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Recent advances in supramolecular self-assembly
derived materials for high-performance
supercapacitors

Honghong Cheng,@* Ruliang Liu, Ruyi Zhang, Lan Huang and Qiaoyi Yuan

The key preponderance of supramolecular self-assembly strategy is its ability to precisely assemble various
functional units at the molecular level through non-covalent bonds to form multifunctional materials.
Supramolecular materials have the merits of diverse functional groups, flexible structure, and unique
self-healing properties, which make them of great value in the field of energy storage. This paper reviews
the latest research progress of the supramolecular self-assembly strategy for the advanced electrode
materials and electrolytes for supercapacitors,
preparation of high-performance carbon materials, metal-based materials and conductive polymer

including supramolecular self-assembly for the

materials, and its beneficial effects on the performance of supercapacitors. The preparation of high
performance supramolecular polymer electrolytes and their application in flexible wearable devices and
high energy density supercapacitors are also discussed in detail. In addition, at the end of this paper, the
challenges of the supramolecular self-assembly strategy are summarized and the development of
supramolecular-derived materials for supercapacitors is prospected.

1. Introduction

Supercapacitors have gained much attention in the last two
decades as a new type of energy storage device. The energy
density of supercapacitors is 3-4 times higher than that of
traditional physical capacitors. Compared with secondary
batteries, supercapacitors possess higher power density (300
5000 W kg~ ") and long cycle life (>1 million cycles). In addition,
supercapacitors also have the advantages of safety and envi-
ronmental friendliness.”™ These characteristics make
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supercapacitors widely used in electric vehicles, aerospace,
smart grids, civil 3C digital and national defense technology,
etc.>” Generally, according to the energy storage mechanism
supercapacitors can be divided into two categories: electro-
chemical double-layer capacitors (EDLCs) with porous activated
carbon as the electrode material, which mainly store energy
through the fast and reversible double-layer capacitor at the
electrode/electrolyte interface®*® and Faraday pseudocapacitors
with metal-based materials or conducting polymers as elec-
trodes, which mainly store energy through a rapidly reversible
Faraday process at the electrode/electrolyte interface.™ The
electrode material is the core factor that determines the
performance of supercapacitors. The most widely studied
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electrode materials can be classified into three categories:
carbon based materials,"*** metal oxide materials,*>*® and
conductive polymer materials,"”* each of which possesses its
inherent advantages and shortcomings. Carbon-based mate-
rials, such as porous activated carbon and graphene, possess
high conductivity and large specific surface area, and have been
commercialized on a large scale.”>** However, the limitations of
their own structures (for example, the mismatch between the
diameter of electrolyte ions and the pore size of porous acti-
vated carbon, and the unavoidable aggregation of the individual
nanosheets of graphene) usually lead to the low energy density
of carbon materials. The metal oxide materials have high
theoretical capacity but insufficient conductive properties and
cycling stability.”»** Conductive polymers also possess high
specific capacitance but insufficient conductive properties and
cycling stability.>** The above shortcomings seriously limit the
application of metal oxides and conductive polymers in the field
of supercapacitors. Obtaining high energy density and devel-
oping advanced electrode materials with high conductivity and
capacitance are key to realizing high performance super-
capacitors. Generally, the power and energy density of electrode
materials can be significantly improved by combining the EDLC
effect and pseudo capacitance effect. Doping heteroatoms into
carbon materials can introduce extra pseudocapacitive active
sites, which can significantly improve the specific capacitance
of carbon-based materials.>’-** Conductive polymers or metal
oxides can also be combined with high electrical conductivity
carbon materials to achieve the purpose of complementary
advantages.®*?* The common methods such as the hydro-
thermal method, electrodeposition, co-precipitation and sol-gel
method used in the preparation of heteroatom doped carbon
and composite materials can improve the conductivity and
increase the active sites to a certain extent. However, the
distribution of components in the composite obtained by these
methods is random, and also it is difficult to achieve accurate
control of the microstructure of composite materials. Therefore,
an accurate structural regulation strategy is urgently needed to
achieve molecular-level assembly of specific functional units.
Supramolecular chemistry is an interdisciplinary subject
involving organic chemistry, material chemistry, and
biochemistry. Supramolecular systems are formed through
reversible non-covalent bonds (such as hydrogen bonds, elec-
trostatic interactions, halogen bonds, ionic dipoles, and m-m
interactions) between several chemical species molecules,
which are a high complexity chemical system with certain
organization.***” It is indispensable to assemble molecular
modules through non-covalent interactions in various solvents
or bulk liquid or solid systems for the fabrication of supramo-
lecular materials.*** Different from the rigid bond (molecular
covalent bond/ionic bond), a key advantage of supramolecular
materials is to assemble a variety of different functional units to
form brand-new function materials by using flexible non-
covalent bonds.*>*' These non-covalent reversible bonds allow
supramolecular systems to exhibit regeneration/self-healing
properties along with structural flexibility and mobility that
are highly needed for energy storage devices.*»** For example,
the challenge of designing materials for energy storage and
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conversion involves combining multiple components through
specific interactions to produce truly functional energy storage
materials.** Supramolecular bonding (hydrogen/electrostatic
interaction) is characterized by its moderate binding energies
compared to covalent bonds.**** The moderate bonding
strength not only ensures the interaction between the supra-
molecular solid scaffold and polar solvated electrolyte ions, but
also is effective in providing improved ion conductivity in both
interface and bulk regions.*”** In order to realize the rapid
response ability of electrodes in charge-discharge processes,
the synergistic interaction between electrode materials and
electrolyte ions is essential. Among the many possibilities,
supramolecular nanostructured materials are best suited to
overcome these challenges. Supramolecular materials can be
used as electrode materials as well as electrolytes in super-
capacitor systems.*>*® Supramolecular interactions not only
benefit the solid electrolyte (gel) polymer electrolyte, but can
effectively improve the ionic conductivity in the electrolyte/
electrode interface, which is an onerous challenge for solid-
state SCs.>"*

By precision-oriented self-assembly of different molecules
through non-covalent action, large supramolecular aggregates
can be formed, which are also known as “supramolecular
polymers”. The different components in supramolecular
systems are combined at the atomic level, and by using well-
designed self-assembly strategies, supramolecular polymers
with specific structures can be obtained. In the self-assembly
field, a number of systematic methods based on molecular
geometry have been developed, such as the Israelachvili rule for
surfactants based on molecular shapes.*® In recent years,
supramolecular assembly has been widely used to prepare
a series of new materials with complex topological structures,
for example, mushroom,* twisted ribbon,* hairpin,* hollow
tube,” etc. The use of supramolecular assembly strategies to
obtain energy materials with excellent charge storage and ion
transport capabilities is a hot research point in this field. From
this perspective, the non-covalent interaction of components in
supramolecular systems can be very useful and versatile. This
hybrid design method can achieve functional integration that
cannot be achieved by other methods.

Considering these merits of supramolecular materials, it can
be considered that supramolecular self-assembly strategies
have great research value in the fabrication of advanced
supercapacitor electrode materials. This review covers recent
advances in supramolecular self-assembly strategies for the
preparation of state-of-the-art electrode materials and electro-
Iytes in supercapacitors. Several examples are presented to
discuss the strategic concepts of supramolecular self-assembly
for the precise structural design, chemical synthesis, and self-
assembly of high-performance carbon materials, metal oxide
materials, and conductive polymer materials. Meanwhile, the
key design concepts of supramolecular self-assembly for the
development of integrated functional electrode materials in
a multi-component system are summarized from a compre-
hensive case study. We hope that this review will help transfer
knowledge from reported studies and provide new ideas for the
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application and development of supramolecular self-assembly
in electrode materials for supercapacitors.

2. Supramolecular self-assembly
method for the preparation of
advanced supercapacitor electrode
materials

2.1 Carbon-based materials

Carbon-based materials with their high surface area, diverse
low-dimensional morphology, and exceptional physical and
chemical stability have long been the go-to electrode materials
for supercapacitors.®® The family of carbon materials includes
graphite, porous activated carbon,* carbon aerogel,**** gra-
phene,* carbon nanotubes,**** etc. Carbon-based materials
usually have good electrical conductivity and excellent chemical
stability, which makes them exhibit good high current charge-
discharge performance and cycle stability. Compared with
pseudocapacitor materials, the theoretical specific capacity of
carbon materials is lower (usually several hundred F g ).
Although there has been a lot of progress in the structural
morphology research of carbon-based materials, the large
porosity curvature, lack of pseudocapacitive effect, and
tendency to aggregate of carbon-based materials can result in
low practical capacitance. To address these shortcomings, two
approaches have been developed: (1) preparing porous carbon
with well-defined porous structures and controllable pore sizes
through precise structural regulation strategies, for example, by
controlling the precursor structure to obtain pore sizes that
match electrolyte ions and improve charge storage capacity; and
(2) doping heteroatoms into the structure of carbon materials to
induce additional pseudocapacitive active sites and enhance
the surface wettability. This paper mainly introduces the
application of supramolecular self-assembly strategies in
structure regulation and heteroatom doping of carbon-based
materials.

2.1.1 Structural regulation of carbon materials. Hierar-
chical porous carbons (HPCs), which contain micropores,
mesopores, and macropores, have become a focus of research
within the carbon family. In HPCs micropores provide the main
adsorption sites, while mesopores and macropores facilitate
effective material transport.®**® Current researchers are
primarily focused on controlling the pore size distribution,
volume fraction of pores, and morphology of HPCs, while
improving energy density, power density is taken into
account.®”* A recent theoretical study has illuminated that not
all hierarchical pores are equally valuable, and the connectivity
between pores has a profound effect on electrochemical charge.
A well-connected pore structure promotes electrolyte transport,
while isolated pores are difficult to access, especially at high
current density.” The most common method for preparing
porous carbon is physical/chemical activation of organic
precursors.”>”> However, this method typically results in a high
surface area but limited ability to regulate pore structure and
a random pore size distribution. By using supramolecular
polymers as soft templates and carbon sources, the pore
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structure of HPCs can be controlled by the molecular structure
of the template after carbonization. Since supramolecular
aggregates have a relatively ordered structure, this method can
achieve accurate regulation of pore structure.

Yao's™ group prepared a y-CD/F127 complex by inserting
epoxy-polypropylene (PPO) chains of PEO-PO-PEO (F127) into
the hydrophobic cavity of y-CD through host-guest interaction
via hydrophobic attraction. The y-CD/F127 supramolecular
complex then self-assembled into mono-micelles. In further
hydrothermal treatment process free y-CDs and y-CD/F127
supramolecular complex further combined to form larger
spheres. After high temperature carbonization and KOH acti-
vation of the supramolecular complex, the free y-CDs on the
outer and inner of the polymer formed a large carbon sphere
skeleton, while the y-CD/F127 mono-micelles transformed into
carbon quantum dots with a pore diameter of 10 nm. This
resulted in a unique ball-in-ball structured HPC-NS with a large
specific surface area (765 m> g~ ). Fig. 1a shows the formation
mechanism for HPC-NS, where nanopores in macrospheres are
interconnected on scales below 10 nm - the lowest pore sepa-
ration ever reported.” Good pore connectivity can significantly
enhance electrolyte transport in the pore network. The HPC-NS
obtained by this method exhibited high specific capacity (405 F
g 'at1Ag "and 71% capacitance retained at 200 Ag~ '), a wide
voltage window (up to 1.6 V in aqueous electrolyte), and high
energy as well as power density.”” Additionally, this work
developed a method for evaluating pore connectivity, where the
size of the main units constituting interconnected 3D-Hpcs, the
longest possible pore separation (LPPS), can be used to char-
acterize pore profiling and serve as a guide for designing high-
performance HPCs. Cucurbit[6]uril (CB [6]) is a pumpkin-
shaped supramolecule with a 5.8 A diameter cavity that can
be used as a carbon source to prepare narrowly dispersed
subnano/mesoporous materials. Cui’ et al. obtained a CB[6]
supramolecular complex (SPCC) by selective coordination of the
CB[6] and Ba®>". As shown in Fig. 1b the SPCC was post-
processed by calcination under an inert atmosphere at high
temperature. During the self-pyrolysis process and subsequent
washing, the top bond of CB [6] was broken and the cavity
opened, leaving a large number of subnano pore cavities in the
cucurbit[6]uril carbon materials (CBC-Xs). At the same time, the
inner BaCl, nanocrystals were washed away, resulting in mes-
oporous and interstitial space in the CBC-Xs. Finally, carbon
materials (SCSCS) with subnano/mesoporous structures
concentrated in ~5.9 A were obtained. The formation process
and pore size distribution of the porous structure can be
controlled by adjusting the temperature of the self-pyrolysis
process.” The centrally distributed pore size of
subnanometer-pores in CBC-Xs can smartly match the positive/
anion diameter (5.8/2.3 A) of the pure ionic liquid 1-methyl-3-
methylimidazolium tetrafluoroborate (MMIMBF4), and the
mesoporous pores can provide rapid ion migration channels. As
a result, using SCSC as an electrode material in an ionic liquid
electrolyte can achieve state-of-the-art performance with
a maximum energy density of 117.1 W h kg™ '.”* Graphene has
very high theoretical surface and electron transport properties,

and can reach a theoretical specific capacitance of 550 F g~ .7
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Fig.1 (a) Illustration of the formation mechanism for HPC-NS with a low longest possible pore separation (LPPS) (high interpore connectivity).”®

Copyright 2022, Wiley-VCH. (b) Formation and the following self-pyrolysis of SPCC at high temperature that creates both mesopores and
subnanopores in the resulting carbon.” Copyright 2020, American Chemical Society. (c) Schematic illustration of the MGPC-based symmetric
supercapacitors and the supramolecular interactions between GO and macromolecule protein micelles.”” Copyright 2020, Elsevier.

However, interlayer van der Waals forces cause graphene sheets
to inevitably restack and overlap, greatly reducing their elec-
trochemical properties.” By using graphene oxide (GO) as
a precursor, three-dimensional (3D) graphene with the inherent
properties of two-dimensional graphene sheets and porous
structure can be obtained by the bottom-up method. Chen
et al.”’ selected milk as a multifunctional biomass additive,
using macromolecular protein emulsions (MPMs) in milk as
a pillaring agent. The supramolecular interaction between
MPMs and GO effectively prevents reaccumulation and overlap
of GO sheets (the synthesis mechanism is shown in Fig. 3c). The
size of the MPMs can be adjusted by controlling the concen-
tration of sodium dodecyl sulfate surfactant, thus making the
surface area and chemical properties of the synthetic Milk/rGO
aerogel adjustable. Nitrogen atoms in MPMs can be doped into
GO aerogel efficiently and selectively. After the aerogels were
processed, porous hybrid nanocarbon materials (MGPC) were
obtained through further graphitization and activation of the
Milk/rGO aerogel at 600 °C. This material exhibits excellent
supercapacitor performance, with a specific capacitance of up
to 518.8 F g ' at 0.1 A ¢ ' in 6 M KOH solution. Symmetric
supercapacitors with MCP-5 as the electrode show good cycle
stability, with the highest energy density reaching 36.7 Wh kg ™"
in the aqueous Li,SO, electrolyte.”

2.1.2. Heteroatom doping of carbon-based materials

Heteroatom doping has been shown to be an effective way for
enhancing the electrochemical activity of carbon-based mate-
rials.”®”® Among these heteroatoms, nitrogen (N) element is the
most widely studied due to its ease of doping and the resulting
nitrogen-doped carbon has good electrical conductivity, surface

© 2023 The Author(s). Published by the Royal Society of Chemistry

wettability and excellent electrochemical performance.®**>

Nitrogen-doped carbon materials can be obtained by using N-
containing organic supramolecular polymers as precursors or
assembling N-containing supramolecular polymers with
a carbon source.*** Melamine-cyanuric acid (MCA), a hydrogen
bond supramolecular polymer with high nitrogen content, rich
functional groups (-NH, and ~-COOH), variable morphology and
easy decomposition characteristics, can be used as the ideal
nitrogen source.*®® Liu's group used MCA as the template
growth agent and nitrogen source; in the presence of glucose,
MCA was restructured and an MCA/C aerogel with a one-
dimensional rod-like structure was obtained (Fig. 2a).®
Nitrogen-doped nanotube carbon aerogel (N-NTC) was obtained
via high temperature carbonization of the MCA/C aerogel. The
prepared N-NTC aerogel has a unique one-dimensional
nanotube-like structure, high nitrogen content, extremely high
specific surface area, large inner diameter and uniform wall
thickness. This work systematically analyzed the formation
mechanism of the N-NTC aerogel and comprehensively studied
the effect of carbonization temperature on the morphology
structure and chemical properties of the N-NTC aerogel. When
used as an electrode material for supercapacitors (SCs), the N-
NTC aerogel exhibited a specific capacitance of 563 F g~ at
1 Ag . The corresponding symmetric SC devices exhibit a high
energy density of 21 W h kg '.% In our previous work,®
melamine-cyanurate supramolecular polymers were connected
to -COOH and OH on GO surface by non-covalent bonding force
to generate a GO/melamine cyanurate (GO/MC) supramolecular
system (Fig. 2b). GO/MC was then hydrothermally treated and
calcined at 350 °C to obtain nitrogen-doped graphene with
a porous structure and nitrogen doping content up to 10.5%.
The introduction of the MC supramolecular polymer acts as

Nanoscale Adv., 2023, 5, 2394-2412 | 2397
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(a) Schematic illustration of the synthesis and rate performance of the N-NTC aerogel.®® Copyright 2021, American Chemical Society. (b)

Schematic illustration of the supramolecular polymerization method for preparing P-NrGO materials.®® Copyright 2018, Elsevier. (c) Schematic
illustration of the interactions between GO and DMTD molecules.®* Copyright 2020, Elsevier.

a barrier to prevent overlapping of graphene sheets, while also
serving as a soft template for pore-making and in situ nitrogen
doping. The nitrogen doping level and pore structure of the
final product can be manipulated by controlling the relative
ratio of GO to MC. The obtained P-NrGO showed a specific
capacitance of 355 F g ' at 1 A g~ ', and possessed excellent
cycling stability.*® In a similar way, we also carried out supra-
molecular self-assembly of a melamine-phytic acid (MP)
supramolecular polymer,* which contains nitrogen and phos-
phorus atoms, with GO to obtain a GO/MP supramolecular
system, and further calcined it at high temperature to obtain
porous N, P co-doped graphene. r-cysteine is a kind of amino
acid containing nitrogen and sulfur elements. L-cysteine mole-
cules were grafted onto the oxygen-containing functional group
of GO through supramolecular interaction, followed by hydro-
thermal and high-temperature treatment to obtain N and S co-
doped graphene with excellent supercapacitor performance.®
Zhang et al®* applied 2, 5-dimercapto-1, 3, 4-thiadiazole
(DMTD) as a bifunctional pillared agent and efficient dopant
precursor. Fig. 2c¢ illustrates that the planar DMTD molecules
were assembled with graphene oxide (GO) through strong
supramolecular -7 and hydrogen bond interactions to prevent
reaccumulation of graphene sheets. The amount and efficiency
of doping are enhanced, which is conducive to improving the
performance of the sandwich-like N, S co-doped three-
dimensional (3D) porous graphene aerogels (NSGAs).** To
sum up, the molecules or supramolecular polymers containing
specific heteroatoms can be combined with amphiphilic GO

2398 | Nanoscale Adv, 2023, 5, 2394-2412

through non-covalent interaction and then post-treated through
processes such as hydrothermal or high-temperature calcina-
tion to obtain the corresponding heteroatom-doped graphene.
The biggest advantage of this method is its high doping effi-
ciency, more uniform and stable doping, and mild doping
conditions. However, the mechanism of supramolecular
combination with GO and structural changes during post-
treatment processes are not yet well understood and require
further study.

To sum up, carbon-based materials prepared by supramo-
lecular self-assembly strategies have the following
characteristics:

(1) The porous carbon-based materials obtained by supra-
molecular self-assembly strategies possess a highly ordered
structure and highly controllable pore size. Since the structure
of the supramolecular precursor is relatively ordered, the pore
structure of the carbon-based material derived from supramo-
lecular self-assembly is more ordered than that obtained by
traditional chemical activation methods. By selecting different
supramolecular precursors, carbon materials with a hierar-
chical porous structure can be obtained, and the pore size can
be adjusted according to the size of electrolyte ions, so as to
improve the surface utilization of porous carbon and increase
its actual capacitance.

(2) The heteroatom doped carbon-based materials obtained
by supramolecular self-assembly strategies have uniform
heteroatom distribution and adjustable doping state and
amount. Through supramolecular self-assembly strategies, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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doping amount of heteroatoms and the morphology of doped
carbon materials can be accurately regulated, and the chemical
state of doped heteroatoms can be effectively controlled,
resulting in higher activity of heteroatom doped materials. The
synergistic effect between excellent structure and highly
adjustable doping state results in high energy density, good rate
performance and excellent cycle stability of supramolecular-
derived heteroatom doped carbon-based materials.

2.2 Structure and property regulation of transition metal-
based electrode materials

The specific capacitance of transition metal-based electrode
materials, such as transition metal oxides,” hydroxides®® and
sulfides,” is several times higher than that of carbon materials.
However, the high resistance and poor structural stability of
these pseudocapacitor materials®®® result in unsatisfactory rate
performance and cycle stability. Coordination supramolecular
networks (CSNs) are another type of coordination supramolec-
ular material, in which supramolecular synthons include
simple metal-organic complexes (mononuclear, binuclear, etc.)
or first formed from metal ions/clusters and organic ligands to
form oligomerized coordination entities. These entities are then
assembled into coordination supramolecular networks through
hydrogen bonding, m-m self-stacking, van der Waals interac-
tions, hydrophobic effects, etc.””®* CSNs not only have the
advantage of adjustable pore size or space of MOF materials,
but also, contrary to rigid MOF crystals, the weak interaction
between supramolecular synthons makes the structure of CSNs
more flexible, and the pore size or space of CSNs can be
adjusted to match the size of electrolyte ions, and the steric
hindrance to ion insertion is greatly reduced.”'** However, the
preparation of electrodes from powder CSNs requires the
addition of insulating polymer binders and conductive addi-
tives, which reduce the effective surface area of the CSNs and
increase the internal electrode resistance.'® Therefore, direct
growth of CSNs on a conductive collector or conductive material
(graphene) with a high specific surface are two ways to address
these issues.

The solvothermal method is a common way to achieve in situ
growth of CSNs on conductive substrates. As illustrated in
Fig. 3a Yang's group'® used Ni foam as both the nickel ion
source and current collector. They first reacted the nickel foam
with hydrochloric acid to generate nickel ions, and then the
salicylic acid ligand and nickel ions were coordinated on the
surface of the Ni foam skeleton to form a mononuclear metal-
organic complex. Finally, a large number of mononuclear
complexes rapidly self-assembled into a submicron array of Ni-
salicylic acid CSNs by intermolecular interaction. Zhang's
group'® used the same method, employing Co foam as the Co
ion source and substrate and salicylic acid as the ligand, to in
situ grow a helical rod new cobalt base coordination supramo-
lecular network (Co-CSN) on the Co base. Helical micro- and
nano-structured Co-CSN has a three-dimensional (3D) network
formed by hydrogen bonding. Fig. 3b reveals the formation of
Co-CSN. This in situ growth method not only takes full advan-
tage of the pseudo -capacitance of the coordination

© 2023 The Author(s). Published by the Royal Society of Chemistry
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supramolecular network, but also enables close contact with the
metal substrate without a binder. The unique submicron rod
array structure enlarges the specific surface area, increases the
electroactive sites, and reduces the diffusion distance between
the electrolyte and electrode. Yang's group'®* used Ni ions as the
coordination center, potassium thiocyanate and isonicotinic
acid as ligands, and Mn ions as dopants to grow a Mn-doped
nickel CSN material on the nickel foam substrate by a simple
one-step solvothermal method (Fig. 3c), and investigated the
influence of Mn on the morphology, composition, structure and
electrochemical properties of Ni-CSN. The Mn-doped binder-
free electrode has an extremely high surface capacity. When
the current density increases from 10 mA cm ™2 to 50 mA cm 2,
the capacitance retention rate is 73.33%. Zhang's group'® first
achieved in situ growth of Ni coordination supramolecular
nanowires (Ni-CSN) on the current collector by using Ni foam as
the nickel ion source. Then by suffixation, a free-standing Ni;S,
nanowire electrode was successfully obtained. The NisS, elec-
trode showed a high specific capacitance of 5.8 F cm ™ at 5 mA
cm 2 due to its structural flexibility and abundant open redox
reaction sites. Based on these advantages, the self-supported
Co-CSN spiral micro nanorods of the material provide a high
areal capacitance of 10.19 F cm™ > and good rate performance.
CSNs can be closely self-assembled with carbon-based
materials (especially graphene with a large specific surface)
through intermolecular forces to form composite materials.
This prevents them from easily separating even when charged
and discharged at high current densities, improving material
conductivity and optimizing electrochemical performance.
Yang's research group® reported a method for assembling the
novel nickel-coordinated supramolecular network [Ni,(3,5-
PDC),-(H,0)s*(H,0),]n (labeled as Ni-PDC, 3,5-PDC = 3,5-
pyridine dicarboxylic acid) with nitrogen doped graphene (NG)
to form an excellent composite electrode material Ni-PDC@NG,
which is shown in Fig. 3d. Ni-PDC effectively cooperates with
NG to significantly improve the electrochemical performance of
SCs. The composite electrode exhibits excellent rate capability,
maintaining 53% of the initial capacitance at a high current
density of 40 A g~' and excellent cycle life. Using a similar
method, Yang's team™* selected pyridine-2, 3-dicarboxylic acid
(H,-pda) as a ligand and successfully constructed a series of Ni-
pda@3D reduced GO materials (Ni-pda@3DrGO) by sol-
vothermal reaction of Ni*" with graphene oxide (GO) in H,O-
DMF solution. In this composite, Ni-pda with a special struc-
ture is highly coordinated with high conductivity 3DrGO,
enabling full use of the active site of pseudocapacitance. The
maximum capacitance that the Ni-CSN@3DrGO sample can
provide at a current density of 1 A g~ " is 952.85 F g~ '.1¢
Polyoxometalates (POMs) are nanomolecular clusters
composed of multiple transition metals and oxygen-richness
and are potential pseudocapacitor electroactive materials.'”’
POMs are prone to rapid multi-electron variable redox reaction
and multi-electron and proton transport, meanwhile main-
taining their original structure during electrode reactions.
However, their water solubility,'*® small surface area, and poor
conductivity have hindered their practical application in
supercapacitors.'” Currently, two methods are adopted to

Nanoscale Adv., 2023, 5, 2394-2412 | 2399
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Fig.3 Coordination supramolecular network derived metal-based electrode materials for supercapacitors. (a) Schematic illustrating the possible
formation mechanism and SEM images of the Ni-Hsal CSN electrodes.*®? Copyright 2018, Elsevier. (b) Schematic illustration of the synthetic
process of Co-CSN helical micro-nano rods and three-dimensional networks of Co-CSN formed via hydrogen bonds.*** Copyright 2022
Elsevier. (c) The schematic illustration for the fabrication of Mn-NSNA .14 Copyright 2018, Elsevier. (d) Schematic illustration of the Ni-PDC@NG
electrode with continuous electronic conduction pathways and the charge-storage mechanism and the supramolecular network structure of

Ni-PDC.*¢ Copyright 2017 The Royal Society of Chemistry.

improve the electrochemical performance of POM materials.
One approach is to immobilize POMs on appropriate large
surface area substrates, such as graphene,® porous activated
carbon," carbon nanotubes,"” conductive polymers,"**>** etc.
Attaching POMs to highly dispersed substrate materials is
challenging due to electrostatic repulsion. Previous studies
commonly introduced linkers*>''® to provide an integrated or
tailored scaffold to capture POM molecules. However, POM-
based supercapacitors still exhibit low energy density due to
poor connectivity caused by blocked interaction and/or
decreased interfacial surface area due to the agglomeration of

2400 | Nanoscale Adv,, 2023, 5, 2394-2412

POMs." The key to solving this problem is to improve the
dispersion of POM molecules on the substrate, exposing suffi-
cient electrochemical active sites at the molecular level. By
using a supramolecular self-assembly strategy, anchoring single
PMO molecules by the traditional chemical method has obvious
advantages such as simple preparation process, low cost and
high yield. Liu's group reported a supramolecular strategy for
confining a single polyoxometalate (POM) cluster precisely in
a polypyrrole (PPy) hydrogel-wrapped CNT framework with
molecular-scale cages.'” As shown in Fig. 4a, a “fishnet” posi-
tively charged PPy hydrogel (TCPP) crosslinking agent doped

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) (I) Electrostatic capture of PMoj, molecules by a fishnet-like PPy hydrogel (strategy 1) or blanket-like PPy chain (strategy 2)-wrapped

CNT. (ll) Fabrication process of the PMo;,/PPy/CNT ternary hybrid hydrogel. (Inset) Photographs of the PMo4,/PPy/CNT hybrid hydrogel.**”
Copyright 2020 The Royal Society of Chemistry. (b) (1) The view of the chair-shaped water-copper cluster. (ll) View of the linkages between water
clusters and PMo;, POMs. (l1l) and (IV) Extended PHSF formation view.*?®* Copyright 2022, Elsevier. (c) Schematic diagram for the synthesis of
MoS,/NCQDs. Inset: SEM and high resolution TEM of MoS,/NCQDs-6."2* Copyright 2022, Elsevier. (d) Synthetic mechanism diagram of V-
supramolecular nanoribbons and SEM image of V-supramolecules with the mass ratio of NH4VO3 to C3HgNg of 2.8.%27 Copyright 2022 Wiley-

VCH.

with 5,10,15,20-tetrad (4-carboxyl) porphyrins uniformly coated
the outer surface of negatively charged carbon nanotubes, while
creating a cage structure with ~1.8 nm nanopores (DFT calcu-
lation). To facilitate the capture of PMo0,,0,, (about 0.92 nm in
diameter), the final PMo,,/PPy/CNT ternary hybrid hydrogel
active material with a single molecule dispersed PMo,, was
obtained. The “cage” effect also activated the PMo,, molecule,
enhancing its charging/discharging performance by intro-
ducing new proton transfer active sites.'”” The well-structured

© 2023 The Author(s). Published by the Royal Society of Chemistry

interconnection network enhanced connectivity and flexi-
bility.""” The flexible solid supercapacitor with the PMo,,/PPy/
CNT electrode had a power density of 700 uW cm 2 and
a high energy density of 67.5 pW h em™>. Another strategy is to
combine POMs with a suitable metal-organic complex (MOC),
which not only perfectly overcomes the inherent disadvantages
of pure POM electrodes, but also provides additional advan-
tages to the electrode material (including but not limited to an
ordered crystal structure, modulated conductivity and rate

Nanoscale Adv., 2023, 5, 2394-2412 | 2401
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properties, and low solubility in water and common organic
solvents)."*®*2 Additionally, the POM-based MOC electrode
material can be obtained by a simple hydrothermal method,
and its clear structure facilitates the study of the corresponding
relationship between the structure and properties. Hydrogen
bond supramolecular scaffolds (HSFs) are a subclass of MOCs.
In POM-HSFs, hydrogen bond interactions are important not
only in self-assembled supramolecular frameworks but also
provide electron transport and/or proton conduction pathways
to enhance electrochemical performance.'” Pang's group'*
prepared two nitrogen-rich organic ligands 1-imidazol-1-
ylmethyl-1H-benzotriazole (imbta) and 1-pyridine-3-ylmethyl-
1H-benzotriazole (pybta), and chose three PMo0,,0,,>~ Keggin
POM, CuAc,-H,0 and AgNO; salts to prepare three novel water
cluster enclosed polyoxometalate-based hydrogen bond supra-
molecular frameworks (PHSFs) [Cu,(H,0),H,(imbta),](PMo;,-
O40)2-6H,0 (1), Cu(H,0),H,(pybta),(PM01,04¢),-2H,0 (2), and
[Ag,H,(pybta)s(PM0;,040)3]- 12H,0 (3) through a hydrothermal
method. The detailed structure of the PHSF is displayed in
Fig. 4b. The encapsulation of water clusters into the porous
structure of PHSFs improves the conductivity of the electrode
material and stabilizes the entire space as a guest. Owing to the
unique PHSF structure of (PHSFs) [Cu,(H,0),H,(imbta),](-
PMo0;,040), with numerous O-H---O interactions, the
maximum specific capacitance of the compound 1-based elec-
trode is 710 Fg~ " at 1 A g~ ',"** which is better than that of most
of the reported POM-based electrodes.

MoS, features a two-dimensional (2D) layered structure
similar to graphene,” which exists basically in 2H and 1T
crystal phases. Compared to 2H phase MoS,, 1T phase MoS, has
superior electrochemical activity and has attracted widespread
attention in the fields of electrochemistry and energy storage.
However, it is challenging to synthesize 1T MoS, by common
chemical methods. Shu's group™® synthesized nitrogen-doped
carbon quantum dot modified 1T phase molybdenum disul-
fide (MoS,/NCQDs) using a supramolecular assisted method. As
shown in Fig. 4c, citric acid was first reacted with urea to form
NCQDs. Oxygen containing functional groups (-OH and -
COOH) on the surface of the carbon quantum dots can be
connected with thiourea through hydrogen bonding to form
supramolecular structures.®® During the hydrothermal process,
the thiourea in the supramolecular system combines with
sodium molybdate and transforms into MoS,. The formed
supramolecules can also act as intercalators to promote the
transition from triangular prismatic 2H-MoS, to triangular
antiprismatic 1T-MoS,. As MoS, nanosheets grow, the carbon
quantum dots in the supramolecular system can be anchored to
the MoS, nanosheets and further act as intercalation agents to
effectively prevent the aggregation of MoS, nanosheets.”*® The
1T-2H phase MoS, in the resulting MoS,/NCQD materials
features a few layered structure with an ultra-wide space of
0.95 nm, facilitating the diffusion of electrolyte ions. Under the
synergistic action of NCQD introduction and the formation of
1T phase MoS,, the conductivity and hydrophilicity of MoS,/
NCQD materials have been greatly improved, and the prepared
MoS,/NCQDs-6 has excellent supercapacitor performance
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(379.5 F g ' at 0.5 A g~ ') and excellent magnification perfor-
mance (269.7 Fg~ ' at 10 A g~ 1).12°

Vanadium supramolecules (V-supramolecules) and their
derivatives are in great demand due to their potential applica-
tions in various fields, especially as the electrode for super-
capacitors and Dbatteries.'” However, studies on V-
supramolecules are still lacking, and there are many short-
comings: (1) the metal centers of V-supramolecules are mainly
vanadium trichloride (VCly), tetravalent vanadium sulfate (IV)
hydrate (VOsO,-nH,0), vanadium dioxide (VO,) and vanadium
chloride (VCl,), and the prices of these metal centers are rela-
tively expensive. (2) The preparation of vanadium MSPs is
a complex, time-consuming and lengthy process; (3) due to the
complex synthesis process (high temperature and pressure), key
issues related to the nucleation and growth of vanadium MSPs
remain unresolved. To address these problems, the C;H¢Ng-
NH,VO; supramolecular (V-supramolecular) nanoribbons
(Fig. 4d)* with an “aloe vera” shape using cheap and readily
available NH,VO; as the vanadium metal center and C;HgNg as
the organic ligand were fabricated through a rapid cooling self-
assembly method by pang et al."*® The highlight of this work is
that the nucleation and growth mechanism of V-
supramolecules were observed in situ, and the influences of
precipitation temperature, cooling rate, stirring and drying
methods on nucleation and growth were analyzed. The VN/C
nanoribbons derived from C;H¢Ng-NH,VO; supramolecules
possess high specific capacity. Different from conventional
methods, this method is simple, efficient and suitable for large-
scale preparation.

2.3 Structure and property regulation of conducting
polymers

Conductive polymers (such as polyaniline, polypyrrole, etc.)
possess high conductivity, good flexibility, low cost, and
extremely high theoretical capacitance. However, the poor
electrochemical stability limits their practical application in
supercapacitors, making it urgent to improve the cycling
stability of conductive polymer materials.””*** To date, two
main strategies have been used to improve polymer cycling
performance: (1) nanocomposite strategy (solution blending
and in situ growth method). However, the improvement of the
cycling performance by the nanocomposite strategy is limited
due to the drawbacks such as mechanical expansion during ion
insertion and delamination of electrode materials from
substrates. Through the precise supramolecular self-assembly
strategy, the morphology of conductive polymer nano-
composites can be effectively regulated, the connection between
the conductive polymer and substrate can be strengthened, and
the molecular dispersion of the conductive polymer on the
substrates can be realized. Kuila's group®* reported a simple
but efficient route based on the supramolecular approach for
large scale synthesis of intercalated polyaniline graphene
nanohybrids with three dimensional pillar structures. First, GO
was linked with pyrene butyric acid (PBA) in an alkaline
medium by supramolecular forces. Then aniline monomers

were protonated by PBA; meanwhile, the interfacial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2020 Elsevier. (c) Schematic representation of PPy-CPH synthesis and hydrogel formation.*** Copyright 2021 American Chemical
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polymerization of aniline monomers (chloroform, water inter-
face) was performed in the presence of an oxidizer. During
interfacial polymerization, the protonated aniline monomer
attached to the graphene surface acts as an initiator and the
polymer grows between the graphene interlayer, and after PBA
is removed a porous and pillar polyaniline intercalation
reduced graphene oxide structure (PANIRGO) is formed. This
three-dimensional porous structure can increase electrolyte
penetration and thus improve the utilization of the electrode
surface. The PANIRGO material exhibits an optimal capacitance
value with good electrochemical stability.’** A similar supra-
molecular self-assembly strategy was used in our previous
research study,"” which is shown in Fig. 5a; by supramolecular
interaction, B-cyclodextrin (b-CD) was attached to the GO
surface, and the hydrophobic inner cavity of B-cyclodextrin was
included with polyaniline monomer, inducing in situ polymer-
ization of aniline on the GO surface; after hydrothermal treat-
ment, B-CD was carbonized into carbon nanodots anchored on
the surface of RGO, and the reduced GO/carbon nanodot/
polyaniline (RGO@CN/PANI) nanocomposites presented
a regular polyaniline particle array morphology on the surface
of the graphene layer. The specific capacitance of RGO@CN/
PANI nanocomposites is up to 871.8 F g~ at a current density
of 0.2 A ¢ and has good cycle performance.**

Conducting polymer hydrogels (CPHs), such as poly(3,4-
ethylene dioxythiophene) (PEDOT), polypyrrole (PPy) and poly-
aniline (PANI) hydrogels, have been widely used in flexible
supercapacitors.******3* However, conductive polymer hydrogels
generally have shortcomings such as insufficient electron
transport abilities and weak mechanical strength; therefore,
non-electrochemically active collectors are usually required for
mechanical support and to compensate for the lack of
mechanical properties and stability of traditional CP materials.
However, the existence of these collectors reduces the overall
energy density of flexible capacitors.” Inspired by the dynamic
network structure of animal dermis, composed of collagen
fibrils (rigid and strong) and elastin fibers (soft and elastic),
combining a rigid conductive polymer and soft hydrophilic
polymer through appropriate supramolecular interaction can
produce a high-strength and stable structure of CPHs.**® This is
an effective strategy to construct high strength flexible CPHs.
Ma et al.* used polyvinyl alcohol (PVA) as a soft polymer and
polyaniline (PANI) as a rigid polymer, and a polyaniline-
polyvinyl alcohol hydrogel (PPH) with a tensile strength of
5.3 MPa (conductivity of 0.1 S cm ') was formed by cross-
linking PVA and PANI with boric acid at the molecular level.
Due to the excellent mechanical strength of hydrogels obtained
by supramolecular self-assembly, no additional collector is
required for structural support. The PVA-PANI hydrogel has
excellent capacitive properties (928 F g ). The energy density of
the PVA-PANI hydrogel flexible solid-state supercapacitor rea-
ches 13.6 W h kg™, and it still has a high capacity retention rate
after bending and folding."®” By the same strategy, the rigid
polypyrrole (PPY ~ 90 wt%) and soft polyethylene glycol (PEG,
only 10 wt%) were connected through supramolecular interac-
tion to form a dynamic network structure by Ma's research
group (Fig. 5b)."*®* The PEG600 obtained by supramolecular
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crosslinking between PEG (with a molecular weight of 600) and
PPy showed the best supercapacitor performance. Compared to
the PVA-PANI hydrogel, the PEG600-PPy hydrogel showed
a qualitative improvement in tensile strength (92 MPa) and
electrical conductivity (110 S cm ™). The high-strength PEG600-
PPy hydrogel, therefore, can be used directly as an electrode for
the preparation of full polymers without the use of any substrate
or current collector. With a thickness of up to 80 pm (thinner
than a piece of A4 paper) (Fig. 6b(Ill)), the fully polymerized
flexible supercapacitor provides a large capacity of 547 F cm ~*
with excellent mechanical and electrochemical stability.***

In conclusion, supramolecular self-assembly strategies have
significant advantages in the preparation of conductive polymer
hybrid materials and conductive polymer hybrid hydrogels. In
addition, supramolecular self-assembly strategies can also
regulate the conductive properties, morphology and electro-
chemical properties of monomer conductive polymers at the
molecular level. Alcaraz-Espinoza et al."*® used an amphiphilic
alkyl sulfonic acid (p-toluene sulfonic acid, p-TSA), a conven-
tional additive dopant that can improve the electronic
conductivity and stability of PPy. When the molar ratio of p-TSA
to Py monomer was 1, the low water solubility Py monomer was
self-assembled by supramolecular self-assembly at the hydro-
phobic end of p-TSA and fully polymerized, forming a micellar
structure. It can be observed from Fig. 5c that p-TSA has a highly
conjugated polymer chain after supramolecular assembly,
which not only can improve the overall conductivity, but also
can be used as a template to reduce the aggregation and the size
of the PPy clusters; PPy has a highly connected 3D network
structure and exhibits excellent rate performance and cycle
stability as a supercapacitor electrode material.”*® Yang's
group™® used amphiphilic 1,4-phenylenediboronic acid as an
additive for supramolecular self-assembly with aniline mono-
mer through electrostatic interaction and hydrogen bonding to
form a spherical micelle with 1,4-pdBA outside and aniline
inside in solution. With the formation of polyaniline, the
spherical micelle was demolished. The growth orientation of
PANI was controlled by the hydrogen bond interaction between
1,4-phenylenediboronic acid and PANI, and second super-
particle polyaniline (ss-PANI) with a two-dimensional
morphology was constructed by the dynamic evolution emul-
sion polymerization process. Fig. 5d illustrates the structure of
2D ss-PANI; it is indicated that the excellent volume durability
and intermolecular hydrogen bonding effect of ss-PANI can
effectively inhibit the volume change during repeated charge
and discharge. 2D supercapacitors based on ss-PANI have
remarkable cycle stability, with a capacitance retention rate of
93.9% over 10 000 cycles.'*®

To sum up, supramolecular materials derived from the
supramolecular self-assembly strategy are promising electrode
materials for high-performance supercapacitors, because the
supramolecular self-assembly strategy can realize the self-
assembly of various functional structural units at molecular
levels and meet the requirements of electrode materials in
different application scenarios. Table 1 summarizes and
compares the properties of the three kinds of supramolecular
derived electrode materials mentioned above.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) (I) Schematic diagram of the self-healing mechanism of the supramolecular hydrogels. Supramolecular bonds were formed through

host—guest interactions between the grafted B-CD molecules and residual amino acid molecules on the interactive surfaces of the supramo-
lecular hydrogel pieces; (Il) self-healing experiments of the supramolecular hydrogels via host—guest interactions. (Ill) Tensile strain—stress
profiles of the supramolecular hydrogel and the comparative PAA-hydrogel; (IV) ionic conductivity of the supramolecular hydrogel after multiple
times cutting—healing.**® Copyright 2021 Wiley-VCH. (b) (I) Schematic of the preparation process of the DMAPS—PAA/H,SO4/BAAS hydrogel; (I1)
schematic illustration of the dynamic bonds among the cross-linked polymer chains; (lll) schematic of the self-healing mechanism of the

hydrogel electrolyte.**® Copyright 2020 American Chemical Society.

3. Supramolecular self-assembly
strategy for the preparation of
advanced electrolytes

The electrolyte is one of the key components that affect the
performance of supercapacitors. The size of the electrolyte ions,

© 2023 The Author(s). Published by the Royal Society of Chemistry

ionic conductivity and mobility, and the wettability of the
electrode in the electrolyte have a significant impact on the
operating voltage, stability, and energy and power density of the
supercapacitor.****** Gel polymer electrolytes (GPEs) with high
ionic conductivity, wide voltage windows, good mechanical
properties and adequate safety are attracting increasing atten-
tion for use in flexible supercapacitors. Next-generation

Nanoscale Adv., 2023, 5, 2394-2412 | 2405


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00067b

View Article Online

Review

Nanoscale Advances

LET 8'0-0 (,_8 v 01-1) %*¥8 LB YMIET 0sd SI[I4D 000T I9Ye %06 (,_8v <o), 34826 FOSTHIN T [2301pAY VAI-INVd
TEL  €0-L0— (;_8V 01-2°0) %89~ — O1ad8DSd 9124 000 0T 1oYE %TL (;8vzo), 34818 YOS'H W 1 NVd/NO®ODY
(;_s Aw 00T) YOIDIT N T°0 +
€T T'T-S0— — — 0sd 9124 000T 19YE %S .8 L WD AW £°0 F ¥'SP LOQINH WW 0T LOQSNHd
8cT 8'0-0 (,_8V ¢-2°0) %L'99 LW g M1 £6°6 0sd SI[I4D 000 0T 19HE %6°E6 1. 84d8LE [98 YOS°H/VAd INVd-SS
IET 80-C0— (;_8V ¥-60) %S°LS — 0sd 91245 0005 19YE %18 (;_8v¢<0), 3409 YOS*H W 1 ODYUINVd
(448 1-0 (,_3 V 001-T) %¥L Y MmLooT 0Sd SI[I4D 000 0T 19HE %96 (,_8v 1), 34dz6T YOS*H I T HO-d
8T £70-0 (;_8 ¥ 11-£°0) %0°TS e WD Y MW T°6 0sd S9[24> 000T 9B %Ee8 (WO V §'0) o WD g G6S YOS*H N T £dd-00993d
6€T 8'0-0 (-8 vV 01-5£0) %TL T UM ET 0sd 591042 0005 1oE %T8 (,8vsLo0) 34095 YOS'TH N T SHAD-4dd
suoqqLIoueu
LTT 1'1-0 (,_8 v ¢-60) %€'8L 1Y M 9ST OTaa8dOSd SI[IAD 000G IoYe %TL (,_8v¢s0),_34d¢99t HOX W 9 UOqIEd/NA
ver L'1-0 (;_8V 01-1) %eT9 B Y MOFE O1ad8DSd 9124 000¥ 19Ye %L8 ((8vT1), 3d¢pre YOS“eN I T LT-SOH® SO
sT1 8'1-0 (;_8 Vv 01-5°0) %1°0L Y mesee O1adARDSd SI[I£D 000S IoYe %78 (;8veo0), 3as6Le YOS“eN N T SAODON/*SON
WL T0-80-— (;_S AW 00T-0T) %TZ — O1ad SO[A4D 000T 19lE %06 (b 8v1), 34do0v¢ YOSeN IN T 0DY®D/*SONAE
€0T 9'1-0 (;_wo vt 0€-€) %¥°9L ¢ WD MW 69'T 0Sd SI[I4D 000 0T 19HE %8'F8  (, WO YW ¢) , WD A6T°0T HOM W ¢ NSD-0D
SoT L7-0 (. v 0€-5) %0¢ ¢ WO Y MW ST°T 0sd SOPPAd> 000G 19 %L'€8  (, WO YW G) . WD 1 8°S HOX W T SaIImouRU CSEIN
i) A8'T-0  (,_WD VW 0S-0T) %EEEL ¢ WD J MW TF'E 0sd SOAD 000F 19 %FT'06 (WO VW OT) , WO D TT'8 HOM W € NSD padop-ul
90T $1-0 (;_8 v 01-1) %S LY M 0L LT O1ad8DSd S9[24d 00ST 19Y® %L6 (;8v 1), 84587TS6 HOI'TIN T 091ac®epd-IN
96 9'1-0 (;_8 V 0v-T) %eS LY MLTT OTAa80OSd SI[I4D 000 T 19HE %E S8 ((8v1),34a¢seL HOI'TIW T ON®DAJ-IN
YOS“eN N §°0 O°H9-¥{(°"O%*ond)
€T 8°0-CTO0— (,_8vor-1)T0L — 0sd $3[94d 000T 198 %T 16 ((8vr1),3a01L +POSTHIW §'0  [F(eaquu)?H(0°H)nD]
(1) S9'1-0 (o YW 05-0T) %T'9L ¢ WO Y MW 6£°T 0sd 91245 000 ST 19Y. %¥6  (, WO VW OT) , W1 J$0°9 HOX W ¥ NSD [eSH-IN
10310dEOIadNS
)BIS-pI[OS [9801pAy prigdy
LIT 7'1-0 (,_8 Vv o-1) % eL L WO Y M1 629 0Sd S3[942 000€ 9B %L'S8 ((_8vr1), 8ao0s11 YOS°H N S0 IND/Add/**oNd
06 0'1-0 (,_8 V $-5°0) %0¢ — 0SdBD1ad 31942 000 0T 191J8 %0TT (,8v¢o), 3d91¥ HOM W 9 09I1-S/N
68 0'1-0 (,_8 V 01-5°0) %L'TL LY MeETT 0SdsD1ad S3942 000 0T 191® %9'T6 ((8vT1), 3a91F HOM I 9 0D1-dN
88 0'1-0 (,_8V s-1) %L — 0Sd8D1ad S3]942 000 0T 19J® %ET6 ((8vr1), 34acsee HOX W 9 ODIN-d
(DSHZ 103 apoyyes
€8 8'1-C°0 (;_8V 05-50°0) %S'TL  SB) [_3-U M 9°0€T 0SdB01Ad 91245 000 0S IoWE %196 (;,_8 v <00),_34s¢er HOX W 9 OND-dN
(241010919
[93 VAd/"OS°H
<8 0'1-0 (;_8 V 01-5°0) %6°6L up) 8 Y MToT 0Sd801ad $9194> 000 0T 19WE %% ¥6 (,_8v <o), 34d58sT YOS°H W T 8:8-DHS-SN
08 8'0-0 (,_8 V 01-5°0) %68~ — 0Sd8O1ad SO[A4D 000S I9YE %1°96 (,8veso), 3a9ser YOS°H IN T €-SONdH
(fosrIm ¢
LL 9'1-0 (,_8V 02T-T) %8'TL ur) 3 Y m Lo 0SdBOTAd SI[I4D 000G IoYe %S6 ((3v1), 3avrse HOX W 9 S-DAON
8 9°0-0 (,_8V 01-T) %1°69 Y MITT DSdBOTAd SI[I4D 000 0T 191® %8°86 ((_8veso), 84a¢ezLes YOS°H W §°0 S3IOUD-ININ-N
22 8€-0 (,_8 v 8-2°0) %S08 LY MTLIT 0SdB01Ad $31245 000 0T 1oYW %¥°S6 ((_8vzo), 3a¢eee YAGINTNIN 00dS
ovT 0'T-0 (,_8 vV 0T-T) %T'¥8 _3YMTS 0SdRO1ad 3[04 000 0T 19Y' %96 ((8vr1), 8ar1re YOSTH N 1 091as®IIN
16 0°'1-0 (,_8 v 0T-1) %¥°08 13 Y M eS0T 0SdBOTAd SI[24D 0009 IoYe %8°C6 ((8v1), 34a1Ce HOX W 9 T-SVOSN
€L T1-0 (,_8 v 052-T) %eee LY METT 0Sd801ad 9194 000 0T 19Y€ %56 (,_8v1), 3450 HOX W 9 SN-DdH
09 0'1-0 (,_8 V 0T-1) %T¥S L YMIT 0SdBOTAd SO[A4D 000 0T 19H® %L6 (,_8v 1), 34 ¢e9s HOX W 9 006-D.ILN-N
REN| (A) mdo Amqedes aey Ayrsuap Adrouyg 0Sd/O1ad Aiqess ook s NA[019[H STELIBIA SPOIIH

Aboyesys Alguiasse-jjas Jejnodajowiesdns ayy eia patedaid sjelsiew sapo4yds)e JO SpUB| 924y} JO Uosiedwod aduewloiad 1ed1wayd0.4309)8 aAisuayaidwo)) T aiqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INd 2¥:20'S 9202/02/T U0 papeojumoq "€20Z 1Y T U pausiiand 901y sseody uado

© 2023 The Author(s). Published by the Royal Society of Chemistry

2406 | Nanoscale Adv.,, 2023, 5, 2394-2412


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00067b

Open Access Article. Published on 14 April 2023. Downloaded on 1/20/2026 5:02:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

portable and wearable energy storage devices are often sub-
jected to different mechanical strains and damage; as a result,
GPEs with good self-healing properties and excellent tensile and
electrochemical properties are essential for realizing advanced
flexible wearable supercapacitors. The self-healing properties of
traditional gels are achieved through reversible interaction of
dynamic covalent and non-covalent bonds, and this involuntary
self-healing property severely hinders their application.™***” In
contrast, supramolecular hydrogel electrolytes are formed
through non-covalent interactions such as hydrogen bonding,
electrostatic interaction and m-m interactions. These electro-
lytes have several advantages over traditional gel electrolytes,
including the absence of initiators or chemical crosslinking
agents, environmental friendliness, easy formation and
a simple preparation process. Since non-covalent bonds require
only a lower energy to form and break, they have excellent
reversibility and self-healing properties; this non-covalent
design strategy can be applied to GPEs to enable them to self-
heal under mild conditions without significant loss of
mechanical and electrochemical properties. Considering the
high stress of traditional three-layer supercapacitors under
mechanical bending, irreversible structural damage can be
caused, including interlayer slip, crease formation, and layering
of the electrode-electrolyte interface. Wei's group fabricated an
all-polymeric, all-elastic and non-laminated supercapacitor with
high mechanical reliability and excellent electrochemical
performance by in situ integrating a polypyrrole electrode layer
into a silk fibroin-based elastic supramolecular hydrogel film
with a broad range of hydrogen and covalent bonds.*** The non-
laminated structure of the integrated device avoids slip and
delamination between interlayer, while the elasticity prevents
crease formation. The supramolecular design of the host-guest
interaction in the hydrogel matrix (Fig. 6a(I)) ensures that the
self-healing efficiency of the supercapacitor remains close to
~95.8% even after 30 cut/healing cycles and above 85.2% even
after 5 cut/healing cycles at —20 °C (Fig. 6a(II-1V)), reaching the
highest level available for foldable flexible supercapacitors.
Feng et al.'* prepared a stretchable, self-healing, adhesive,
redox-active multifunctional supramolecular hydrogel (DMAPS-
PAA/H,SO,/BAAS) by free radical copolymerization. In H,SO,
aqueous solution containing BAAS, DMAPS and PAA were
physically cross-linked through dynamic bonds between poly-
mer chains using APS as an initiator. These bonds included
hydrogen bonds between carbonyl and hydroxyl groups and ion
association between sulfonic acid and quaternary ammonium
groups. The supramolecular interaction is shown in Fig. 6b;'*
in addition, the supramolecular hydrogel showed good self-
adhesion on the electrode, preventing relative displacement
and delamination between the electrolyte and electrode layer
during repeated mechanical deformation and facilitating the
lightweight and portability of energy storage devices. In addi-
tion, BAAS is introduced as a redox additive to increase the
additional pseudocapacitance in this work. Carbon-based
supercapacitors with DMAPS-PAA/H,SO,/BAAS hydrogel elec-
trolytes have a specific capacitance of up to 240 F g~ . At the
same time, good self-healing ability (Fig. 6b(III)) can withstand
more than 400 bends/releases and still retain 96% of the initial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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specific capacity. In addition, there are many supramolecular
gel electrolytes, such as PVA-TA-H;PO, supramolecular gel
electrolyte,® and PANI-decorated PVA/PHEA;** both demon-
strated excellent mechanical stability and self-healing. For
example, good self-healing ability can withstand more than 400
bends/releases while still retaining 96% of the initial specific
capacity.

There are three main types of electrolytes used for super-
capacitors: aqueous-based, organic and ionic liquid electro-
Iytes.”®>*** Among these, aqueous electrolytes have attracted
much attention due to their high ionic conductivity, low cost,
high safety and simple equipment manufacture and opera-
tion.**>'** However, the low working potential window (usually
around 1.00 V) and narrow working temperature range (0-100 °
C) are the two major drawbacks. The use of “water-in-salt” (WIS)
electrolytes, such as LiTFSI, can effectively widen the potential
window and reduce the operating temperature of energy storage
devices. However, the performance of WIS electrolytes
decreases rapidly at high temperatures because organic solvents
in the electrolyte will inevitably weaken the coordination
structure between metal cations and water molecules at high
temperatures. Li's group™* developed a new electrolyte of
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in
a dimethyl sulfoxide (DMSO) and water co-solvent system.
Through supramolecular interactions (mainly hydrogen
bonding and electrostatic) between LiTFSI, DMSO and water
(Fig. 7a(1)), the coordination structure of LiTFSI, DMSO and
water in the electrolyte can be adjusted to affect the anion pair
of H,0, electron density and the reactivity of H atom in the
electrolyte. This allows for adjustment of the electrochemical
stability window of freezing and volatilization of the electrolyte.
The supercapacitor assembled with this new electrolyte has an
operating voltage of 2.40 V(Fig. 7a(Il)) and an operating
temperature range up to 130 °C (—40 to 90 °C) (Fig. 7a(I1l)). Due
to the increase of the operating voltage, the energy density of the
assembled supercapacitor (21 W h kg™") is much higher than
that of the conventional water-based supercapacitor
(10 W h kg™ ).

Zinc ion hybrid supercapacitors (ZIHSs) have the advantages
of standard electric potential low (0.76 V vs. SHE), high theo-
retical capacity (820 mA h g~'), abundant natural resources,
double electron transfer reaction, low toxicity in the aqueous
solution and inherent safety.'>'** However, ZIHSs still face
several challenges, such as the energy density of commonly
used activated carbon electrode materials being suboptimal
and uncontrolled growth of zinc dendrites leading to poor
cycling stability.””'*® Supramolecular gel polymer electrolytes
(GPEs) are ideal zinc ionic electrolytes due to their similar ionic
liquid conductivity and solid like mechanical properties,
friendly environment, easy formation and simple preparation
process. In order to inhibit the growth of zinc dendrites and
improve the energy density of zinc-ion capacitors, Zhang el ta.”
developed a new type of Zn>* containing supramolecular gel
polymer electrolyte (SGPE) by the classic freeze/thawing method
and the simple soaking process; Fig. 7b(I) illustrates the prep-
aration of SGPEs. The optimized SGPE has good mechanical
properties and high Zn>** conductivity (89.7 mS cm ™ *) due to the

Nanoscale Adv., 2023, 5, 2394-2412 | 2407
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(a) (1) Schematic illustration of the possible supramolecular interactions among LITFSI, DMSO, and water; (Il) electrochemical stability

windows of 10-DWIS and X-CDWIS at 10 mV s™%; (Ill) the GCD curves of SCs with 17.5-CDWIS at 1 A g~* under different operating tempera-
tures.*>* Copyright 2021 Elsevier. (b) () Schematic illustration of preparing SGPEs; (Il) GCD curves at different current densities of ZIHSs using
SGPE-3; (lll) cycling performance and coulombic efficiency at a current density of 5 A g~ (digital photo of a mini-fan driven by a ZIHS).5

Copyright 2022 Elsevier.

interweaving of hydrogen and ionic bond networks. ZIHSs

assembled with a SGPE as the electrolyte exhibit a wide voltage

window of 0.2-2 V. Due to the inhibition of zinc dendrite growth
in SGPEs, the capacitance retention rate is ~84% after 110 000
cycles at 5 A g~ ', showing unprecedented cycle durability.'s

2408 | Nanoscale Adv., 2023, 5, 2394-2412

4. Conclusion and perspectives

As the world moves towards renewable and sustainable energy
sources, there is an increasing urgency to integrate energy
storage devices with high energy density, excellent cycle stability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and mechanical flexibility. The supramolecular self-assembly
strategy can realize accurately self-assembly of various func-
tional units at the molecular level using non-covalent bonds.
The flexibility and maneuverability of non-covalent bonds
between different groups enable the supramolecular self-
assembly strategy to produce materials with unique self-
healing properties, which are particularly important for
energy-related applications. Despite significant progress in the
field of supramolecular energy materials, several challenges
remain when designing supramolecular materials for next-
generation high-performance supercapacitors in the future:

(1) The high cost of supramolecular derived carbon mate-
rials: compared to traditional activated carbon, the cost of raw
materials used in the preparation of hierarchical porous carbon
materials by the supramolecular self-assembly structure regu-
lation strategy is relatively high, which hindered the application
in supercapacitors. Therefore, low-cost supramolecular precur-
sors should be developed to enable large-scale preparation of
supramolecular-derived carbon materials.

(2) Improving the electrical conductivity of CSNs remains
a challenge: although a variety of coordination supramolecular
networks (CSNs) with excellent electrochemical activity can be
obtained through the coordination of different metal-organic
non-covalent bonds, most CSNs have poor conductivity and are
prone to aggregation, which requires the use of conductive
additives or conductive substrates to give full play to their
supercapacitor performance. Therefore, it is still a challenge in
the future to select suitable metal ions and coordination
systems to prepare CSN materials with stable dispersion and
good conductivity.

(3) The structural stability of conductive polymer materials
needs to be further strengthened: conducting polymer supra-
molecular, including electrode materials and electrolytes,
exhibit outstanding electrochemical and mechanical proper-
ties. However, their mechanical properties should be improved
without sacrificing electrochemical properties and conductivity.
At present, the maximum fracture/healing cycle of most
conductive polymer supramolecular gel electrolytes is only
dozens of times, which is far from the level of practical appli-
cation. Therefore, improving the structural stability of
conductive polymer materials remains a challenge.

(4) Dynamic mechanism of supramolecular structure
formation is still indistinct: currently, supramolecular self-
assembly is mainly achieved by solvothermal or mixing reac-
tions in solution. Most research focuses on characterizing the
formed supramolecular structure, with relatively little attention
paid to the dynamic mechanism of supramolecular structure
formation. However, understanding this dynamic mechanism
can provide strong support for the accurate construction of
supramolecular systems. To overcome this challenge, some
advanced characterization methods (such as in situ character-
ization techniques) and theoretical calculations are needed.

(5) The relationship between the structure and properties of
supramolecular materials needs further study: although the
synthesis of supramolecular materials is relatively simple and
convenient, most supramolecular materials have poor crystal-
linity, and contain defects and crystal boundaries, making it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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difficult to accurately characterize their physical properties.
Therefore, exploring the relationship between the structure and
properties of supramolecular materials using experimental and
theoretical methods such as DFT calculations and molecular
dynamics (MD) simulations has become an active field of
research.

Most excitingly, supramolecular materials are supported by
a large number of structurally diverse molecules that can be
assembled together in a variety of ways to form functionally
diverse materials, which makes supramolecular materials an
important application prospect in the field of energy storage. In
summary, further studies are needed on the formation mech-
anism of supramolecular structures and the relationship
between their structures and electrochemical properties.
Systematic theoretical guidance on supramolecular self-
assembly strategies is still insufficient. Further in-depth and
systematic studies on the above challenges and prospects are
needed to fill the gap between laboratory research and indus-
trial applications of supramolecular energy materials.
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