fig.1 (a) An image of Pl product Kapton tape as a representative PI
structure with inter- and intramolecular interactions (the electron donor—
acceptor structure, charge transfer and n—m interactions). (b) A diagram of
the controllable bandgap of Pl comprising various structures. (c) The
redox-active properties of Pl with metal ions via enolization.
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Fig. 2 An overview of the review of redox-active Pl: synthesis, properties,
energy conversion and storage.

from linear to porous crystalline networks. Following that, the
applications of PIs for energy conversion and storage are covered
based on the redox activity of PI. The review is concluded with a
summary of the effect of polymer structure and composition on the
redox activity of PI with future perspectives.

2. Pl synthesis and structure
2.1. Synthetic methods

Since the first synthesis of PI through intramolecular poly-
condensation in 1908,>* various synthetic approaches using a

This journal is © The Royal Society of Chemistry 2022
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diverse array of aromatic compounds have been developed that
provided excellent physical properties and conjugated struc-
tures. The two-step condensation reaction between anhydride
and amine precursors is the most conventional synthetic
method. In this process, poly(amic acid) (PAA) is initially
formed, followed by intramolecular imidization (Fig. 3(a)).”®
In the first step, amine attacks the carbonyl group of anhydride
monomer, which opens the anhydride ring and forms the PAA
structure. Imidization of PAA then occurs under high tempera-
ture, typically above 200 °C, which drives the thermodynami-
cally favoured intramolecular condensation reaction. In order
to reduce the imidization temperature, chemical imidization
was developed using a dehydration agent and a basic catalyst.>®

Isocyanate instead of amine has been successfully used as a
precursor for the synthesis of PI. Meyer et al. proposed the
mechanism with the formation of a seven-membered ring and
carbon dioxide (CO,) as the intermediate and the by-product,
respectively (Fig. 3(b)).>” However, based on the observation of
a low conversion rate under dry conditions, Carleton et al
proposed another mechanism with the hydrolysis of isocyanate
(Fig. 3(c)).>® Depending on the degree of hydrolysis, amine or
urea was generated, followed by a condensation reaction with
anhydride.

Alternative synthetic methods without using organic sol-
vents such as solid-state and aqueous synthesis have been
proposed because the aforementioned methods are mostly
based on solution-processing using toxic organic solvents such
as N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP) or N,N-dimethylacetamide (DMAc) (Fig. 3(e)). Scalable
and eco-friendly PI synthesis based on solid-state condensation
has been carried out via the thermal treatment of physically
mixed amine and anhydride monomers at a high temperature
in the absence of solvents.”® At such a high reaction tempera-
ture, the anhydride precursor melts and reacts with the nearby
amine monomers, followed by the formation of an oligomeric
structure and further imidization. In addition, Yuan and
co-workers reported a microwave-assisted heating method for
the solid-state synthesis of PI in a very short time as using a
microwave absorber such as copper(n) oxide (CuO) rapidly
increases the temperature.*® Recently, mechanochemistry has
been applied to synthesize PI from diverse anhydride and
amine precursors.*' PAA was constructed via a mechanochem-
ical reaction using ball milling and subsequent thermal imidi-
zation (Fig. 3(e)).

In another eco-friendly synthetic method, Chiefari et al
synthesized PI under aqueous conditions using carboxylate
and ammonium salt intermediates (Fig. 3(d));** the anhydride
precursor hydrated first to form tetracarboxylic acid, followed
by the formation of a carboxylate-ammonium salt. Subse-
quently, the salt was dehydrated and imidized via thermal
treatment after drying. Recently, Unterlass et al. demonstrated
the one-pot synthesis of PI in aqueous media through a
hydrothermal method under high temperature and pressure
conditions in a closed vessel (Fig. 3(d)),>**> where crystalline
PI was formed via a dissolution-polymerization-crystallisa-
tion process (Fig. 4). Imidization in aqueous media is possible
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Fig. 3 (a—d) Representative synthetic approaches for Pl via various reaction pathways and (e) the diversity of apparatus used in the production of PI.

because the physicochemical properties of water change
significantly as the hydrogen bonding of the water network
is broken under hydrothermal conditions.?® In particular, the
density and viscosity of water significantly decrease under
hydrothermal conditions, thus affecting diffusion-controlled
chemical reactions. Furthermore, the dielectric constant
of water decreases continuously and even matches that
of common organic solvents under ambient conditions.?”
More importantly the ionic products of water increase with

Chem. Commun.

increasing temperature, thus accelerating the rate of acid- and
base-catalysed reactions.*®

2.2. The structure and topology of PI

Since the successful commercialisation of PI-based Kapton
film, linear PIs have been produced using various dianhydride
and diamine monomers (Fig. 5).>* However, there is a limita-
tion in fabricating aromatic PIs through solution-processing
due to strong interactions between the polymer chains. In this

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) The classical and hydrothermal pathways for synthesizing PI.
Reproduced with permission from ref. 34, copyright 2015, The Royal
Society of Chemistry. (b) Crystalline Pl formation mechanism during
hydrothermal polymerization. Reproduced with permission from ref. 33,
copyright 2014, The Royal Society of Chemistry.

context, various approaches have been suggested to overcome
this issue, including introducing flexible linkages or aliphatic
units in the polymer backbone,*™? introducing side groups to
hinder molecular packing and crystallization***® and introducing
asymmetric monomers to suppress coplanar structures.'’>>
This topological control has been further extended with
multifunctional precursors (Fig. 5). Firstly, dendritic or hyper-
branched structures are constructed through a stepwise reac-
tion using AB,type monomers.”®> For example, Shu and
coworkers reported the synthesis of dendritic poly(ether imide)
through aromatic nucleophilic substitution and imidization
between 1-(4-aminophenyl)-1,1-bis(4-hydroxyphenyl)ethane with
3-nitro-N-phenylphthalimide and 3-nitrophthalic anhydride.>*"
Kakimoto and coworkers reported the synthesis of hyperbranched
poly(ether imide) through the imidization of an AB,-type poly(amic
acid) ester monomer prepared from 3,5-dimethoxyphenol and
4-nitrophthalonitrile.>**>® Furthermore, the imidization reaction
of PAA from A, and B; monomers such as 1,3,5-tris(4-amino-
phenyl)benzene, triaminotriphenylamine, melamine, melem,
1,3,5-tri(1,3-dioxo-1,3-dihydroisobenzofuran-5-yloxy)benzene
and mellitic anhydride has been reported.>>*® Combination of
these A, and B;-type monomers constructs cross-linked porous
structures that enhance the accessibility of reactants such as Li*
or redox substances.®’”®* Although microporous PI extended

Linear structure

fp,:g}

Fig. 5 The various topological structures of Pl. Reproduced with permis-
sion from ref. 113, copyright 2021, American Chemical Society.

Amorphous structure Crystalline framework

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

the utility range of the latter as a membrane for gas and energy
storage purposes, the limitation still exists due to its low
specific surface area and non-uniform pore size.

Recently, 2D and 3D crystalline porous systems known as
covalent organic frameworks (COFs) with a confined and uni-
form pore size and high surface area have been shown to
overcome the limitations of PI structures (Fig. 5). Yan and
co-workers reported the synthesis of 2D and 3D PI-COFs with
triamine and tetraamine precursors via solvothermal reactions
using organic solvents and catalysts for the first time.®>®” Since
then, most PI-COFs have been synthesized via the solvothermal
method because reversible bond formation and deformation
are essential for constructing PI structures with high crystal-
linity. Moreover, it is related to the solubility of intermediates
and the pK, values of the reaction media with an appropriately
targeted catalyst. As a result, PI-COFs of various topologies
have been synthesized by using the solvothermal method with
varying precursor combinations.®® Recently, we reported the
eco-friendly synthesis of PI-COFs through the hydrothermal
method by exploiting triphenylene-2,3,6,7,10,11-hexacarboxylic
acid in combination with three different aromatic diamines.®®
Their crystalline structures, especially 3D stacking structures,
were affected by the solubility of oligomeric structures, which
act as seeds for nucleation that creates the most thermodyna-
mically stable eclipsed stacking structure under hydrothermal
conditions. In contrast, insoluble oligomeric structures are
separated with precursors, which limits further growth and
constructs kinetically favoured staggered stacking structures
(Fig. 6). In addition, Lotsch and coworkers recently reported the
eco-friendly ionothermal synthesis of PI-COFs with a eutectic
mixture of sodium chloride, potassium chloride and zinc
chlorides.”®

3. Application of PIs to energy
conversion and storage
3.1. Energy conversion

3.1.1 PI photocatalysts. To improve the photocatalytic
activity of PI-based photocatalysts, it is important to (i) engineer
the HOMO/LUMO position and bandgap, (ii) separate the
charge carriers effectively and (iii) increase the surface activity
sites. In this section, we introduce the various strategies for
producing PI-based photocatalysts and classify them into three
types while also revealing the relationship between their struc-
ture and photocatalytic ability. The m-conjugated sp*-carbon
network of PI can be extended to narrow the bandgap, thereby
improving solar utilisation efficiency owing to the recruitment
of more photons in the visible-light region. Furthermore, the
LUMO energy level is lowered by electron-withdrawing groups
as a result of attracting electrons out of the m-conjugated
backbone.’”" In recent years, the coupling of electron-rich
donors and electron-deficient acceptors has become widely
known as a strategy for tuning the energy band structure.'®%7%73
The bandgap of PI can be modulated in the visible-light range
(1.9 to 3.0 eV) by changing the reaction temperature and

Chem. Commun.
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Fig. 6 The construction mechanism for PI-COFs under hydrothermal conditions. Reproduced with permission from ref. 69, copyright 2021, Wiley-VCH

GmbH.

comonomer structure.'>**»”* The donor-acceptor structure

of PI usually consists of electron-rich amine and electron-
deficient anhydride moieties, respectively, leading to its high
chemical tunability. Theoretical calculations indicate that the
HOMO and LUMO of PI are located on the amine and anhy-
dride moieties, respectively.'!

Zou and co-workers produced a crystalline PI-based photo-
catalyst for the hydrogen evolution reaction (HER) by mixing
melamine with pyromellitic dianhydride (PMDA) at a high
condensation temperature.”” UV-vis absorption spectra of the
photocatalyst indicate that the bandgap of PI decreased
from 3.39 to 2.56 eV when the reaction temperature was
increased from 250 to 350 °C. The decrease in bandgap origi-
nated from the enhanced degree of polymerization in the
conjugated system. As a result, it was possible to produce more
charge carriers for proton reduction and sacrificial oxidation.
The obtained samples produced hydrogen from water upon
visible light illumination while Pt and triethanolamine acting
as a cocatalyst and an electron donor, respectively. The PI
catalyst with a moderate bandgap generated the maximum H,
evolution activity of 150 and 15.2 pmol h™' under UV and
visible-light irradiation, respectively, thus indicating the impor-
tance of bandgap engineering for promoting photocatalytic
activity.

Shiraishi and coworkers fabricated graphitic carbon nitride
(g-C3N,) photocatalysts containing pyromellitic diimide (PDI)
for hydrogen peroxide (H,O,) production from water and
molecular oxygen (Fig. 7(a))."> Incorporating electron-deficient
aromatic diimide units positively shifted the valence band (VB)
potential of the photocatalysts due to their high electron
affinity while maintaining sufficient conduction band (CB)
potential for the two-electron reduction of O, (Fig. 7(b)).
Consequentially, the photocatalysts successfully produced H,O,
by oxidizing water under sunlight irradiation. Thus, g-C;N, engi-
neered by incorporating aromatic diimide units is a safe and
green photocatalyst capable of sustainable H,O, evolution.

Chem. Commun.

To promote the charge carrier separation of PI-based photo-
catalysts, active groups can be introduced into the building
blocks of an existing architecture. Another strategy for extend-
ing the lifetime of the charge carriers is heterojunction
engineering through combining PI with other materials.”® %"
In this context, Yan et al. prepared a novel organic-inorganic
composite (PI/Zng,5Cdy 75S) via a template-free hydrothermal
method.®" Electrochemical impedance spectroscopy (EIS) was
employed to investigate its charge separation and transfer
efficiency. The impedance of PI/Zn, ,5Cdy 75S was smaller than
that of pristine PI and neat Zn, ,5Cd, ;5S, indicating that the
interface layer resistance of the composite was lower than that
of pure PI (Fig. 7(c)). The EIS results demonstrate that the
heterojunction facilitates the charge separation and transfer of
photogenerated charge carriers on the photocatalytic surface.
Consequently, PI/Zn, ,5Cd, 55S showed improved photocatalytic
activity for dye degradation under visible-light irradiation
compared to PI or Zn,,5Cdy 75S alone. This can be ascribed
to the synergistic effect of interfacial electronic interaction and
efficient migration of photogenerated charge carriers due to
suitable band structure leading to improved charge separation
(Fig. 7(d)).

Hu et al. designed a cadmium sulfide (CdS)/PI heterojunc-
tion photocatalyst via the in situ growth of CdS nanoparticles on
ultrathin nanosheets of PI through a one-pot solvothermal
method.®” The charge-transfer mechanism of the direct Z-scheme
heterojunction was demonstrated by using time-resolved fluores-
cence decay. While photoluminescence suggests only the pri-
mary pathway is involved in the recombination and dissipation
of charge carriers, time-resolved fluorescence decay spectroscopy
can provide details of the dynamic characteristics of the charge-
transfer process. The results reveal that the lifetime of the
excited state of the CdS/PI composite was shorter than that of
pure PI and CdS, which can be attributed to the promotion of
electron transport by processes such as non-radiative energy
transfer. The direct Z-scheme pathway was further verified via

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Representative examples for Pl-based photocatalysts. (a) The reaction scheme for the synthesis of g-CsN4/perylene diimide (PDI). Reproduced
with permission from ref. 12, copyright 2014, John Wiley & Sons, Inc. (b) Electronic band structures of g-CsN4 and g-CsN4/PDI. Reproduced with
permission from ref. 12, copyright 2014, John Wiley & Sons, Inc. (c) Electrochemical impedance spectra of Pl, ZnCdS and a PI/ZnCdS composite.
Reproduced with permission from ref. 81, copyright 2015, Elsevier. (d) The proposed mechanism for the photocatalytic dye degradation on the PI/ZnCdS
composite under visible light irradiation. Reproduced with permission from ref. 81, copyright 2015, Elsevier. (e) A scanning electron microscopy image,
(f) adsorption—desorption isotherms and (g) cycling experiments for oxytetracycline degradation via a PI/AgBr@Ag aerogel. Reproduced with permission

from ref. 84, copyright 2019, John Wiley & Sons, Inc.

in situ X-ray photoelectron spectroscopy (XPS) measurements
under visible-light irradiation. The results demonstrate that the
photoexcited electrons in PI were transferred to CdS, revealing
the presence of a direct Z-scheme heterojunction in the CdS/PI
composite. In turn, the maximum H, production rate of CdS/PI

This journal is © The Royal Society of Chemistry 2022

reached 613 pmol h™' g~ under visible-light irradiation, which
is around five times higher than that of neat CdsS.

An indirect Z-scheme heterojunction via an electron mediator
has also been designed in PI-based photocatalysts. Guo et al.
constructed an all-solid silver phosphate (Ag;PO,)/nitrogen-doped

Chem. Commun.
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graphene (NG)/PI composite in which NG acts as an electron
mediator for efficient electron transfer from the CB of Ag;PO,
to the VB of PL.** The prepared photocatalyst presented high
photocatalytic performance for pollutant degradation. Super-
oxide radicals and hydroxyl radicals detected via electron para-
magnetic resonance spectroscopy were the active species
during the photocatalytic process. They also verified that the
heterojunction follows the Z-scheme because the CB energy
level of Ag;PO, was less negative for O, reduction to produce
superoxide radicals and the VB position of PI was less positive
for H,O oxidation to produce hydroxyl radicals. Furthermore,
electron transfer not only enhanced charge transfer but also
suppressed the photocorrosion of Ag;PO,, as demonstrated via
photocurrent response analysis.

Nanostructure engineering provides another powerful strat-
egy for shortening the carrier capture pathway and increasing
the active surface area, leading to enhance photocatalytic
efficiency. The development of PI-based photocatalysts with a
single or a few layers of porous structures is highly desirable for
promoting photocatalytic activity because most PI-based photo-
catalysts have a low specific surface area (below 20 m> g™ %).
Zhao et al. reported PI-based aerogels for the degradation of
oxytetracycline under visible-light irradiation.®* A Pl/silver bro-
mide (AgBr)@Ag composite aerogel was prepared as a photo-
catalyst by dispersing AgBr@Ag nanoparticles uniformly on a PI
aerogel (Fig. 7(e)). The resulting PI/AgBr@Ag aerogel photo-
catalyst showed excellent photocatalytic activity for the degra-
dation of oxytetracycline with a degradation rate of 99.8%
within 240 min under visible-light irradiation. Moreover, the
rate constant was 0.025 min~ ', which is 2.6 and 6.9 times
higher than that of AgBr@Ag nanoparticles or PI aerogel alone,
respectively. In addition, the PI/AgBr@Ag aerogel photocatalyst
exhibited excellent cycling stability due to the high mechanical
strength and 3D network of PI aerogel (Fig. 7(g)). The high
photoactivity was not only attributed to its high specific surface
area (191 m> g~ ') but also to the Z-scheme heterojunction
structure (Fig. 7(f)). Similarly, Zhao et al. prepared a 3D porous
PI aerogel photocatalyst with a high specific surface area of
97 m” g~ " via a sol-gel method.®® The PI aerogel photocatalyst

Table 1 Representative examples of Pl-based photocatalysts
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with Ag and methanol as a cocatalyst and an electron donor,
respectively, provided a high hydrogen evolution rate of
166.1 mmol h™' g~ under visible-light irradiation, which was
eight times higher than that of the pristine PI aerogel without a
cocatalyst (Table 1).

3.1.2 Photoelectrochemical cells. As mentioned earlier,
the HOMO and LUMO of PI are located in the amine and
dianhydride moieties, respectively, which ensures the charac-
teristics of semiconducting polymer with improved charge
separation capability. Furthermore, aromatic PI has signifi-
cantly enhanced photoelectrochemical properties due to high
visible-light response and electrical conductivity compared with
other organic compounds. More importantly, PI with a high
glass-transition temperature exhibits excellent chemical resis-
tance, thermal stability and mechanical strength, thereby pro-
viding good adhesion between aromatic PI and a conductive
substrate leading to long-term stability. In this section, we
summarise the strategies for enhancing the light absorption
and transfer of photogenerated electrons and holes by PI, while
obtaining a higher and more stable photocurrent signal.

Conducting polymers with nanoparticles are highly applic-
able for high-density energy storage and conversion strategies.
Among the treatment methods for increasing the incident-
photon-to-current efficiency (IPCE), doping conducting poly-
mer with transition metals, metal oxides and/or carbonaceous
materials have been suggested to provide practical and effective
solutions. Wang et al. doped poly(perylene tetracarboxylic
imide) (PPI) in nano-TiO,/ITO film with CdSe nanoparticles
for use as a photoelectrode, which significantly increased
its monochromatic incident IPCE.”® Doping with CdSe nano-
particles improved the absorbance in the visible-light range by
providing an interface for separating electron-hole pairs and a
channel for transferring charge carriers for promoting photo-
voltaic capability. Accordingly, the photocurrent of CdSe-
nanoparticle-doped TiO, film was nearly three times higher
than that of non-doped film.

Wang and coworkers demonstrated an efficient approach for
the design of PI-based composites with graphene oxide (GO)
to overcome the poor solubility of PI in common organic

Materials Applications Role of PI Photocatalytic efficiency Ref.
2-C3N,/PI H,0, production Bandgap modulation H,0, production = 30 pmol 12
g-C3N,/biphenyl diimide H,0, production Charge separation H,0, production = 11.6 pmol 86
g-C;N,/pyromellitic diimide H,0, production Charge separation H,0, production = 60 umol 87
2-C;N,/mellitic triimide H,0, production Charge separation H,0, production = 50 umol 88

Self-assembled PI Hydrogen evolution Charge transfer

H, production rate = 1640 umol h™* g™* 89

supermolecule

Cds/P1 Hydrogen evolution Charge separation H, production rate = 613 pmolh'g™* 82
PI/Ag aerogel Hydrogen evolution Enhanced charge mobility H, production rate = 85

and large specific area 166.1 umolh™'g™*

PI/Zn »5Cdg.75S Dye degradation Charge separation Degradation rate = 100% 81
Ag;PO,/N-doped Microcystin-LR Charge separation and migration Degradation ratio = 94.4% 83
graphene/PI degradation

PI/AgBr@Ag Oxytetracycline Charge separation and large Degradation rate = 99.8% 84

degradation specific area

PI, polyimide; g-C3N,, graphitic carbon nitride; Ag;PO,, silver phosphate;

Chem. Commun.

CdS, cadmium sulphide.
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solvents.”” Covalent interactions between the poly(amic acid)s
and the carboxylic acid group of GO via amide linkage pre-
vented the aggregation of GO sheets during the thermal
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imidization process, resulting in its uniform dispersion in the
PI matrix. The resulting composites had high thermal resis-
tance as well as excellent solubility in various organic solvents
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Fig. 8 (a) Nyquist plots of the electrochemical impedance spectra for Pl and its composite films. Reproduced with permission from ref. 91, copyright
2014, Elsevier. (b) Photocurrent response for Pl composite film under on/off light irradiation. Reproduced with permission from ref. 91, copyright 2014,
Elsevier. (c) A schematic representation of the coating process of vertically oriented TiO, nanotube arrays (TNTAs) with an ultrathin carbon film.
Reproduced with permission from ref. 92, copyright 2014, The Royal Society of Chemistry. (d) Chronoamperometric curves at a potential of 0.23 V
(vs. AgCl/Ag) under irradiation for light on/off cycles. Reproduced with permission from ref. 92, copyright 2014, The Royal Society of Chemistry.
(e) A schematic illustration of the photoelectrochemical oxidation of organic pollutants using a TiO,/PI/Ni foam photoanode under visible-light
irradiation. Reproduced with permission from ref. 93, copyright 2018, Springer Nature. (f) Various processes for methylene blue (MB) degradation using
TiO,/PI/Ni foam photoanode. Reproduced with permission from ref. 93, copyright 2018, Springer Nature.
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such as DMF, DMAc and NMP. In particular, the GO played a
crucial role in the electron transfer process under illumination
and controlled the conductivity of the composite film. While
the PI composite film containing 4 wt% GO (i.e. C-4) achieved
the lowest resistance, increasing the GO content to 8% decreased
the conductivity and thus the photoelectrical response (Fig. 8(a)).
Furthermore, the 4 wt% GO/PI composite film showed good
reversible photocurrent responses over several on/off light illumi-
nation cycles (Fig. 8(b)).

PI-based composites have been widely employed for water
splitting and pollutant remediation. Tong and coworkers fabri-
cated an ultrathin nitrogen-doped carbon film coated on the
walls of highly ordered TiO, nanotube arrays (TNTAs) via
carbonisation of PI film deposited by using molecular layer
deposition for water splitting (Fig. 8(c)).”> Pristine TiO, was
simultaneously converted to hydrogenated TiO, during
the carbonisation process, thereby protecting the regular mor-
phology of the TNTAs. In the hydrogenated TNTAs without
the carbon film coating, Ti** in the aqueous electrolyte was
unstable because it could be oxidized by oxygen dissolved in the
water. Meanwhile, the surface of the TNTAs coated with a
carbon film enhanced solar absorption and electron-hole pair
generation (Fig. 8(d)). While the photogenerated holes moved
to the electrode-electrolyte interface and participated in the
oxygen evolution reaction (OER), the electrons that had migrated
to the substrate were transferred to the counter electrode and
participated in the HER. Moreover, the nitrogen-doped carbon
film provided a high proportion of catalytic active sites for OER.
The core/shell nanostructure with a controllable shell thickness
also provided a larger heterojunction interface that suppressed
the recombination of photogenerated electrons and holes.
Consequently, the nitrogen-doped carbon film coated on TNTAs
exhibited an improved photocurrent under solar light irradiation
of approximately five-fold compared to pristine TiO,.

Lei et al. developed a TiO,/PI/Ni foam photoanode for MB
degradation by dispersing a porous nanostructured TiO, film in
a PI/Ni foam substrate.”® Although Ni foam possesses many
advantages owing to its large surface area, evenly distributed
pore size and high conductivity, it is rarely used as a conductive
support due to its facile oxidation during the photoelectro-
chemical reaction. To suppress this, a protective layer was
produced on the surface by filling the Ni foam with a polymer.
Furthermore, the TiO,-PI charge-transfer complex exhibited a

Table 2 Representative examples of Pl-based photoelectrochemical cells
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high visible-light response and electroactivity resulting from
the high proportion of aromatic moieties in PI. Consequen-
tially, the prepared photoanode showed broad visible-light
absorption, excellent photoinduced current propagation and
high photoelectrochemical efficiency toward degrading MB
under simulated solar light irradiation (Fig. 8(f)). Electrons that
transferred from the VB to the CB of TiO, under UV light
irradiation migrated to the Pt electrode due to the external bias
potential (Fig. 8(e)). Subsequently, the holes generated on the
surface of the TiO,/PI/Ni foam photoanode and electrons
produced on the surface of the Pt electrode could then react
with the organic pollutant. This superior photoelectrochemical
performance could be attributed to the TiO,-PI charge-transfer
complex inducing high separation efficiency of photogenerated
charge carriers along with the efficient electron transfer path
from the CB of TiO, to the Ni foam substrate (Table 2).

3.2. Energy storage applications of PI

3.2.1 Batteries. Among the various polymeric electrode
materials, PI and its derivatives are considered to be very
promising.”>** As Kovac and coworkers reported in the early
1990s, the carbonyl groups in PI show excellent reversibility
owing to the fast kinetics of the enolization reaction,’>°® which
makes the intercalation and deintercalation of metal cations
possible through redox reactions.”” The electrochemical redox
reaction of PI with Li* is displayed in Fig. 9(a).°® Theoretically,
PI has four carboxyl groups per repeating unit, thereby ensur-
ing a high redox potential (~3 V vs. Li/Li') and is capable of
reacting with four metal cations per unit. However, when a
redox reaction involving all four carboxyl groups occurs, charge
repulsion and irreversible damage to the structure become
inevitable. Thus, the first redox reaction mainly contributes to
the overall capacity of batteries."°>*°" In order to overcome this
limitation in the redox reaction, diverse strategies for introducing
additional carbonyl groups or benzene rings with an unsaturated
alkene moiety have been reported. Specifically, these large con-
jugated systems enable the super-lithiation phenomenon since a
metal cation can be inserted into the additional functional group
following the imide carbonyl unit."*'**

As a representative example, Raj and coworkers synthesized
two types of PIs, perylene diimide-benzidine (PDI-Bz) and
perylene diimide-urea (PDI-Ur).'® PDI-Ur has an additional
conjugated carbonyl group in the imide region, thereby

Materials Applications Role of PI Photoelectrochemical efficiency Ref.

PI/TiO,/CdSe — Charge separation Photo-to-electron conversion efficiency = 8% 90

Vertically oriented TiO, — Charge separation Photo-to-electron conversion efficiency = 64.5% 92

nanotube arrays

PI/GO composites Electrochromic Matrix Electrochromic coloration efficiency 91
materials of C-0.5 = 157.36 cm> C ™"

Nano-TiO,/PI/Ni foam Degradation Charge separation Photoelectrocatalytic efficiency = 98.8% 93

photoanode of methylene blue

PI/CdS composite Enzyme biosensor Charge separation Correlation coefficient of hypoxanthine = 0.995 99

and transfer

PI, polyimide; GO, graphene oxide; TiO,, titanium dioxide; CdSe, cadmium selenide; CdS, cadmium sulphide.
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(a) Electrochemical redox reactions of Pl with Li*. Reproduced with permission from ref. 99, copyright 2016, The Royal Society of Chemistry.

(b) Rate capability performance (vs. Li*/Li) of PDI-Bz and PDI-Ur. Reprinted with permission from ref. 105, copyright 2020 American Chemical Society.
(c) The structure of redox-active Pl microparticles. Reproduced with permission from ref. 106, copyright 2022, Elsevier. (d) Lithiation of a PIC-Ph anode
material. Reproduced with permission from ref. 69, copyright 2021, John Wiley & Sons, Inc. (e) The morphology of the TAPB-naphthalene diimide (NDI)
COF, TAPB-NDI Amp and PD-NDI Np. Reprinted with permission from ref. 113, copyright 2021 American Chemical Society. (f) High-rate capabilities of
mPI and pPl in Li-based cells. Reprinted with permission from ref. 114, copyright 2021 American Chemical Society. (g) A schematic illustration and the
capacity and CE of a 3D PIN/Ni electrode at various C-rates. Reproduced with permission from ref. 115, copyright 2021, The Royal Society of Chemistry.

enabling the additional exchange of one electron between
oxygen and a metal ion. As a result, PDI-Ur contains five metal
ions per unit cell, producing an excellent electrode perfor-
mance when used as a cathode material (Fig. 9(b)). Specifically,

This journal is © The Royal Society of Chemistry 2022

PDI-Ur has two-fold higher lithiation capacity retention and

1.5-fold higher sodiation capacity retention than PDI-Bz.
Similarly, PI-based microparticles have been prepared via

hydrothermal polymerization and applied as anode materials
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in lithium-ion batteries (Fig. 9(c)).'°® The efficacy of this strategy
was verified through cross-linking between m-phenylene-
diamine as a redox-active small molecule and poly(acrylic
acid) as the binder. The imide and amic acid groups delivered
300 mA h g~ due to the benzene ring in the PI structure. Thermal
cross-linking between the m-phenylenediamine moiety and the
poly(acrylic acid) binder enhanced the performance by three times
(900 mA h g~ ") via the Li-ion inducing effect and the LUMO level.
It is of note that this simple amide cross-linking strategy with a
binder and the surface of PI microparticles enhanced not only
stability but also the reaction kinetics.

Meanwhile, the morphology of PI also significantly influences
the electrochemical performance. For example, nanosheet-type PI
electrodes possess more active sites in contact with the electrolyte,
resulting in improved capacity and rate performance.'®” %
Besides, 2D and 3D PIs with high porosity and crystallinity (e.g,
COFs) can efficiently transport metal cations of various sizes and
charges due to their increased surface area and tunable pore size,
thereby achieving high specific capacitance.'***? As a represen-
tative example, we presented highly crystalline PI-based COFs
(PICs) for use as anode materials in Li-ion batteries (Fig. 9(d)).*°
PIC-Ph synthesized from triphenylene-2,3,6,7,10,11-hexacarb-
oxylic acid in combination with p-phenylenediamine delivered a
specific capacity of 691.9 mA h g~' at 1.0C with long cycling
stability for 200 cycles. The high-performance using PI was
attributed to the following process: the redox-active carbonyl
group of the imide bond is firstly oxidized by lithiation with
12 Li ions, followed by three benzene units reacting with 6 Li ions
each, resulting in a total of 30 Li ions per unit cell.

Although it is commonly known that porous COF structures
are advantageous for electrode performance, Jhulki et al
demonstrated that microscopic morphological differences can
also play an important role. They synthesized various types of
PIs derived from naphthalene diimides (NDIs), including an

Table 3 Representative examples of Pl-based batteries
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amorphous form, a linear form (PD-NDI Lp) and a 2D COF
(TAPB-NDI COF) (Fig. 9(e)).""” When applying them as the
cathode material, TAPB-NDI COF exhibited the best charge/
discharge performance at C/20 current rates.

Interestingly, however, PD-NDI Lp displayed overall higher
gravimetric capacity and superior specific capacity retention
at higher discharge rates compared to TAPB-NDI. When the
discharge rate was increased from C/20 to C/2, the efficiency of
TAPB-NDI dropped from 95% to 50%, while PD-NDI Lp
retained 85% of its efficiency. In the case of TAPB-NDI, the
efficiency was significantly reduced because the diffusion rate
of Li ions through the pores was insufficient for the fast cycling
rate. Scanning electron microscopy revealed clumped conduc-
tive additive particles that were the smallest in PD-NDI Lp, so
the Li* diffusion distance is the shortest. In addition, PD-NDI
Lp showed excellent adhesion to the current collector without
noticeable cracks, resulting in excellent electrode performance
even at high discharge rates.

In a similar vein, Kapaev and coworkers reported the effect
of spatially arranging the imide units in PI-based cathode
materials prepared by using m-phenylenediamine or p-phenylene-
diamine as the building block (Fig. 9(f))."*® m-PI had a higher
specific surface area and smaller particle size compared to the
p-isomer prepared from p-phenylenediamine, which consequen-
tially reduced the diffusion path of the metal cations. As a result,
m-PI showed larger capacity and better high-speed performance
compared to p-isomer. Moreover, the redox potential of m-PI is
higher than that of p-isomer due to the spatial arrangement of the
adjacent imide units that make the chelation of metal cations
energetically and relatively more favourable.

Kim’s group reported a hybrid anode comprising a 3D Ni
scaffold covered with PI-based nanoparticles synthesized by
lithographic fabrication (Fig. 9(g)).'"® PI-based nanoparticles
containing multi-ring carbonyl groups can be lithiated not only

Materials Role of PI Discharge capacity Capacity retention Ref.
Perylenediimide-urea Cathode 119mAhg 'at0.025Ag" >100% over 50 cycles at 0.025 A g~ " 105
(vs. Li*/Li, Na*/Na) (vs. Li*/Li)
78.7% over 50 cycles at 0.025 A g~
(vs. Na'/Na)
Perylene-based aromatic PIs Cathode 129mAhg 'at0.025Ag" 71.3% over 50 cycles at 0.025 A g~ " 113
PI derivative prepared from NTCDA Cathode 145 mAh g ' at0.1C 80.3% after 1000 cycles at 0.5C 114
PI@Ketjenblack composite Cathode 143 mAhg 'at100 mA g™’ 76% over 1000 cycles at 2 A g~ ' 115
Tb-DANT-COF (COF derived Cathode 123.7 mA h g ' at 1.4C 80.1 mA h g after 300 cycles at 3.4C 110
from 1,3,5-triformylbenzene and DANT)
PI-based COF derived from Anode 691.9 mA h g at 1.0C 99.1% at 1.0C for 200 cycles 69
p-phenylene diamine
Crystalline few-layer 2D PI Anode 312mAhg 'at01Ag’ 95% capacity retention after 109
(vs. Na'/Na) 1100 cycles at 1.0 A g~ * (vs. Na'/Na)
Multicarbonyl aromatic PI derivative Anode 992mAhg 'at0.1Ag’ 465 mA h g~ " after 150 cycles at 0.5 A g ™" 97
PI Schiff base Anode 627.8mAhg 'at0.25Ag " 85.7% after 1600 cycles at 2 A g~ " 104
Hierarchical multicarbonyl Anode 1343.8mAhg 'at0.1Ag " 665.1 mA h g~ over 50 cycles at 0.25 A g~ * 116

PI derivative (vs. Li'/Li)

275.8mAhg 'at0.025A¢g "

(vs. Li'/Li)

(vs. Li*/Li)
130 mA h g~ ' over 100 cycles at 0.05 A g~ *
(vs. Na'/Na)

PI, polyimide; NTCDA, 1,4,5,8-naphthalenetetracarboxylic dianhydride; DANT, 2,7-diaminobenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone; COF,

covalent organic framework.
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to the terminal carboxylic acid group and carbonyl group but
also to the C—=C bond of the benzene ring. Therefore, 50 Li ions
per repeating unit could be reversibly inserted and dissociated,
thus increasing the theoretical capacity to 1460 mA h g .
Meanwhile, porous Ni was introduced as a conductive 3D
support to increase electrical conductivity and improve hard-
ness. This hybrid anode showed a fast electrochemical reaction
rate because electrons and ions in the anode could move effectively
and pass through the porous network structure. As a result, even at
10C, capacity retention of 82.8% for 250 cycles and a high
reversible capacity of 1260 mA h g~ were obtained by enabling
efficient superlithiation. This suggests that fast charging and
discharging even at a speed of up to 400C is feasible for use in
high-speed charging hybrid electric vehicle systems (Table 3).
3.2.2 Supercapacitors. Due to its remarkable structural
stability, mechanical strength and electrochemical activity, PI
is considered a promising supercapacitor electrode material
that can improve the electric double-layer capacitance and/or
pseudocapacitance of a supercapacitor system.?**>%!2! For the
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former, PI is mainly utilised as a building block that can be
converted into a porous structure to increase the energy den-
sity. For example, Kim’s group reported laser-induced graphene
patterning on fluorinated PIs.'*> The C-O, C=0 and N-C
bonds in the PI film were broken by the laser irradiation, while
the oxygen and nitrogen components were significantly
reduced, resulting in the formation of a porous 3D network
structure. However, because the strategy is not related to the
redox properties of PI, the focus was more on the application of
PI as a pseudocapacitor electrode that can store energy through
reversible faradaic reactions. Since PI can store and release
energy through association/disassociation between the imide
groups and metal cations, it has a high theoretical capacity.
Lin and coworkers synthesized n-conjugated PI-based organic
electrodes with different lengths of alkyl chains to achieve a high-
rate capability and a long lifetime (Fig. 10(a))."** The n-
conjugated unit is advantageous for improving the electronic
conductivity, while its stability in aqueous electrolyte is improved
after polymerization. A fabricated asymmetric supercapacitor

a
140
NHZ 5 120 4 - N -
HaN" NaOadod B
NS o]
™ Qo
hydrazine hydrate o 0 g 60
HP n 8 4] ¢ HP
& s EDP
03040 ) 5 20 . op
98 A~NH; o 5 » 04 v v r + x
‘ HzN Q.Q 1 0 5000 10000 15000 20000 25000
Oo o O Cycle number
ethylenediamine o o 120
o0>0%0 ! EDP n o % —3—HP
S 1004 ?::2;;23:.\,\“ —f —EDP
PTCDA E e L -e=DP
el T -
AU a 0 2 A gy
H,N NH; Q.O S 60 1 —
N N g —
40 4
1,3-diaminopropane 3 Dad, D é
£ 204
DP n §
» 04T T T T T T T T T
36912 20
b c
200
[;
160 “‘ P /
—o—PI@2%MXene v 1 s 30b
L~ i P1@ $%MXene of
2120 f —0—PI@ 10%MXene // / D
) | / / b PI@5*%MXene
f S
= 80 1] i P =
> i f x.”ll ;
40 8} sossieriSooomd™
0
90 120 150 180 0 120000 240000 360000 480000 Cath e ) VL.- Anode
7' (ohm) Time (s) (polyimide-derived activated carbon) Discharge (polyimide)

Fig. 10

(a) A scheme of m-conjugated Pls comprising different lengths of alkyl chains and the effect of the latter on cycling performance and rate

capability. Reproduced with permission from ref. 123, copyright 2022, John Wiley & Sons, Inc. (b) Electrochemical impedance spectra and galvanostatic
intermittent titration of Pl@MXene. Reproduced with permission from ref. 124, copyright 2022, Elsevier. (c) A schematic illustration of the charging
mechanism of a hybrid sodium-ion capacitor. Reproduced with permission from ref. 125, copyright 2018, Elsevier.
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Table 4 Representative examples of Pl-based supercapacitors

Materials Role of PI Capacity or capacitance Capacity retention Energy density Ref.

Pyromellitic Anode and 11 F g ' at a current 72.4% after 1000 cycles 66 W h kg™' at a power 125

dianhydride-based PI cathode density of 0.4 Ag ™! at0.4Ag " density of 196 W kg ™"

Large m-conjugated PIs Electrode 412 F g~ ' at a scan 88% after 10 000 cycles 10.2 W h kg™ ' at a power 123
rate of 1 mv s~ ! at3Ag ! density of 189 W kg ™!

PI@MZXene porous Cathode 97 mA h g~ at a current — — 124

organic cathode density of 0.5 A g™

PI deposited on CNT Anode 32.8 Fg ' at 0.74 mA cm > 96.4% after 2000 cycles 36.4 0 W h cm™? at power density 126

nanofibers of 0.78 mW cm >

Porous PI nanofibers Anode 1073 mAhg "at2.5Ag " 110% after 6000 cycles ~ 103.2Whkg 'at20A g™’ 127

PI, polyimide; CNT, carbon nanotube.

based on hydrazine hydrate-derived PI without an alkyl chain
revealed an excellent rate capability with a specific charge capa-
city of 92 mA h g™ at a current density of 40 A g~ . However, PIs
derived from ethylenediamine and 1,3-diaminopropane with an
alkyl chain exhibited better cycling stability but inferior rate
capability compared to hydrazine hydrate-derived PI In the case
of PI comprising long alkyl chains, although the m-conjugation
imide bonds are spatially blocked and thus the power capability
is reduced, it has a more negative n-doping potential, thereby
improving its stability against chemical degradation.

Min and coworkers fabricated a PI@MXene hybrid electrode
incorporating titanium carbide (a low-dimensional nanomater-
ial with excellent electrochemical performance) to increase the
conductivity of PI (Fig. 10(b)).'** The combination of the porous
PI coating and few-layered MXene with lamellar morphology
creates multiple channels for electron and ion transport both
inside and outside the material. Through the results of EIS and
galvanostatic intermittent titration technique, PI@MZXene fea-
tured a higher Li-ion diffusion coefficient and lower impedance
compared to bare PI. In conclusion, the contribution rate of
capacitive behaviour increased to 69% and 83% at scan rates of
1 and 2 mV s, respectively, confirming that the pseudocapa-
citive effect was enhanced.

Zhao’s group reported a hybrid Na-ion capacitor containing
a PI anode and a PI-derived carbon cathode (Fig. 10(c)):">* the
former fabricated through a two-step enolization reaction
enables the reversible insertion of Na ions whereas the latter
fabricated through heat treatment has a high specific surface
area and interconnected form advantageous for charge storage
through an electric double layer mechanism. During the char-
ging of a hybrid capacitor composed of these two electrodes, Na
ions are reversibly inserted into the anode while reversible
adsorption of perchlorate anions and release of Na ions occur
at the cathode. It showed a high energy density of 66 W h kg ™"
at a power density of 196 W kg ', suggesting that high-
performance capacitors can be manufactured even with a single
polymer (Table 4).

4. Summary and outlook

In this review, we presented the design, as well as the physical
and chemical characteristics and electrochemical activities, of

Chem. Commun.

robust PIs for energy conversion and storage applications.
In addition to the diverse synthetic methods with variable
combinations of precursors, PIs have been developed with
various topologies, from 1D to 3D, as well as amorphous to
crystalline and porous structures, through controlling the
reaction conditions such as the temperature, solvent(s)
and/or precursor(s). In particular, from the standpoint of
designing redox-active PlIs, the energy band level to determine
whether it can be used to harvest visible-light energy and the
number of electroactive sites (the reaction of carbonyl groups
with metal cations) are easily tuneable. Moreover, PI-based
nanocomposites with other supporting nanomaterials can
improve the photochemical and electrochemical activities as
well (Fig. 11).

Novel synthetic protocols and recent advances in electro-
chemical analysis techniques have broaden the utilisation of PI
for energy conversion and storage. Although diverse synthetic
methods beyond traditional ones have been developed with the
surge of novel application fields, many of them still possess
limitation in use of toxic organic solvents, and high tempera-
ture. In this context, new approaches for developing eco-
friendly synthetic method for PI are highly desirable such as
hydrothermal synthesis and solid-state mechanochemical
synthesis to alleviate aforementioned issues. Furthermore,
nanostructures with controlled assembly should be considered
as a new dimension for fine tuning the electrochemical proper-
ties of PI necessary for the device applications. More in-depth
understanding on how each functionality of PI influences on
the nanoscale assembly, which, in turn, modulates the perfor-
mance of the devices is suggested. In view of the application
fields, an increase of voltage window and charging/discharging
rate should be considered carefully as well as the capacity when
designing new functional monomers for energy storage and
conversion devices. Beyond current subjects of redox-active PIs,
there are significant needs for the development as flexible
display substrate and next-generation network materials based
on the excellent properties of high-performance PI. As such, we
envision that robust PI can offer a new opportunity as a
promising all-in-one material that can be used as not only
redox-active material but also flexible and robust substrate.
These new future directions will gear the development of the PI
for advanced materials for future electronics.

This journal is © The Royal Society of Chemistry 2022
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