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Recently, polymers capable of repeatedly self-healing physical damage and restoring mechanical
properties have attracted extensive attention. Among the various supramolecular chemistry, hydrogen-
bonding (H-bonding) featuring reversibility, directionality and high per-volume concentration has
become one of the most attractive directions for the development of self-healing polymers (SHPs).
Herein, we review the recent advances in the design of high-performance SHPs based on different
H-bonding types, for example, H-bonding motifs and excessive H-bonding. In particular, the effects of
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the structural design of SHPs on their mechanical performance and healing efficiency are discussed in
detail. Moreover, we also summarize how to employ H-bonding-based SHPs for the preparation of self-
healable electronic devices, focusing on promising topics, including energy harvesting devices, energy
storage devices, and flexible sensing devices. Finally, the current challenges and possible strategies for
the development of H-bonding-based SHPs and their smart electronic applications are highlighted.
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Wider impact

In recent years, significant advancements have been made in the area of self-healing polymers (SHPs) through hydrogen-bond cross-linking. Herein, we
extensively discuss the advances and design strategies of high-performance SHPs based on different H-bonding types, highlighting the importance of
manipulating the H-bond interactions. Moreover, the novel electronic applications of these materials are explored, including energy harvesting/storage devices
and flexible electronics. SHPs can revolutionize the manufacturing industry by reducing material waste and enhancing the product lifespan, bringing immense
value to engineering applications. Additionally, the development of self-healing electronics holds promise to create more durable and robust devices,
contributing to the growing field of wearable technology. Continued research and development in SHPs and their electronic applications will lead to even more
advanced materials with improved healing efficiency and mechanical properties. The insights discussed in this review will provide valuable guidance for
materials scientists to design and synthesize novel SHPs. Consequently, this will facilitate the development of cutting-edge materials with applications in
diverse industries, shaping the future of materials science towards more sustainable and resilient solutions.

1 Introduction

Synthetic polymers have become an essential part of modern
engineering materials since their commercialization in the
early 20th century.™ Over the last decades, high-performance
polymeric composites with desirable mechanical properties,
toughness, and thermal stability have been widely used in
aerospace engineering,””’ smart electronics,®* intelligent
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architecture,’”” and other high-tech fields."®'” Although the
polymers used in energy and flexible electronics devices are
designed to have mechanical properties to accommodate large
stress/strain or geometrical deformation, most of them inevi-
tably suffer from damages, such as mechanical fatigue/failure,
micro-cracks, punctures, and electrochemical corrosion during
their long service life. Such damages may lead to unexpected
failures or paralysis of the device during operation, which
requires regular maintenance or repair, resulting in additional
costs and consumption. Therefore, it is desirable to fabricate
polymeric polymers that can restore mechanical properties and
original functionalities after physical or chemical damage to
satisfy practical application requirements in various emerging
fields.'®"?
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In nature, biological systems can heal themselves autono-
mously and regenerate their structures and original properties
after being subjected to external mechanical damage. Inspired
by natural systems, endowing high-performance polymers with
self-healing properties is considered a promising approach
owing to the potential to significantly extend their durability,
safety, and lifetime.>*?* According to the self-healing mecha-
nism, SHPs are classified as extrinsic healing type and intrinsic
healing type.*** Extrinsic SHPs relies on pre-embedded micro-
capsules/nanocapsules or vascular network in the polymer
matrix, which only allow the polymer to be repaired for a
limited number of times. More importantly, due to the inherent
differences between the polymer matrix and the repair agents,
extrinsic SHPs cannot address the functional degradation
resulting from structural damage.> By contrast, intrinsic SHPs
based on dynamic covalent bonding self-assembly strategies or
supramolecular dynamic chemistry have attracted considerable
attention because they not only avoid the complicated integra-
tion and compatibility considerations of repair agents but also
offer repeatable self-healing.>***” Although dynamic covalent
interactions often provide additional thermal stability, heating
to relatively high temperatures (>80 °C) is usually required
to achieve healing.”®*® For example, a self-healable vitrimer
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elastomer based on dynamic carbamate bonds was recently
reported by He et al., which required 60 h of healing at 100 °C to
completely recover its mechanical performance.®® Alternatively,
most of the non-covalent bonds are easily exchanged at much
lower temperatures, which can facilitate healing under envir-
onmental conditions. Therefore, self-healing systems based on
non-covalent interactions usually demonstrate exceptional
healing characteristics and can satisfy the stringent require-
ments of industrially advanced polymeric materials.
Supramolecular dynamic chemistry is non-covalent bonding
represented by hydrophobic interaction,® metal coordi-
nation,®” electrostatic,*® n-n,** guest-host,** van der Waals*®
and H-bonding interactions.”’° Although these interactions
are relatively weak compared with covalent bonding, generally
they can form dynamic and mechanically strong systems.
Among the various supramolecular dynamic chemistry,
H-bonding interactions have attracted the most interest due
to their reversibility, directionality and high per-volume
concentration, resulting in acceptable mechanical strength.
The basic structure of H-bonds can be characterized as
X-H- - Y, which consists of two main parts, i.e., proton donor
(X-H) and proton acceptor (a Y atom with lone pair electrons).
The energy of the H-bond is determined by various factors such
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Scheme 1 Classification of H-bonding-based SHPs and their electronic applications.
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as intermolecular distance, compound structure and environ-
ment, which is often considered to be a complex non-covalent
interaction energy. In general, the strength of a single H-bond
is relatively weak, with a bond energy (~5-30 k] mol ') of
about one-tenth that of covalent bonds (~ 345 kJ mol " for C-C
bonds), but it can still have an effect on the viscoelasticity,
crystallinity, and phase separation structure of the polymer. In
2008, Leibler and co-workers*® pioneered the design of intrinsic
SHPs by utilizing supramolecular H-bonding self-assembly
techniques. The final plasticized polymer showed up to 500%
elongation before breaking and unique room temperature (RT)
self-healing capabilities.*'™** Alternatively, the binding of
multiple H-bonds can offer high association constants to
provide robust assembly bonding, while allowing tunable
dynamic behavior including self-healing.**** With the cyclic
2-ureido-4-pyrimidone (UPy) as the repeating unit, Guan et al.
prepared a biomimetic supramolecular polymer possessing a
unique combination of self-healable, high toughness, and
high strength. Following the synthesis of this titin-mimicking
modular polymer containing UPy motifs, researchers further
designed and synthesized many SHPs based on UPy motifs."®™*°
With the continuous exploration of the self-healing
mechanism, SHPs with microphase separation®™*%'/homo-
geneous > structure have also been increasingly designed
and developed. The rapid increase in novel design methods to
significantly improve the mechanical properties and healing
efficiency of SHPs opens the door for these polymers to be
explored in a broad range of intelligent electronic fields, such
as energy harvesting,”>>° energy storage®"®*®* and flexible
sensing.>%¢47¢7

However, although various reviews on SHPs have emerged in
the last few years,’®”7? an assessment of the design strategies
and performances of H-bonding-based SHPs is lacking. Herein,
we provide a comprehensive review of the recent progress in
the structural design of high-performance SHPs based on
different H-bonding types and how to employ these polymers
for the creation of emerging self-healable electronic devices
(Scheme 1). In the first part, the design strategies, mechanical
properties and self-healing performances of various H-bonding-
based SHPs are summarized. Subsequently, representative exam-
ples of these polymers in energy harvesting, energy storage and
flexible electronic sensing applications, together with their design,
performances and functional healing are presented. Finally, con-
clusions and the future outlook for the design of H-bonding-based
SHPs and self-healing devices are discussed.

2 Design of H-bond cross-linked
self-healing polymers

Among the various supramolecular interactions, H-bonding
has become one of the most attractive directions for the
development of SHPs owing to its dynamic nature, tunable
strength and responsiveness to externally generated stimuli.?”
Although a single H-bond is not strong enough to induce
supramolecular self-assembly behavior, both the directionality
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and strength can be increased when multiple H-bonds are
arrayed to create H-bonding arrays.”® In addition, composites
can commonly possess both self-healable and mechanical
strength when the internal structure of the polymer provides
a sufficient amount of H-bonding interactions. Hence, the
design of SHPs with the advantages of desirable self-healing
capabilities by H-bonding has become a research hotspot in
recent years. Herein, we systematically review SHPs based on
different H-bonding types, including H-bonding motifs and
excessive H-bonding.

2.1 H-Bonding Motifs

The introduction of H-bonded cross-linking motifs in polymer
structures through chemical reactions is one of the most
commonly used strategies for the preparation of SHPs. Cur-
rently, H-bonding cross-linking in the internal structure of
polymers can be achieved by specific H-bond cross-linking
motifs or self-conjugation of interchain multiple H-bonding
interactions, as well as the addition of external cross-linkers.”®
In this section, we focus on the preparation of H-bonding-based
SHPs by introducing specific H-bond cross-linking motifs.
Multiple H-bonding of these motifs typically involve triple,”*
quadruple,” and sextuple’® H-bonding. Among them, UPy
units with self-complementary quadruple H-bonds have been
proven to be one of the most promising motifs for the con-
struction of dynamic polymers and biomaterials due to their
moderate association-dissociation constant. Therefore, to
date, many SHPs with desirable mechanical properties have
been achieved through chemically bonding UPy units to the
polymer main chains,>*’”"® side chains,””"*®#""® and chain
endS.5’46’49'84’85

2.1.1 UPy units within main chains. Benefiting from the
appealing combination of rapid kinetic reversibility and high
thermodynamic stability, UPy units have been extensively
incorporated in polymeric composites for improving their
mechanical properties. For example, Guan et al.*® pioneered
the design of a linear polymer composed of a tandem array of
biomimetic cyclic UPy modules, which exhibited a rare combi-
nation of toughness, strength, and elasticity. Fig. 1a shows the
synthesis and structural formulas of titin-mimetic polymer 1
and 2. This special design allowed polymer 1 to integrate
extensibility and stiffness with a high elastic modulus (~200
MPa) and maximum strain at break (>100%). By contrast,
polymer 2 behaved as a brittle material (lacking toughness
and extensibility) due to the fact that ortho-nitrobenzyl blocked
the formation of the UPy dimer (Fig. 1b), confirming the
important role of reversible H-bonding in the macroscopic
properties. In addition, upon removing stress, polymer 1 could
rapidly recover its original dimensions with time or heat
treatment after large deformations, showing interesting “self-
healing” property. However, this study did not elucidate the
structure-property relationships of various aspects of the mod-
ular polymer architecture.

Integrating UPy units in the backbone of linear polyurethane
(PU) or polyurea is the mainstream due to the fact that the
reversible association-dissociation dynamics of H-bonds and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Synthesis of the titin-mimicking modular polymer (polymer 1) and control polymer (polymer 2) and (b) their stress—strain curves. (c) Chemical
structures of SPMs with different amounts of UPy units in the main chain. (d) Cartoon presentation of the proposed mechanism for the suprastretchable
SPMs. (e) Stress—strain curves of the resultant SPMs with varying amounts of UPy. (f) Optical microscopy image of SPM-2 film scratch repair.

the entanglement among linear chains confer high toughness
and strength. For example, Sun and co-workers’” fabricated a
high-performance healable cross-linked PU by incorporating
UPy motifs in the main chains of PUs using 5-(2-hydroxyethyl)-
6-methyl-2-aminouracil as a chain extender. The UPy motifs
could form self-complementary quadruple H-bonding interac-
tions with each other, resulting in denser assemblies of
H-bonds, overcoming the inherent strength limitations of H-
bonds, and thus provide enhanced mechanical strength. More-
over, the H-bonds could be reversibly fractured/formed during
tensile deformation, enabling effective stress energy dissipa-
tion, and thus improved toughness. Specifically, the PUU4B0
sample with artificial cracks was almost completely healed and
its mechanical properties were fully restored after heating at
135 °C for 20 min. Similar work was also observed in Yang’s
group.”® In this study, flexible polypropylene glycol (PPG) diol
and dynamic UPy motifs were coupled with iso-phorone diiso-
cyanate (IPDI) to prepare a series of multi-block copolymer
PPG-mUPy. Similar to the structure of polyurethane prepared
by Sun et al.,”” the high content of mUPy in the backbone could
form microcrystals with the help of stacking effects, thus
improving the mechanical strength of PU at RT. For example,
PPG0o-mUpy*°®* exhibited the greatest tensile strength
(49.64 + 3.54 MPa), Young’s modulus (7.82 + 1.28 MPa) and
toughness (215.73 & 8.89 MJ m ™). Balancing the two factors of
polymer chain fluidity and H-bond density, PPGooo-mUPy”°%
showed the best self-healing capability. The self-healing per-
formance quantitative experiments indicated that the tensile

This journal is © The Royal Society of Chemistry 2023

strength of the restored PPG;000-mUPy*°* reached 19.22 MPa,
showing a high repair efficiency of 93%.

However, despite their promising prospects, the above-
mentioned SHPs still have one significant disadvantage,
namely, external energy (either heat or light) is required to
achieve self-healing, which severely limits their application
(especially in the field of smart electronics). Therefore, it is of
great significance to design and develop SHPs that can heal
under ambient conditions. Considering this challenge, Bao
et al.”® reported a novel chemical design for supramolecular
polymeric materials (SPMs) with different UPy motif quantities
(from 0 to 30 mol%), which were synthesized by quadruple H-
bonding cross-linkers and soft polymeric chains. The chemical
structure of SPMS and a cartoon presentation of the proposed
mechanism are shown in Fig. 1c and d, respectively.
Thanks to the attractive combination of rapid kinetic reversi-
bility and high thermodynamic stability, the existence of self-
complementary UPy motifs was not expected to disrupt the
PTMG-based soft domains, thus making the SPMs stretchable,
soft, self-healing, and tough. SPM-2 containing 20 mol% UPy
motifs had a moderate crosslinking density, showing the max-
imum breaking strain (17 000%), Young’s modulus compatible
with human tissue (375 kPa), and relatively high tensile stress
(0.91 MPa) (Fig. 1e). Surprisingly, SPMs exhibited a promising
RT self-healing performance due to their multiple intra- and
interchain H-bonding in the polymeric networks. Scratches on
the SPM-2 film were almost completely healed after healing for
12 h at RT (Fig. 1f).
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To date, although a series of highly tough SHPs has been
constructed by molecular-scale composite dynamic cross-
linking strategies, achieving high toughness and autonomous
self-healable performance at RT remains a challenge. Recently,
Jia et al.®® prepared a dual-crosslinked supramolecular elasto-
mer by combining UPy motifs and slidable cross-linkers (poly-
rotaxane) in one system, conferring the elastomer with both
high toughness and autonomous self-healable properties at RT.
On the one hand, polyrotaxane could effectively dissipate
energy and lower the stress via the sliding behaviour of cyclo-
dextrins during the stretching process, leading to high tough-
ness. On the other hand, the quadruple H-bonding afforded
autonomous self-healability at RT owing to the dynamic and
fast bond exchange rate. Specifically, the representative sample
PUPR-5 exhibited a high fracture energy (x127.2 k] m™?),
toughness (77.3 MJ m*), and good healing efficiency (91%
after 24 h) at RT.

Thus, the UPy motif located on the backbone was well-
positioned to act as a cross-linker to react with other functional
monomers, leading to the design of high-performance SHPs for
meeting various fields. Meanwhile, the random distribution of
multiple H-bond complementarity and steric spacing endow
the resultant polymer an efficient self-healing performance,
this combination of properties allows these advanced compo-
sites to find numerous important cutting-edge applications.

2.1.2 UPy units on side chains. UPy units can also be
chemically bonded to the side chains of synthetic polymers.
For instance, Wang et al.®' recently reported the preparation
of novel dynamic H-bond cross-linked PSeD-U bio-elastomers
by grafting UPy units to poly(sebacoyl diglyceride) (PSeD).
Compared with chemically cross-linked PSeD, PSeD-U
showed stronger mechanical strength and adjustable elasticity.
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Notably, the cyclic tensile experiment suggested that the
PSeD-U elastomer with a stable three-dimensional network
structure is suitable for application in a mechanically dynamic
environment. Besides, the dynamic nature of H-bond cross-
linking endowed the PSeD-U elastomer with thermoplasticity
and self-healing capability.

Although some biocompatible materials exhibit mechanical
properties similar to that of natural tissues,® their ability to
simulate natural functional dynamics remains limited. Thus, to
overcome this challenge, Guo and co-workers®”> synthesized
similar supramolecular bio-elastomers that are highly tunable
mechanical by grafting UPy units in the elastic PGS backbone
(Fig. 2a). As shown in Fig. 2b, the mechanical properties of the
PGS-U elastomer increased significantly with an increase in the
content of UPy units. Due to the dynamic supramolecular
interactions, the resultant polymers exhibited efficient self-
healing. For instance, the scar at the damaged interface of
the PGS-3U polymer film was completely healed after 1 h at
55 °C (Fig. 2c). However, the construction of SHPs with desir-
able mechanical properties remains a significant challenge due
to the contradiction between the properties of fully dynamic
and mobile supramolecular chains required for self-healable
and strong interactions required for robustness. Inspired by the
molecular structure of the titin protein, Li and co-workers*®
designed a biomimetic transparent and healable elastomer
featuring UPy units as pendant groups (Fig. 2d). The hierarch-
ical H-bonding moieties resulted in the formation of a durable
network structure, endowing the elastomer with remarkable
mechanical properties and fast self-healable ability (Fig. 2e). In
addition, a healed PT-HM-U20 sample (37 mm diameter and
0.7 mm thickness) could lift a 10 kg dumbbell with only slight
deformation (Fig. 2f).
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Fig. 2 (a) Schematic of PGS-U polymer with UPy unit in its side chains and the preparation of supramolecular elastic film. (b) Stress—strain curves of
PGS-U film. (c) Optical microscopy images of scratch healing process of the PGS-U samples at 55 °C. (d) Modular structure of the composites (PT-HM-
Ux) with UPy unit in their side chains and illustration of their healing process and (e) typical stress—strain curves of the resulting elastomers. (f) Optical
microscopy images of PT-HM-U20 film before and after recovering at 90 °C for 5 min. The digital picture on the right shows that a healed PT-HM-U20

sample can lift a 10 kg dumbbell.
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Besides the above-mentioned work, researchers also improved
both the self-recoverability and toughness of SHPs by carefully
designing block copolymers containing H-bonded units. Inspired
by the structure of mussel cuticle, Yoshie et al.*” designed an ABA-
type triblock copolymer (PU-b-P(D-r-U)-b-PU) with high toughness
and superior self-recovery properties. The A-block was a short
homopolymer of UPy-functionalized norbornene and the B-block
was a long random copolymer formed by a flexible dodecanyl
norbornene and UPy-functionalized norbornene. With the protec-
tion of UPy units, this structure could effectively enhance the
toughness and strength of the final polymer. Specifically, the
PUy-b-P(D3p01-Uyg)-b-PU,, sample exhibited high toughness
(62 MJ m™®), strength (16.3 MPa) and outstanding self-
recovery. Similar bionic SHPs with ultra-high toughness were also
prepared in another work, in which environmentally adaptable
SHPs were prepared using PU and dopamine-modified graphene
oxide.*» Due to the dynamic and rapid reconstruction of the
quadruple H-bonds, the SHPs with inverse artificial nacre struc-
ture had excellent toughness (37.8 MJ m*) and high tensile
strength (10.3 MPa). Moreover, dopamine, as a binder, not only
improved the interfacial compatibility between the substrates, but
also increased the H-bond density to obtain an interwoven net-
work structure, which endowed the obtained SHPs with excellent
self-healable ability at RT (90%, 25 °C for 1 h).

As is known, the stiffness-ductility trade-off for polymeric
materials such as elastomers is a long-standing challenge that
has restricted the overall mechanical performance of soft
matter. Although there are some reports on avoiding this
trade-off, such as increasing the Young’s modulus without
sacrificing ductility, the design principles that can improve
both stiffness and ductility remain undeveloped. Recently, by
introducing a rational arrangement of UPy H-bonding units on
the side chains of a poly(dimethylsiloxane)-based model elastic
chemical network, Zhang et al.®® reported a novel elastomer
design that can surpass the stiffness-extensibility trade-off and
provide significant improvement in both parameters. Unfortu-
nately, the authors did not further investigate the self-healing
properties of the elastomer. The authors believed that the
introduction of UPy units and their microscopic distribution
is the key to simultaneously improving the extensibility and
stiffness. Specifically, H-bonding increased the crosslink den-
sity, and the H-bond clusters could act as nanoparticles, thus
effectively improving the modulus of the designed network.
Alternatively, due to the dynamic properties of hydrogen bond-
ing itself, the clusters could be rearranged during deformation,
thus providing high ductility without damaging the macro-
scopic sample. This newly designed guideline greatly improves
the understanding of how to tune the properties of polymers,
overcomes the limitations of existing methods, and also opens
up several areas for the future exploration and enhancement of
polymeric material performance.®® We predict that other fasci-
nating and even more complex examples will emerge in the
near future.

2.1.3 UPy units at chain ends. Besides the main chains and
side chains, the UPy units can be also chemically bonded to the
chain ends as terminal groups to form UPy-telechelic polymers.

This journal is © The Royal Society of Chemistry 2023
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In general, these telechelic polymers normally exhibit liquid-
like properties due to their lower molecular weight, weak chain
entanglement, and even branched-chain architecture.®® For
example, Weder and co-workers*® designed an optically respon-
sive supramolecular polymer glass based on trifunctional
low-molecular-weight monomers (Fig. 3a). Despite the low
molecular weight of the constituent polymer structural units,
this supramolecular polymer glass showed typical polymeric
behavior, including high stiffness and viscoelastic behavior in
the glassy state.

It was confirmed that the (UPyU);TMP film had a very high
stiffness via dynamic mechanical analysis, including high
room-temperature storage modulus of 3.65 £ 0.51 GPa and
flexural modulus of 3.04 £ 0.26 GPa (Fig. 3b). Additionally, the
high UPy unit content also renders the supramolecular
(UPyU);TMP glass with an excellent optical healing perfor-
mance. As shown in Fig. 3c, the damaged 300 um-thin amor-
phous (UPyU),;TMP coating layer was completely healed after
exposure to ultraviolet light within a short time of 12 s. How-
ever, the most important limitations of (UPyU);TMP are its high
brittleness and limited toughness, which should be improved
in subsequent studies.

Inspired by the structure of neurons, Mao et al.”" reported
the synthesis of a series of three-arm telechelic polyurea
elastomers with hierarchical H-bonds networks. Interestingly,
UPy terminates each arm and its length could be controlled
within a small range, and the mechanical properties of SHPs
could be readily tuned by adjusting the length of their arm.
Consequently, a thermoplastic telechelic polymer with excel-
lent notch resistance (187 kJ] m~2), high Young’s modulus of
97.9 MPa, and rapid self-healable ability (92%, 0.5 h) was
achieved. Briefly, this telechelic polymer presented high stiff-
ness and exceptional self-healing performances, which is attrib-
uted to the hierarchical H-bonds networks constructed by UPy
motifs and urea groups.

It is well-known that H-bonds are susceptible to water
molecules, which can lead to a gradual decrease in mechanical
strength or even loss of self-healing capabilities of H-bonding-
based SHPs under high humidity conditions. Taking advantage
of the broad and versatile chemistry of noncovalent interac-
tions, Yao et al.*® synthesized a novel silica-based material
composed of polyphase-assembled siloxane oligomers through
multivalent H-bonding (Fig. 3d). A high content of UPy units
resulted in a high cross-linking density, enabling the resultant
(UP),T film to exhibit a tensile strength of >5.0 MPa and high
elastic modulus of 47.39 MPa. The crystallizable and strong
multiple H-bonds were not only responsible for the mechanical
properties of the resultant silicone material, but also provided a
unique water-enhanced healing feature. Specifically, water
molecules in the environment are beneficial for the dissocia-
tion of the multivalent H-bonds by travel through the perme-
able siloxane network to achieve rapid healing. Consequently,
two pieces of samples could be firmly reunited in a water bath
(70 °C) and could withstand a weight of 1 kg without fracture
(Fig. 3e). Due to the dynamic high crosslink density and semi-
crystalline nature of the polymer, the mechanical strength of
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(a) Schematic illustration of the disordered supramolecular network structure of (UPyU)sTMP and its reversible, heat or light-induced dissociation.

(b) Representative dynamic mechanical analysis trace of (UPyU)sTMP, where the solid line represents the storage modulus and the dashed line represents
tand. (c) Optical healing process of a 300 mm-thin amorphous (UPyU)sTMP layer. (d) Multiphase design of self-healable siloxane oligomer (UP)sT and its
molecular structure. Upon absorbing water, the UPy units can be exchanged with water molecules (green dots) by the dissociation of UPy dimers. (e)
Photographs showing that the 1 g (UP)sT film can withstand a 1 kg counterweight after 5 min of contact healing in a 70 °C water bath.

the (UP);T films could be recovered even after 5 generation
cycles in water at 70 °C.

In conclusion, UPy motifs are the most commonly used H-
bond cross-linking units for the synthesis of H-bonding-based
SHPs due to their moderate association-dissociation constant
and easy synthesis. As discussed above, the formation of UPy
dimers leads to effective cross-linking and enhanced mechan-
ical performance in SHPs. However, it should be noted that the
introduction of UPy motifs does not ensure high mechanical
strength, ductility and toughness in the final polymer, which is
related to various factors, including the self-assembly manner
and conditions of the UPy motifs, as well as their crosslinking
density. For example, by incorporating small amounts of UPy as
reversible H-bonding side groups integrated with short spacers
to prevent aggregation, Anthamatten et al®' reported the
synthesis of a biocompatible soft material with a highly tunable
viscoelastic relaxation timescale. Therefore, when designing H-
bonding-based SHPs, multiple factors need to be considered to
simultaneously enhance both the toughness and strength
under the premise of ensuring self-healing in polymers.

2.2 Excessive H-bonding

Besides UPy units, currently, the incorporation of H-bond
clusters through chemical reactions is another essential

4006 | Mater. Horiz., 2023, 10, 4000-4032

strategy for the preparation of H-bonding-based SHPs. Unlike
the above-discussed UPy functionalized cross-linked SHPs
made of macromolecules, these systems are composed of a
mixture of oligomers with various associating groups, which
enable the formation of an H-bond cluster network by excessive
H-bonds. For example, when low-molecular-weight polymers
were cross-linked by dense H-bonds, mechanically robust and
readily repairable materials could also be produced.” Thus far,
most cross-linked polymers with H-bond clusters have been
designed by microphase separation®"*"°>°* or homogeneous
methods.**%%9

2.2.1. Microphase separation system. As is known, there is
an inherent paradox between dynamic healing and mechanical
stiffness. Specifically, strong interactions lead to increased
stiffness but less dynamic systems, while weak interactions
provide effective healing but yield relatively soft materials.’®
Consequently, considering the contradiction between dynamic
healing and mechanical properties, the microphase-separated
structure is frequently used.>**?*°® Generally, the microphase-
separated structure in SHP networks can be classified into a hard
phase and soft phase. Depending on the structure and properties
of different polymers, dynamic reversible H-bonds responsible for
self-healing can be designed in either hard or soft phases, which
will be discussed in this section.

This journal is © The Royal Society of Chemistry 2023
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Generally, most PUs composed of alternating soft segments
are formed by low T, polymers such as PDMS, PPG and
polytetramethylene glycol (PTMG), whereas hard segments
formed by the reaction of short-chain diols with isocyanates,
leading to a microphase-separated structure due to their great
difference in solubility parameters. The soft phase usually
exhibits high variability and plasticity, which means that they
can more readily form dynamic reversible H-bonds. The impor-
tance of structural design can be observed in the research by
Guan’s group.”*®?° For instance, they pioneered a TPE based
on novel multiphase design,* in which poly(acrylate amide)
(PA-amide) containing H-bonds as the soft segment was
responsible for the self-healing action and polystyrene (PS) as
the hard segment provided mechanical strength (Fig. 4a). Thus,
the Young’s moduli of resultant polymers were two orders of
magnitude higher than that of previously reported self-healing
thermally reversible rubber systems,’® showing mechanical
properties comparable to classic rubber. In addition, the H-
bonding brush polymer could self-heal spontaneously under
ambient conditions without introducing any external stimuli or
healing agents (optimal healing of up to 92% recovery) because
of the reversible H-bonding in the soft matrix (Fig. 4b).

This journal is © The Royal Society of Chemistry 2023

Subsequently, by replacing the PS hard phase with polymethyl-
methacrylate (PMMA), they synthesized another self-healing
TPE brush copolymer wvia atom transfer radical
polymerization.’® Notably, the PA-amide brush of the resultant
co-polymer was rich in dynamic H-bonding amide functional
groups and highly mobile, which endowed a good self-healable
performance to the materials at RT. Based on this multiphase
design, a series of triblock copolymers having glassy PMMA
blocks and dynamic H-bonding blocks was prepared by sequen-
tial ATRP.?® Compared to the above-mentioned PS brush copo-
lymer system, the PMMA triblock copolymer system exhibited
better mechanical properties with a higher tensile strength and
Young’s modulus, while maintaining a good self-healing per-
formance, which can be ascribed to the stronger interactions
between the hard PMMA microphases and soft PA-amide.

In addition to the unique design in the above-mentioned
studies, H-bonds can be also programmed into the hard phase
of a hard-soft multiphase system, which can be seen in PU or
polyurea. The programming of dynamic H-bonds into the hard
phase not only provides the necessary mechanical strength and
elasticity, but also exhibits autonomous self-healable and
exceptional toughness via the rapid rearrangement of the
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molecular network. For example, Bao et al>® reported the
synthesis of a tough and water-insensitive SHP through a
one-pot polycondensation reaction between a mixture of IPDI
and  4,4-methylenebis(phenyl isocyanate) and bis(3-
aminopropyl)-terminated PDMS (Fig. 4c). In this system, both
strong and weak cross-linking H-bonds existed in the hard
segment, conferring elastomer robustness, elasticity and self-
healing performance. Consequently, the resultant polymer film
showed exceptional mechanical properties, including high
toughness of 12000 ] m~? and notch-insensitive high stretch-
ability (1200%) (Fig. 4d). Remarkably, the healing process of the
elastomer could also occur in water, which is the first report of
an H-bonding-based elastomer that can self-heal in sweat or
water. As shown in Fig. 4e, the resulting polymer film could be
still stretched to 1100% strain after healing in water for 24 h.
In general, although the frozen hard domains endow the
polymer with elasticity and robustness, their also prevent the
autonomous RT self-healing performance. Meanwhile, a regu-
lar packing structure of bis-urea units in the hard segment
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also results in semi-crystallization, which impedes the activity
of the H-bonds. Considering this dilemma, Xu and co-
workers®® designed a reasonable preparation strategy, which
could destroy the crystalline behavior and active the H-bonds
within the hard segments at the molecular level. More impor-
tantly, the irregular self-sorting of the hexamethylene bis-urea
units and symmetric 4,4’-methylenebis(phenylurea) could
mutually disrupt their linear arrays, which contributed to the
formation of high-dynamic hard domains with amorphous
structures. Consequently, the PU elastomer not only showed
an optical transparency of over 94% and high tear-resistant
stretchability of 800%, but also possessed ultra-high autono-
mous self-healable capability, which could completely heal a
scratch within 100 s under ambient conditions.

In addition, the dynamic hard domain design concept can
also be observed in the research by Fu’s group.’™'°®'°! with
isophorone diamine (IDA) as the hard phase, they fabricated a
polyurethane-urea supramolecular composite (PPGTD-IDA) via
a one-step polycondensation route (Fig. 5a).” The resulting
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Fig. 5 (a) Design concept of the microphase separation structures and dynamic hard domains for the synthesis of PPGTD—-IDA polymer networks.
(b) Typical stress—strain curves of healed and original PPGTD—IDA films after healing for different times under ambient conditions. (c) Chemical structure
of the IPDI-SPU polymer. (d) Typical engineering stress—strain curves of the resultant elastomers measured at a strain rate of 0.069 s (ie., IPDI-
SPU1000, IPDI-SPU2000 and TDI-SPU2000). (e) Optical images of the damaged and healed IPDI-SPU2000 elastomer (left). Healed IPDI-SPU2000
sample (1.5 g) can bear a weight of 20 kg (right). (f) Engineering stress—strain curves of the IPDI-SPU2000 sample with and without notching. (g)
Engineering stress—strain curves of the IPDI-SPU2000 sample that underwent 1, 3 and 5 cycles of reprocessing.
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supramolecular elastomers possessed a unique combination of
ideal properties due to the integration of dynamic hard
domains consisting of hierarchical H-bonds into the supramo-
lecular network. For example, PPGTD-IDA displayed extreme
toughness of 42650 ] m™> (exceeding values compared to
previously reported values®”®) and outstanding notch-
insensitiveness. The damaged PPGTD-IDA film could comple-
tely recover its mechanical properties after healing for 48 h
under ambient conditions (Fig. 5b), showing repeatable healing
of its mechanical properties. In comparison, the healing effi-
ciencies of the reference polymers were only 11.63% (PPGTD-
HDA) and 0.1% (PPGTD-PDA), respectively, which further
proves the importance of the dynamic hard domain design in
the self-healing performance.

In the design of SHP structures, the asymmetric alicyclic
structure of IPDI is capable of forming loosely stacked hard
domains, which can improve the dynamic exchange of H-
bonds. Nevertheless, the amorphous hard domains in SHPs
usually do not provide satisfactory mechanical strength, which
greatly limits their practical application. The preparation of
PPGTD-IDA was used as a basis, and a novel hard domain
reinforcement strategy (at the molecular level) was further
proposed.’® In this strategy, IDPI is introduced in a mixture
of PPGTD and IPDA as the key reactant, and the mechanical
performance of the composites can be switched on demand by
merely changing the molar ratio of the reactants. Consequently,
the representative elastomer PPGTD,4-IPDA; ,-IPDl,¢ poOS-
sessed a remarkable fracture energy of 113,560 ] m > and a
record-high toughness of 503.3 MJ m ™, which is much higher
than that of PPGTD-IDA. All these prominent improvements
are primarily responsible for the unique structure of the IDPI-
modified hard domains. Regrettably, PPGTD, ,~IPDA, (-IPDI, ¢
did not show a satisfactory self-healing performance at RT or
moderate temperatures, but it could conveniently heal mechan-
ical scratches with the help of trace amounts of solvent.

Moreover, the incorporation of a more flexible alicyclic hexa-
atomic spacer rather than a rigid aromatic spacer in the design
of the SHP structure facilitated the formation of a higher
density of distinctive hard domains. For example, inspired by
spider silk, Sun et al.'> demonstrated a healable supramole-
cular PU elastomer formed by diisocyanates, hydroxyl-
terminated PTMG, and a dihydrazide chain extender.

The meticulously designed H-bonding segments were com-
bined between extendable polymer chains that polymerise to
form geometrically restricted arrays, similar to spider silk. As
illustrated in Fig. 5c, the hard segments consisted of urethane
moieties and multiple acylsemicarbazide, which were con-
nected by alicyclic hexatomic IPDI or aromatic tolylene-2,4-
diisocyanate (TDI). Compared with TDI, the structure of IPDI
was more flexible, facilitating the formation of a higher density
H-bond arrays, and thus more efficient dissipation of energy.
Consequently, the IPDI-SPU,,,, elastomer possesses a tensile
strength of up to 75.6 MPa, while still maintaining an elonga-
tion at break of =1520%, which is approximately two-
times higher compared to that of TDI-SPU, (Fig. 5d).
The pre-damaged IPDI-SPU,,, sample could even be stretched

This journal is © The Royal Society of Chemistry 2023
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to >14 times its originally length, exhibiting superb crack
tolerance (Fig. 5f). However, the cleavage/reformation of the
dynamic H-bond crosslinks relies on relatively high tempera-
tures for activation (70 °C). As shown in Fig. 5e, the fractured
IPDI-SPU,, elastomer could be conveniently repaired at 70 °C
for 48 h. Due to the dynamic cleavage/reformation of the
H-bonds, the elastomer retained its mechanical robustness
even after 5 cycles of hot-press processing (Fig. 5g).

In recent years, the concept of bionics has attracted increas-
ing interest from materials engineers. The feasibility of the
bionic structure design can be observed in the research by Fu’s
group.'®H1%%1% For example, some biological tissues, such as
the reticular layer of the human skin dermis, provide promising
ideas for researchers to the address conflict between the self-
healability and fatigue resistance of SHPs. Employing UPy
supramolecular motifs as phase regulators, they proposed a
molecular engineering strategy that transforms inherently fra-
gile materials with an island-like structure into soft self-
healable elastic materials with a bicontinuous nanophase
separation structure.'®® Notably, the UPy-modified dynamic
and continuous hard domains formed a repairable interlaced
nanofibrous network, similar to the reticular layer of animal
dermis, allowing the SHPs to exhibit tremendous improvement
in the fatigue threshold (34.8 times that of the pristine mate-
rial), thermodynamic stability (4 orders of magnitude enhance-
ment), and elastic restorability (maximum elongation for full
dimensional recovery increasing from 6 times to 13 times),
while maintaining autonomous self-healing properties (~99%
at RT). This universal strategy can be applied to other PU/
polyurea, providing advanced guidance for the further design of
high-performance self-healing soft materials. Inspired by the
structure of vascular smooth muscles, the same group devel-
oped a soft but tough self-healable polyurea (SSPUGIT) with
ultra-high dielectric permittivity (~14.57). By introducing gal-
lium-indium-tin eutectic alloy (Galinstan) micro-droplets with
a core-shell structure through molecular interfacial metal-
coordinated assembly, this biomimetic strategy overcomes the
trade-off between high fracture toughness and soft self-healing.
Consequently, the fracture toughness and crack-resistant strain
increased by 34.9 and 12.2 times, respectively, without sacrifi-
cing the softness of SSPUGIT.

Besides, implanting dynamic reversible H-bonds in both
a dispersed hard phase and continuous macromolecular
soft phase to prepare SHPs has also been proposed by
researchers.”® Using 1,1-thiocarbonyldiimidazole, PDMS, and
4,4'-methylenebis-(phenyl isocyanate) (MPI) as raw materials,
Fu and co-workers'® synthesized an ultra-stretchable and
efficient SHP. The introduction of thiourea moieties effectively
disrupted the crystallization of hard domains and the insertion
of reversible H-bonds in both the hard and soft segments,
conferring excellent self-healing properties to the SHP. Upon
damage, all the mechanical performances of the PDMS-MPI-TM
could completely be recovered after healing for 4 h at RT.
Encouragingly, the healing progress could also be carried out
in water or at low temperature (—20 °C). Additionally, benefit-
ting from the fast rupture/reformation of the multiphase
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H-bond pairs, the PDMS-MPI-TM film could be stretched to
>315 times its original length without fracture and reached a
notch-insensitive stretching of up to 18 000%.

2.2.2 Homogeneous system. Homogeneous systems are
usually enabled by the polymerization (usually includes copo-
lymerization and polycondensation) of small molecules with
similar solubility parameters, in which most of the monomers
participating in the reaction contain various associating groups
such as carboxyl, amino, and hydroxyl groups or carbon-carbon
double bonds. However, crystallization has always been an
unavoidable problem in the design of this type of composite,
which can inhibit the mobility of the polymer chain, thus
reducing both the self-healing performance and extensibility.

Based on fatty di-acid/tri-acid and diethylene tri-amine/urea,
Leibler et al.*® prepared a self-healable and thermoreversible
rubber via a sequential reaction (Fig. 6a). In this system, a
mixture of oligomers formed chains and cross-links by H-
bonds. It is noteworthy that the existence of different molecular
structures limited the crystallization of the final polymer chain.
Consequently, the properties of the plasticized polymers were
very similar to rubber, exhibiting a breaking strain exceeding
500% and tensile strength of 3.55 MPa (Fig. 6b). Significantly,
this cross-linked polymer also exhibited unique RT self-healing
properties due to the presence of multiple H-bond interactions
(Fig. 6¢).
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Although supramolecular rubber containing numerous phy-
sical cross-links shows an excellent self-healing performance,
their resistance to creep and solvent is limited by the absence of
chemical cross-links. Accordingly, increasing both H-bonding
and chemical cross-links has proven to be an ideal strategy to
solve this problem. By introducing two epoxy monomers,
Tournilhac and co-workers'®® reported the synthesis of a fused
chemical platform, which could provide an increased quantity
of chemical crosslinks without altering the concentration of H-
bonding groups. The results showed that the incorporation of a
tetrafunctional epoxide in the presence of 2-methylimidazole
could significantly improve the creep resistance of the material.
In addition, all the supramolecular elastomers exhibited a good
self-healing performance (>50%). Nevertheless, these self-
healing supramolecular rubbers did not perform well in terms
of mechanical strength. Here, Weitz and co-workers®* demon-
strated a self-healable, tough dry elastomer, which successfully
integrated reversible H-bonds and permanent covalent cross-
links into a hybrid polymer network. Randomly branched
polymers linked these two types of bonds, forcing them
to mix at the molecular level without co-solvents. Consequently,
this integration enabled the hybrid network to dissipate
energy at multiple length scales, showing excellent toughness
with a tensile strength of ~12 MPa and fracture energy of
13500 ] m > Therefore, the appropriate introduction of
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Fig. 6

(a) Synthesis pathway. A mixture of oligomers (i.e., compound A) possessing complementary H-bonding groups (H-bond donors are shown in

green and acceptors in red) is prepared via the condensation between a mixture of fatty triacid and diacid with diethylene triamine, and then reacted with
urea. (b) Typical stress—strain curves of as-prepared compound A rubber after plasticizing with 11% w/w dodecane (i.e., compound B). Inset shows the
linear relationship between the cross-sectional area and inverse of the tensile strain. (c) stress—strain curves of compound B at 40 °C after different
healing times. (d) Chemical structure of poly(ether-thioureas) with different glycols and long-chain alkanes as spacers. (e) Scheme of the different H-
bonding patterns of urea and thiourea groups. (f) Stress—strain curves of TUEG,, TUEGs, TUCg, TUC;,, and UEGs.
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covalent crosslinks in the reversible network is an ideal strategy
for improving the mechanical strength of SHPs.

Besides supramolecular rubbers and elastomers, mechanically
robust materials with homogeneous systems have also been
developed by researchers. For example, Aida and et al.* designed
a series of low-molecular weight polymers by implanting numer-
ous nonlinear zigzag thiourea units in a poly(ether-thiourea)
network (Fig. 6d and e). The in-depth crystallographic study
showed that the thiourea groups as H-bonding motifs mostly
formed nonlinear zigzag H-bonded arrays in both ¢rans/trans and
cis/trans conformations, while the linear arrays of H-bonded urea
units formed only a trans/trans conformation. Although TUEG,
and TUEG; contained dense H-bonding thiourea units, they could
still anomalously form amorphous materials. Compared with its
reference polymers (TUCg, TUC;,, and UEG;), TUEG; demon-
strated the best mechanical performance, including a breaking
strain of up to 393% =+ 5% and a high elastic modulus of 1.4 GPa
(Fig. 6f). In addition, the mechanical strength of TUGE; could be
completely recovered after healing at RT.

However, the self-healing process of most SHPs cannot take
place below the T, due to the restricted diffusion of molecules
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in their cross section. Although Aida and co-workers demon-
strated that self-repairing below T, is feasible for SHPs," the
lack of substitution strategies severely limits the range of glassy
polymers with RT ductility. Accordingly, Wu and co-workers®*
prepared a class of self-healable glassy polymers with hyper-
branched structure (Fig. 7a), which possessed high density of
multiple H-bonds. The dynamic mechanical analysis showed
that the resultant polymer (RHP-1) possessed the highest
storage modulus (2.7 GPa) at 25 °C (Fig. 7b). The hyper-
branched structure endowed the branched units and terminal
groups with high mobility and effectively avoided the ordered
build-up of molecular chains. Consequently, the glassy poly-
mers showed amazing room-temperature self-healing ability. In
particular, the instantaneous self-repair within 1 min allowed
the tensile strength to be recovered to 5.5 MPa without any
intervention from external stimuli. Therefore, this unique
strategy has guiding significance for the design of other
branched polymers and dynamic bonds. Here, Fu et al’’
synthesized a new type of glassy polyurethane (GPU) consisting
of low-molecular weight oligomers containing numerous loose,
weak H-bonds (Fig. 7c). The existence of abundant H-bonds
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within the network endowed GPU with a tensile Young’s
modulus of about 1.56 GPa and T, value of 36.8 °C under
ambient conditions (Fig. 7d). In addition, owing to the high
steric hindrance of the IPDI asymmetric alicyclic structure,
their urethane parts possess high molecular mobility in the
glassy state, even at temperatures below T,. Consequently, the
tensile strength of GPU could recover to7.74 MPa after healing
for only 10 min, showing a fast RT self-healable performance.
Remarkably, the GPU specimen could fully recover when the
healing time was extended to 60 min (Fig. 7e). Thus, the
proposed design concept paves the way for the development
of room-temperature SHP glasses.

In addition to the aforementioned condensation reactions,
copolymerization reactions such as free radical polymeriza-
tion®®'”” and photoinitiated copolymerization'®*'** have been
extensively used for the preparation of SHPs. For example, by
introducing N-(hydroxymethyl)acrylamide as a thermocatalytic
self-crosslinker and n-butyl acrylate (BA) as a soft hydrophobic
material in a soft polymer system, Chiu and co-workers designed
an elastic, transparent and autonomously self-healing random
copolymer.’® A highly efficient self-healing performance and
stronger mechanical properties were obtained by simply tuning
the monomer ratios and varying the self-cross-linking reaction
conditions. Remarkably, the self-healing properties could still be
maintained underwater due to the hydrophobic nature of PBA in
the copolymer system. Similarly, Dong et al>® designed and
synthesized a self-healable supramolecular adhesive via the ran-
dom copolymerization of BA and acrylamide. While retaining the
good leveling properties of polyacrylamide in solution, the quan-
titative introduction of BA controllably tuned the T, of the
copolymer and created a high density of H-bond donors and
receptors, enabling supramolecular repair to proceed at a rela-
tively low temperature.

As a new type of polymerizable ionic liquid with the advan-
tages of green fabrication, excellent biocompatibility and post-
treatment-free synthesis, polymerizable deep eutectic solvents
(PEDSs) are considered promising polymerizable monomers for
the preparation of SHPs. Based on the in situ photopolymeriza-
tion of maleic acid (MA)/ChCl-type and acrylic amide (AAm)/
choline chloride (ChCl)-type polymerizable PDES commoners,
He and co-workers'®® reported the synthesis of a transparent,
anti-freezing, and self-healable elastomer (Fig. 7f). To introduce
H-bonds in the PDES networks, AAm and MA molecules could
serve as H-bond donors, while ChCl was used as the H-bond
acceptor.

Indeed, the carboxyl group of the MA molecule terminal
could build H-bonds with the hydroxyl group and amino groups
on the monomer molecule, respectively. Consequently, the
resultant elastomer displayed excellent autonomous self-
healing capacity, which could occur in a wide temperature
range of —23 °C to 60 °C (Fig. 7g). It should be noted that the
hypermolecular network elastomer also demonstrated a fast
self-healing performance with an efficiency of up to 94% within
only 2 s.

Besides low-temperature resistance,'"! researchers also
made pioneering efforts for the development of adaptive SHPs

1
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in acidic and alkali environments.""*> However, these SHPs rely
on synthetic chemistry often involving a large number of
organic solvents such as diethyl ether, chloroform and
acetone.’'™'"3 In addition, small organic molecules can easily
access the interior of the polymer networks, leading to inevi-
table dissolution or swelling and destruction of their physical
and chemical properties in an organic solvent environment.
Therefore, it is necessary to prepare SHPs with multifunction-
ality and enhanced adaptability in harsh organic solvent envir-
onments. Similar to previous work,'® He’s group'® designed
another type of supramolecular elastomer with remarkable
organic solvent insensitivity via the photoinitiated copolymer-
ization of MA/ChCI and acrylic acid (AA)/ChCl-type PDESs.
After 2 min of in situ photopolymerization, the prepared
elastomer showed high optical transparency (x93%) and
stretchability (strain up to 1450%). Moreover, the hydroxyl
and carboxyl groups among the binary building blocks
endowed the obtained elastomer with highly reversible syner-
gistic H-bonding interactions, showing self-healing efficiency
up to 91.5%. Notably, this multiple H-bonding interaction
could also withstand harsh conditions, and thus the healing
process could even be carried out in various organic solvents.

3 Electronic applications of H-bond
cross-linked self-healing polymers

With the inherent benefits of self-healing, mechanical flexibil-
ity and lightweight, SHPs have received widespread attention
from academia and industry as active materials in energy
devices and flexible electronics.**'™ These material innova-
tions have enabled the rapid development of various types of
self-healing electronic devices. To date, scientists have devoted
great efforts to integrating self-healing features (for repairing
mechanical integrity and restoring their functions and device
performance) in flexible electronics to considerably increase
the durability and prolong the lifespan of these devices, thereby
reducing the economic cost and electronic waste."'*""” Bene-
fiting from their prominent self-healable and mechanical
robustness features, H-bond cross-linked SHPs have been
extensively exploited as self-healing materials in a variety of
energy and electronic devices. In this section, we summarize
the discussion by dividing self-healing devices into three cate-
gories according to their different functions including energy
harvesting devices,”>° energy storage devices*""**™®* and flex-
ible sensing devices.?*%*¢”

3.1 H-Bond cross-linked SHPs for energy conversion devices

Integrating self-healing technology into energy conversion
devices can provide devices with the ability to operate indepen-
dently and sustainably, which is of great significance for the
next generation of smart electronics. In this section, we over-
view the application of H-bond cross-linked SHPs in energy
conversion devices, including TENGs, perovskite solar cells and
thermoelectric generators (Table 1).
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Table 1 Summary of recent H-bonding-based SHPs for energy conversion devices

Healing
conditions

Usage Characteristics Ref.

Self-healing matrix SHP type Format of damage
Self-healing TENGs

Extremely stretchable  Microphase separa- Mechanical damage
PU tion system (complete bifurcation)
Linear silicone modified Microphase separa- Cut

PU tion system

uPDMS Microphase separa- Cut

tion system
PDMS elastomer Microphase separa- Cut
tion system
Microphase separa- Cut
tion system

Fluorinated poly (ure-
thane urea)

Telechelic polyurea UPy units at chain  Cut
ends

Self-healing perovskite solar cells

TUEG; Homogeneous Scratch
system

AD-23 Homogeneous Crack
system

Self-healing thermoelectric generator

Ternary composite — Cut

Photothermal conver- — Cut

sion elastomer

3.1.1 Triboelectric nanogenerators. The integration of
energy conversion functions into smart flexible electronics
endow afford devices with the ability to operate sustainably,
which is of great importance for the next generation of smart
electronics. TENGs are energy supply devices that convert low-
frequency, irregular mechanical energy, which is widely avail-
able in the natural environment, into electrical energy by
utilizing the coupling of triboelectrification and electrostatic
induction effect. As emerging energy conversion technology,
TENGs have been widely used in various advanced smart
portable/wearable electronic devices.'”>'** However, continu-
ous friction during the process of collecting mechanical energy
would inevitably cause wear or damage to the friction layer of
the device, thus reducing its stability and output performance.
Thus, to improve the durability of TENGs, SHPs with high
tensile and high strain are integrated into TENGs to restore
surface fatigue and repair physical damage. Currently, H-
bonding-based SHPs (non-gel type) are mainly focused on the
friction layer of TENGs to afford the repair function.

As mentioned above, PU is a multi-segmented polymer with
soft-hard alternating chain units in which dynamic reversible
H-bonds responsible for self-healing can be designed in either
hard or soft phases. Its appropriate medium friction electro-
negativity (~ —1.87 V) allows it to be used as a positive/negative
friction layer, providing a flexible alternative for the fabrication
of self-healable friction layers.>>>® For example, Lee et al.>’
designed an extremely stretchable (with tensile strength
of >1.5 MPa and high strain of 2500%) and healable TENG
by using polyurethane acrylate (PUA) elastomers as the tribo-
electric layer (Fig. 8a). To address the problem of interfacial

This journal is © The Royal Society of Chemistry 2023

100 °C, 24 h Friction layer

RT, 30 min Friction layer

60 °C, 48 h  Friction layer

70 °C, 5 min Supramolecular

Good conductivity (6250 S em™*), 55
high stretchability of 2500%,

With a short-circuit current of 56
31.9 pA and output voltage of
517.5V

90 °C, 1 h  Friction layer Triboelectric current (12.1 + 1.5 57
nA), triboelectric voltage (403.9 +
46.2 V)

RT, 72 h Friction layer Transparent, tough (16 500 J m~>) 118

With a high output power density 119
of 2.75 Wm™?

100 °C, 30  Friction layer With a V,. of 52 V and circuit 90
min current of 0.5 pA (3 x 3 cm?)
100 °C, 1 h  Self-healable matrix Retains 94% PCE even after 3000 120

cycles
PCE on flexible substrates >20%, 58

adhesive PCE on rigid substrates ~21.99%
RT, — Thermoelectric With a power output of 12.2 nW, 59
composite retains >85% initial power out-
put after repetitive self-healing
cycles
RT, 5 min  Photothermal con- With 68.08 mV voltage under a 121

2

version materials  solar power of 200 mW cm™

compatibility between the triboelectric layer and conductor and
weaken the modulus mismatch between them, silver flakes and
liquid metal were doped in the PUA matrix for conductive self-
healing PU. Liquid metal particles are distributed throughout
the PUA network to provide the required electrical anchor
among the separated silver flakes, resulting in good electrical
conductivity under extreme stretching. Consequently, the pre-
pared self-healing TENG could obtain electrical properties even
at high strains of 2500% (Fig. 8b) and also withstand 500 cycles
of 1000% strain, showing outstanding tensile and tensile
fatigue resistance. Benefiting from the reversible breaking
and reorganization of dynamic multivalent H-bonds in the
PUA network, the TENG could recover its energy-harvesting
properties after severe mechanical damage (Fig. 8c). In addi-
tion, by utilizing a linear silicone-modified PU coating as a
positive triboelectric layer, Wang et al.’® reported a novel self-
healing TENG. Upon suffering abrasion, the broken PU polymer
chains in the friction layer would gradually be cross-linked
again via H-bonding to achieve self-healing. Specifically, the
output performance of the self-healing TENG could recover its
initial value even after 4 cycles of cutting-repairing procedures
(30 min at RT).

Besides PU, PDMS is also a promising candidate for the
preparation of friction materials owing to its good flexibility,
excellent wear resistance and strong electron attraction ability.
In Section 2.2.1 we mentioned that PDMS with low T is usually
incorporated as soft segments in H-bonding-based SHPs.
Ko et al® developed a single-electrode self-healing TENG
with triple-layer configuration using self-healable PDMS
polymer films prepared via the urea bonding reaction of
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Fig. 8 (a) Schematic diagram of the stack of the stretchable and self-healable TENG, where PUA is used as the negative friction layer. (b) Output voltage

of stretchable and self-healable TENG under different uniaxial strains and (c) before and after healing. (d) Schematic of interactions between TUEG3z and
MAPDIs perovskite (left). Optical images of the MAPbIs/TUEGs composite film before and after healing (right). (€) Normalized PCE of the self-healable
perovskite solar cell in a bending cycle with a radius of 5 mm and (f) in a bending step with a radius of 1.5 mm for 50 times and repairing steps at 85 °C for
30 min. (g) Schematic of self-healable thermoelectric generator device comprised with six legs of ternary composite film. (h) Changes in ¢S for the
ternary composite film under different tensile strains before cutting and after cutting and reattachment. (i) Normalized power output of healable

thermoelectric generator versus number of cuts.

amino-functionalized PDMS with IPDI as a negative friction
layer. Based on the dynamic reversible H-bonding in the poly-
mer network, the proposed TENG not only exhibited excellent
frictional electrical properties, but also showed good self-
healing ability to ensure continuous device operation even after
multiple scratches on its surface. After healing at 90 °C for 1 h,
the frictional damage caused by sandpaper (with 1 N loading
force) on the TENG surface could completely recover and
maintain the original output performance. However, the nature
of siloxane bonds and low inter-chain interactions led to low
strength and low fracture energy of PDMS-based composites
under external pressure. Given that the persistent operation of
TENGs requires continuous mechanical interaction of dielec-
tric materials, it is necessary to develop self-healing friction
layer materials with high strength, stretchability and tough-
ness. He et al.''® fabricated a series of ultra-high toughness,
transparent and autonomous self-healable PDMS-based elasto-
mers by adopting a strategy of combining hierarchical H-

4014 | Mater. Horiz., 2023, 10, 4000-4032

bonding kinetics with phase-separation-like structures. The
mechanical properties could be tuned by simply changing the
mole ratio of bis(hydroxyalkyl)-terminated PDMS and amino-
functionalized PDMS during the synthesis process. On the one
hand, the H-bond-rich domain ensured the strength and rigid-
ity of the material given that it required more energy for
dissociation. On the other hand, the H-bond-poor domain
could rapidly dissipate stress through reversible bond breakage
and reorganization, leading to high stretchability and tough-
ness. Finally, a transparent, tough (16500 ] m~?) and self-
healable TENG (healing efficiency up to 97%) was achieved by
combining the prepared PDMAS-U10 as a conductive layer.
Although the integration of self-healing capabilities has
improved the damage tolerance and durability of TENGs to a
certain extent, from the perspective of practical applications,
the fabrication of self-healing friction layers with high frictional
electrical properties, high mechanical strength, high healing
efficiency and high chemical stability is still a pressing
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challenge to be solved. Herein, using hexadecafluoro-
decanediol (HFDD) as a chain extender to react with
isocyanate-terminated PDMS prepolymer, Sun et al.'* designed
and synthesized a self-healing fluorinated poly(urethane urea).
The use of HFDD not only improved the mechanical strength
(tensile stress of 4.18 MPa) of the composite, but also exhibited
a better triboelectric performance than PDMS and PTFE. Based
on the abundance of dynamic reversible H-bonds in the net-
work, the polymer films could repeatedly repair damages under
heating at 60 °C, showing excellent self-healing ability. Finally,
a completely self-healing TENG with an output power density of
2.75 W m~> was achieved by sandwiching a self-healable
ionogel with the self-healing fluorinated poly(urethane urea).
Notably, the TENG exhibited a reliable electrical output perfor-
mance even under extreme environments.

3.1.2 Perovskite solar cells. Solar cells are energy conver-
sion devices that convert light energy directly into electricity
through photovoltaic or photochemical effects. Among the
various solar cells, lead halide perovskites have attracted tre-
mendous research interest in the past decade due to their
advantages of low fabrication cost, good stability, environmen-
tal friendliness, and high power conversion efficiency (PCE)
(>25%).">*"*> However, despite their satisfactory PCE, there
are still many obstacles and challenges before perovskite solar
cells (PSCs) can be employed in practical applications, espe-
cially their long-term stability. As is known, the degradation of
lead halide perovskite materials in the presence of ultraviolet
light, oxygen and moisture is main issue limiting the long-term
stability of these cells. To date, researchers have devoted
enormous efforts to addressing the stability issues. Fortunately,
the rapid development of self-healable technology offers a
promising approach to enhance the durable stability of PSCs.

To address the issue of stability, SHPs are introduced into
PSCs to repair their mechanical damage and enhance their
resistance to environmental degradation. However, combining
perovskite materials with an ordered crystalline or semi-
crystalline structure with amorphous SHPs is a significant
challenge for researchers."”® As mentioned before, Aida et al.*
designed a series of low-molecular weight polymers (ie.,
TUEG;) by implanting numerous nonlinear zigzag thiourea
units into a poly(ether-thiourea) network. Based on this, Dou
et al."*° prepared a self-healing hybridized perovskite via the
slight modification of TUEG; using amine termination and
incorporating it into polycrystalline methylammonium lead
iodide (MAPbI3) wusing secondary-bonding interactions
(Fig. 8d). The nonlinear zigzag array of H-bonds formed
between the thiourea groups made TUEG; mechanically robust
but readily repairable. Moreover, the secondary-bonding inter-
actions could effectively promote the re-joining of distant
perovskite grains and facilitate the healing of large cracks. As
shown in Fig. 8d, the hybrid perovskite film with a polymer
concentration of >2.1 wt% could repair a 6 pm-wide crack after
healing (100 °C) for 1 h under a nitrogen atmosphere. Flexible
solar cells using the TUEG; (6.0 wt%)-MAPbI3 composite as the
active layer could achieve a PCE of 8.9% and retained 94% of its
initial performance after 3000 bending cycles at a 5 mm radius

This journal is © The Royal Society of Chemistry 2023

View Article Online

Materials Horizons

(Fig. 8e). Notably, even after 50 bending cycles at a 1.5 mm
radius, the PCE of the TUEG;-6.0 wt% device could be recovered
to 80% of its initial value after annealing at 85 °C (Fig. 8f). This
self-healable perovskite solar cell design strategy paves a new
path for the development of wearable energy harvesting
devices.

Meanwhile, the use of thermal dynamic self-healing supra-
molecular dopants has also been proposed as an alternative
solution for improving the performance and stability of flexible
PSCs. Dong et al.>® reported the synthesis of a self-healable
functional polymeric adhesive (AD-23) via the random copoly-
merization of acrylamide and BA, which had a high density of
H-bond donors and receptors. Benefiting from the supramole-
cular passivation effects and amphiphilic nature of AD-23, the
flexible PSCs containing this functional adhesive achieved a
PCE of more than a 20% on flexible substrates, with improved
electron mobility and bending resistance. In addition, the
damaged grain boundary cracks of the AD-23-modified PSC
samples could be greatly repaired after heating at 70 °C for 5
min. Thus, this low-temperature self-healing effect could
ensure their high stability even under the aging conditions of
85 °C/85% relative humidity.

3.1.3 Thermoelectric generators. Considering that thermo-
electric devices can directly convert heat into electricity through
the thermoelectric effect, they have attracted considerable
attention in the field of energy conversion and are one of the
most appealing energy conversion devices available. Specifi-
cally, thermoelectric materials can form an electrical potential
difference under a temperature gradient, thereby generating
electricity by charge diffusion. In general, the performance of
thermoelectric materials is evaluated using the dimensionless
figure of merit, ZT = 6S>T/k, where S, T, ¢ and k are the Seebeck
coefficient, absolute temperature, electrical conductivity, and
thermal conductivity, respectively.'” Compared with inorganic
thermoelectric materials (i.e., PbTe and Bi,Te;), organic ther-
moelectric polymers are currently ideal candidates for the
fabrication of flexible thermoelectric devices due to their good
mechanical flexibility and plasticity, which allows efficient
energy conversion directly from irregularly shaped heat
sources.”® However, repeated and continuous mechanical
stress damage during the process of energy harvesting tends
to generate localized defects in their components, thus leading
to a steady degradation in thermoelectric performance. There-
fore, self-healing functional composites have been developed
to endow flexible thermoelectric devices with the ability to
restore the thermoelectric performance and repair mechanical
damage.

To date, the main direction for the preparation of self-
healing thermoelectric devices is the combination of thermo-
electric materials and SHP substrates. For example, Baran and
co-workers® demonstrated a stretchable and self-healable ther-
moelectric generator based on a ternary composite (Fig. 8g).
The ternary composite was comprised of dimethyl sulfoxide-
mixed poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate
with polymeric surfactant (Triton X-100) as the soft matrix.
Interestingly, the free-standing composite film still provided
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stable thermoelectric properties during 35% tensile strain
without affecting the conductivity and Seebeck coefficient
(Fig. 8h). Based on the combination of H-bonding in Triton
X-100 and viscoelasticity of the composite film, the damaged
areas on the surface of the thermoelectric generator could be
effectively healed and reattached, recovering its thermoelectric
performance autonomously. Consequently, the prepared 3D-
printed thermoelectric generator maintained more than 85% of
its initial output power even after repeated cuts (Fig. 8i).

Recently, photothermal conversion elastomer composites
have shown great potential for applications in thermoelectric
conversion. The use of PU or natural rubber (NR) as the matrix
combined with functional fillers is one of the facile strategies
for the preparation of photothermal conversion composites. Lu
et al.'*' prepared a fast self-healable, photothermal elastomer
through multiple H-bonding interactions among NR, polydo-
pamine, and cellulose nanocrystal. The formation of multiple
H-bonding networks endowed the elastomer with rapid and
spontaneous self-healing capability, with a strain recovery rate
of 92.2% within 5 min. Meanwhile, the elastomer also exhibited
good and stable photothermal conversion performance (49.7%)
due to the introduction of the photothermal agent PDA.
Encouraged by these features, the authors demonstrated a solar
thermoelectric generator by combining the elastomer compo-
site film with a thermoelectric module and a cooling system. As
the power density of solar energy increased from 50 mW cm >
to 200 mW cm™ >, the voltage generated by the thermoelectric
generator increased from 36.33 mV to 68.08 mV.

3.2 H-Bond cross-linked SHPs for energy storage devices

With the rapid development of novel electronic devices, energy
electronic devices with high-performance and high-stability
have attracted increasing interests. In this section, we focus
on two different types of energy storage devices, i.e., lithium-ion
batteries (Li-ion batteries) and supercapacitors (SCs) (Table 2).

3.2.1 Lithium-ion batteries. High-performance recharge-
able Li-based batteries have a profound impact on the devel-
opment of the global smart electronics field, also
revolutionizing the way we live, with enormous convenience.
However, in Li-based batteries, mechanical fracture of polymers
(including binder, coating and polymer electrolyte) inevitably
occurs inside batteries over the repeated charge/discharge
processes, thereby significantly reducing their cycling lifetime.
Accordingly, the use of SHPs as a substitute is one of the most
promising strategies to solve this problem in Li-based batteries
given that they can spontaneously repair the mechanical
damage or cracks, greatly enhancing their electrochemical
performances. Table 1 summarizes the recent H-bond-based
SHPs for Li batteries, comparing their healing conditions,
usage, performance, and performance after healing.

3.2.1.1 Si Anodes. Binders integrating desired mechanical
properties, remarkable adhesion strength and good electroche-
mical stability play an extremely important role in Li batteries,
which bind the electrode components to build a strong elec-
trode and adhering the electrode to the current collector.’** In
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the case of Si, it possesses high theoretical capacity and can
charge at an extremely low operating voltage (0.4 vs. Li/Li"),
showing great promise to replace graphite as a next-generation
high-energy density Li battery anode material. Nevertheless, the
major issue associated with Si anodes is the drastic volume
change during repeated lithiation/delithiation processes,
resulting in the formation of cracks or even pulverization.
Hence, it is of great significance to explore self-healing elastic
adhesives that can adapt to volume changes.'*®

For instance, Bao et al.*" first used an H-bonding-based SHP
to alleviate the volumetric expansion of electrodes. Specifically,
a self-healable Si anode was prepared by coating a thin layer of
self-healable supramolecular rubber on Si microparticles. This
cross-linked reversible network endowed the SHP with excellent
mechanical stretchability, allowing the polymer to adapt to the
bulk expansion of the Si particles, thus avoiding irreversible
damage (Fig. 9a). Unlike traditional binders (alginate, sodium
hydroxymethyl cellulose and polyvinylidene fluoride), this heal-
able binder could repair micro-cracks by eliminating mechan-
ical stresses arising from volume changes through the
synergistic action of internal urea-based H-bonds. Meanwhile,
it presented a specific capacity as high as 2617 mA h ¢”* and
excellent cycling performance at 0.1C (Fig. 9b). Besides the self-
healable performance, interfacial adhesion between Si particles
is another important parameter in maintaining battery integrity
during cycling processes. However, directly coating the SHP on
the surface of the Si particle layer cannot achieve this goal.
Therefore, a high Si mass loading and long-term cycling
stability have not been obtained to date. Based on the above-
mentioned issues, various self-healing Si electrodes have been
further systematically investigated and developed by Bao and
co-workers.*>*3°%51 A novel strategy that distributed the three-
dimensional (3D) SHP in the Si particle layer was proposed to
maintain low cost and high cycling stability (Fig. 9¢).*® After
blading repeatedly under heating conditions, the 3D spatial
distribution of CB/SHP in the Si electrode can be clearly seen.
Unlike coating the SHP only on the top of Si electrodes, the 3D
spatial distribution provides a faster repairing response due to
the relatively short diffusion distance of the SHP into the
resulting fracture sites. Additionally, the SHP was used as a
binder between the current collector and active materials to
ensure good electrochemical contact throughout the composite
electrode. Consequently, the 3D distribution mode could form
a solid interface between the SHP and Si particles, resulting in
the more prominent cycling stability of the composite
electrode.

In addition to excellent cycle stability and high capacity, a
high rate performance (>0.5C) is also extremely relevant for
the practical application of Si anodes. Although some new
polymer binders such as cross-linked polymers,'**** alginate
binders'*® and natural gums'’ have also been shown to
enhance the cycle life of Si nanoparticle electrodes, their poor
mechanical stretchability and relatively weak interaction with
Si particles cannot provide stable electrode operation for Si
microparticles. By incorporating PEG in the SHP, the same
group®® described a novel self-healing polymeric binder for the
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Performance after

Polymer matrix SHP type Format of damage conditions  Usage Performance healing Ref.
Self-healing Li-ion batteries
SHP Homogeneous Cut RT, <60 s Binders 2617 mA h g ' at 0.1C — 41
system 80% after 90 cycles
SHP Homogeneous Binders 2620 mA h g~ at 0.05C — 60
system 80% after 500 cycles
SHP Homogeneous Scratch RT, 3 h Binders 1625 mA h g ' at 0.5C — 61
system 80% after 150 cycles
SHP Homogeneous Scratch RT, <1h  Binders 2212 mA h g " at 0.1C 19244 mAhg ' 128
system 91.8% after 100 cycles after 25th cycle after
4th healing
PAA-P(HEA-co-DMA) — Cut RT, 10 min  Binders 2552mAhgtat01Ag ' — 129
93.8% after 220 cycles
SHP Homogeneous Cut RT, 30 min  Binders 719mAhg 'at01Ag"’ — 42
system 81% after 100 cycles
PAA-UPy UPy units at side Cut RT, — Binders 4194 mA h g ' at 0.2C — 130
chains 62.89% after 110 cycles
PVP-PEI — Scratch RT, 24 h Binders 898.6 mAh g ' at1C — 131
67.68% after 450 cycles
PDMS-MPD-TM Microphase separa- Scratch RT,4h Interlayer ~ 722.7 mA h g™ " at 0.2C — 105
tion system 67.1% after 100 cycles
SHP Homogeneous Artificially created RT, 60 s Protective 1 mA h ecm™ at 1 mA cm™> for 132
system pinhole coating 180 cycles
PEO-UPy UPy units at side Cut RT, few Protective 10 mAhecm ?at5mAcm > — 133
chains minutes layer for 1000 h
PEGMA-UPyMA UPy units at side Cut RT,2h Electrolyte 157 mAh g ' at 0.1C at 60 °C 155 mAh g ' at 134
chains 91% after 100 cycles 0.1C at 60 °C; 91.6%
after 80 cycles
P(NH,-PEG-NH,-co- Microphase separa- Cut RT, 60 s Electrolyte 147.9 mA h g™ ' at 0.1C — 135
TPU) tion system 90% after 100 cycles
P(PEGMA-co- UPy units at side Cut RT, 30 min  Electrolyte 145 mA h g~ ' at 0.2C at 60 °C — 136
UPyMA)-SiO,-UPy  chains 95.8% after 60 cycles
SHP Homogeneous Crack RT,1h Electrolyte 1 mAhcm 2?at20 mAcm > — 137
system for 1500 cycles
157 mAh g ' at 0.2C
99.4% after 120 cycles
Self-healing SCs
SHP Homogeneous Cut RT, 5 min  Substrate 35Fg 'at1Ag ' ~85.7% (30 Fg™") 62
system ~100% after 1000 cycles at  after 5th healing;
5Ag " 96.4% after 1000
cyclesat 5 A g™*
SHP Homogeneous Cut RT, — Substrate 140 Fg 'at 0.33 A g™’ 92% (128.8 Fg™') 63
system after 1st healing
Self-healing PU Microphase separa- Cut RT, — Protective 259 mFcm Zat 10 mV s ' 54.2% after 3rd 138
tion system shell 82.4% after stretching 100% healing
strain
Self-healing PU Microphase separa- Cut RT, — Protective  34.6 mFcm™ > at1 mV s~ 81.7% after 5th 139
tion system shell 91% after 150 000 cycles healing
VSNP-PAA — Cut RT, — Electrolyte >200F g 'at10 mV s * ~100% after 20th 140
healing
MGO-PAA — Cut RT, — Electrolyte 56 Fg 'at1Ag’ 80% after 3rd 141
healing
PVA-H,SO, — Cut RT,1h Electrolyte 15.82mF cm 2 at 0.044 mA ~80% after 5th 142

cm

healing

preparation of low-cost Si particle electrodes. This viscoelastic
and highly stretchable SHP contained a large number of H-
bonding sites, which allowed it to mechanically heal at RT. The
H-bonds also facilitated better adhesion between the Si micro-
particles due to the interaction with the hydroxyl groups on the
Si surface. Moreover, the introduction of PEG groups could
effectively promote the conduction of Li ions given that the lone
pair of electrons on oxygen can coordinate and aid the trans-
port of Li ions in the matrix. Hence, the polymeric binder
achieved a high discharging capacity (~2600 mA h g~') and
reasonable rate performance, especially when >1C.

This journal is © The Royal Society of Chemistry 2023

Polyacrylic acid (PAA) is also a commonly used adhesive in Si
electrodes, in which the abundant carboxylic acid groups can
form strong H-bonds with themselves and Si particles, thus
enhancing the electrochemical stability of the Si electrode.™*®
For instance, Deng et al.™*® reported a self-healable PAA-UPy
binder prepared by copolymerizing tert-butyl acrylate and UPy
monomers in dioxane, followed by hydrolysis with trifluoracetic
acid (Fig. 9d). Due to the cooperation interaction between
quadruple H-bonds and carboxyl single H-bonds, the PAA-UPy
binders exhibited an excellent self-healable performance. Based
on this feature, the interfacial tension induced by bulk
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(a) Schematic illustration of the behavior of conventional Si electrode binders (blue), where the electrodes fail due to cracking of the particles and

polymer binder. Schematic illustration of the behavior of stretchable self-healable Si electrode binders (pink). (b) Capacity retention of SHP/SIMP/CB
electrode cycled at different current densities. (c) Schematic illustration of electrode design toward adjusting the spatial distribution of CB/SHP in Si layer
(top) and scanning electron microscopy images of Si and CB/Si-SHP electrodes (bottom). (d) Chemical structure of the PAA-UPy polymer and scheme of
the charge/discharge cycle of Si anodes using the PAA-UPy polymer as the binder. (e) Molecular structure of PAA-P(HEA-coDMA) and PAA, and the
spring expander model of their complex. (f) Cycling performance of SiIMP electrodes using different binders.

expansion could be effectively compensated by the binder
inside the Si electrodes. Therefore, the composite anode pre-
pared with PAA-UPy as the binder displayed a high initial
discharging capacity of 4194 mA h g . Additionally, it still
maintained a capacity of up to 2638 mA h g~ " after 110 cycles,
revealing outstanding cycling stability.

Besides Si nanoparticles, Si microparticle (SiMP) powders
are also a prospective electrode material for modern industrial
applications. However, given that SiMPs possess a greater size
change (micrometer-level) and stronger pulverization tendency
during cycling, stabilizing the cycling stability of SIMP electro-
des is a formidable challenge. Hence, Hirano and co-workers'*°
designed and synthesized another type of self-healable binder
(Fig. 9¢) by mixing P(HEA-co-DMA) and PAA in a weight ratio of
1:4. Specifically, the obtained binders had high reversible

4018 | Mater. Horiz., 2023, 10, 4000-4032

elasticity and could withstand a tensile strain of 400%, thus
effectively suppressing the bulk expansion of Si microparticles.
In addition, the covalently crosslinking of soft P(HEA-co-DMA)
chain and rigid PAA chain in the polymer network remarkably
improved the electrochemical performance of the Si micropar-
ticle anode. Consequently, no decay was observed following 200
cycles with 0.4 A g™', showing excellent cycling stability. In
comparison, the contrast electrode with commercial PAA bin-
ders resulted in rapid capacity fading over 100 cycles (Fig. of).
Significantly, the SiMP electrode using the prepared binder
retained its surface morphology even after 100 cycles, whereas a
great deal of cracks was observed in the whole electrode surface
with PAA binder, revealing the good self-healable capacity of
the prepared binder. Thus, based on its strong binding and
self-healing feature, this binder could be used to produce stable

This journal is © The Royal Society of Chemistry 2023
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Si-based electrodes with long-term stable cycling and high
energy density, meeting the demands of commercial Li-ion
batteries.

3.2.1.2 § Cathode. S cathodes have developed into hopeful
alternatives due to the high theoretical capacity and low-cost of
their raw materials. Unfortunately, Li-S batteries still exhibit
some limitations during their practical application, such as the
cathode pulverization caused by volume expansion during
cycling***? and formation of dendritic crystallites on the Li
metal anode."® Moreover, another challenge is the generation
of the reduction compound called intermediate lithium poly-
sulfide species, which can be dissolved in the organic liquid
electrolyte and deposited on the Li-metal anode via the shuttle
mechanism. Therefore, simultaneously achieving S cathodes
with a stable structure and effectively inhibiting the diffusion of
soluble polysulfides in the electrolyte is the main direction of
current research.

Using diamines and polybasic acids as raw materials, Yang
and co-workers'** synthesized a supramolecular SHP, which
was employed as a multi-functional binder in Li-S batteries.
Specifically, 10 wt% amine groups in the SHP networks pro-
vided extensive chemical adsorption sites for polysulfides,
thereby effectively inhibiting polysulfide shuttling and main-
taining the sulfur content in the cathode. Furthermore, the
introduction of polar groups in the molecular structure design
of self-healing binders is a promising strategy for improving the
performance of Li-S batteries. The polar groups can immobilize
polysulfides, thus effectively inhibiting the shuttle effect. By
exploiting the cross-linking effect between polyvinylpyrrolidone
(PVP) and polyethyleneimine (PEI), Zhou et al.'*' reported a
novel polysulfide-trapping and self-healing binder. On the one
hand, its numerous polar groups such as the carbonyl groups
(C=0) and amino groups (-NH,) in PVP can interact effectively
with the Li-ion in lithium polysulfides, and thus suppress the
shuttle effect. On the other hand, PEI with a highly branched
structure is conducive to the formation of dynamic H-bond
networks between -NH, and C=O, thereby endowing the
binders with good self-healing ability. Consequently, the flex-
ible Li-S pouch battery with this binder exhibited more than
95% capacity retention following 2800 bending cycles. This type
of polysulfide-trapping, water-soluble, and self-healing binder
paves the way for further promoting the development of
advanced flexible Li-S batteries.

In addition to self-healing binders, self-healing interlayers
are also a common strategy for elevating the electrochemical
stability of S cathodes. The self-healing interlayer allowed rapid
repair of morphological defects and restricted the movement of
high-soluble compounds to the anode area, thereby consider-
ably enhancing the cycling stability of S cathodes. Thus, to
further overcome the “shuttle effect” and promote the healing
efficiency of the S cathode interlayer, Fu and co-workers'®
proposed a novel strategy of multiphase active H-bonds, as
detailed in Section 2.2.1. The obtained composite (PDMSMPI-
TM/MWCNT) could restore the air conductivity under environ-
mental conditions as well as repair man-made microcracks in

This journal is © The Royal Society of Chemistry 2023
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Li-S battery electrolytes. Moreover, the composite also exhib-
ited outstanding impermeability. In contrast to polypropylene
diaphragms, the repaired PDMSMPI-TM/MWCNT composite
could still significantly suppress the migration of polysulfides,
revealing the recovery of the natural barrier properties
(Fig. 10a). The as-prepared Li-S battery still provided a dischar-
ging capacity of 722.7 mA h g~ " after 100 cycles at 0.2C, which is
much higher than the electrode without a composite interlayer
(446.1 mA h g™").

3.2.1.3 Li metal anode. Among the possible electrode candi-
dates, Li metal possesses the lowest negative electrochemical
potential (—3.04 V) and a remarkably high theoretical specific
capacity (3860 mA h g ").">"® However, Li-metal anode bat-
teries have not become viable technology due to their safety and
cycle stability, where the greatest obstacles are the large volume
changes and the growth of dendritic lithium during the char-
ging/discharging processes, leading to rapid capacity deteriora-
tion, short-circuiting of the batteries, and even explosion
hazards.'””'*® Additionally, another critical challenge for
improving the performance of Li-metal electrodes is how to
form a uniform, stable SEI layer on the surface of Li that could
adapt to the vast volumetric changes during cycling.

To date, various techniques have been adopted to address
these challenges, such as the construction of interfacial layers
to inhibit harmful reactions with the electrolyte'>®'®® and
using other types of additives to get uniform Li deposition,"®*
and others.'®*'®® Remarkably, each strategy is a trade-off
between the pros and cons, and the aforementioned problems
with Li metal anodes have not yet been fully resolved. For
example, previous works'®"'®> showed that interfacial engi-
neering is capable of uniformly depositing Li metal at a current
density of approximately 1 mA cm ™2, but improving the cycling
stability of Li metal electrodes at high current densities
remains a challenge. Therefore, Cui and co-workers'**> demon-
strated a suitable method to suppress the formation of Li
dendrites and promote the electrochemical performance of
Li-metal anodes (Fig. 10b). Due to the existence of weaker H-
bonding crosslinks in the network, the prepared SHP possessed
high stretchability and behaved as a viscoelastic material.
Meanwhile, it also had a low T, (about —26 °C), and thus the
spontaneous reorganisation of the bonding groups and move-
ment of the polymer chains could occur at RT. These properties
enabled the SHP coating to flow slowly over the electrode
surface, repairing pinholes and cracks in the SEI layer and
preventing the rapid formation of dendrites at SEI hotspots.
Consequently, the electrode coated with SHP could maintain a
CE of close to 97% over 180 cycles, while the CE of the bare
metal electrode dropped below 90% after 145 cycles (Fig. 10c).

In addition, the adhesion between Li metal and the SEI layer
is also an important factor affecting the electrochemical proper-
ties of self-healable artificial SEI film-based Li-metal
anodes.'®®'®” For example, a strongly adhesive and self-
healable polymer (LiPEO-UPy) was designed as a protective
layer for Li anodes by Xiong and co-workers,"** which success-
fully achieved long-term lithium plating/stripping cycles. The
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Fig. 10 (a) Schematic diagram of the comparison between the working mechanisms of traditional and prepared functional Li—S batteries, where the
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SHPE. (f) Cycling performances of a solid-state battery cycled at 0.2C.

self-healing supramolecular PEO-UPy matrix was synthesized
via reversible addition-fragmentation chain transfer (RAFT)
polymerization. Due to the quadruple-H-bonding interactions
between UPy dimers, the PEO-UPy polymer possessed a promi-
nent self-healable and stretchable performance. Further, the
LiPEO-UPy coating could also effectively eliminate the formation
of Li dendrites, and also guarantee that it could withstand huge
interface fluctuations without breakdown. Consequently, the
LiPEO-UPy-coated Li anode realized a long cycle life of more than
1000 h at a high areal-capacity of 10 mA h em ™2 and could work
at an ultrahigh current density (20 mA h cm™?) in more than
4000 cycles in a symmetric battery.

3.2.1.4 Polymer electrolytes. Besides as a binder and protec-
tive coating, SHPs can also be used in polymer electrolytes to
enhance the electrochemical stability of batteries and prolong
their lifetime. In Li batteries, the electrolyte is an essential
component for ion transport, which need to maintain reliability
and high performance. In general, electrolytes can be classified
into solid electrolytes and liquid electrolytes according to their
physical state. Although liquid electrolytes can facilitate the
rapid conduction of Li*, they also exhibit serious safety con-
cerns (e.g., flammability, explosions, and leaks). Compared to

4020 | Mater. Horiz., 2023, 10, 4000-4032

. (d) Supramolecular chemical structure and dynamic H-bonding for the SHPE. (e) Optical microscopy images of the healing process of

liquid electrolytes, polymer electrolytes possess several advan-
tages, such as inherent thermal stability, excellent flexibility
and processability, and do not have the troublesome leakage
dilemma.'®®'"" Therefore, the use of polymer electrolytes is
considered a practical method to address the safety problems
of conventional electrolytes.

Nevertheless, the poor ionic conductivity and inherent brit-
tleness (easy to deform or crack) of most polymer electrolytes
lead to a meagre cycling performance and short lifetime of
batteries.'”>'”* The introduction of a dynamic H-bonding
cross-linked network in a polymer electrolyte matrix is a
feasible synthetic strategy.”>*'”®> For example, Xue et al'**
recently prepared a novel stretchable polymer electrolyte mate-
rial for Li-based batteries through quadruple H-bonding, pro-
viding rapid intrinsic self-healing and high stretchability to
address problems such as cracking and fracture. However, to
further improve the safety performance and lifespan of lithium
metal batteries, the mechanical properties of the self-healing
system need to be enhanced by physically cross-linking the
network. In the same year, they further fabricated a flexible
SHPE with excellent self-healing ability and enhanced mechan-
ical properties,"”® which could withstand the volume expansion
of the electrode material during cycling.

This journal is © The Royal Society of Chemistry 2023
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The cell assembled using the SHPE exhibited an initial
capacity of 137.9 mA h g™’ and maintained a capacity of
128 mA h g " after 120 cycles, showing a very stable cycling
performance.

In the case of solid-state electrolytes, the supramolecular
structure design is in high demand, which needs to combine
high ion conductivity, fast self-healing performance, and high
mechanical stability, given that short-circuiting may occur if
the self-healing rate is slow. Using a simple condensation
polymerization approach, Guo and co-workers'*® reported a
solid polymeric electrolyte with rapid self-healing and high
ionic conductivity. In this system, amino-terminated PET acted
as the supramolecular backbone, while thermoplastic polyur-
ethane worked as a physical cross-linked agent (Fig. 10d). The
former provided dynamic H-bonds and high ionic conductivity,
and the latter improved the mechanical strength of the SHPE.
Hence, the optimized SHPE sample exhibited an outstanding
self-healing performance, which could completely heal a deep
cut within 60 s (Fig. 10e). Based on this freely adjustable SHPE,
the constructed solid Li metal full batteries exhibited superior
cycling stability, where the discharge capacity still remained at
90% of the initial capacity after 100 cycles at 0.2C (Fig. 10f).

Despite their numerous advantages, the ionic conduc-
tivity of polymer electrolytes at RT is relatively low (10™° to
10~%S cm™") due to the influence of the crystalline region of the
polymer matrix.'”” Composite polymer electrolytes (CPEs)
formed by mixing ceramic fillers in the polymer matrix appear
to be a promising alternative strategy because ceramic fillers
can change the recrystallization kinetics of polymer chains and
enhance the ionic conductivity. However, they also suffer from
the problem that the cross-linked structure in the polymer may
induce cracking during the charging/discharging of Li-ion
batteries. In addition to the solvent-free polymer electrolytes
discussed above, SHPs have also been introduced in composite
polymer electrolytes (CPEs) to avoid battery failure in case a
crack is formed during cycling."*®'*”'78 As an extension of
their work (PEG-UPy),"** Xue and co-workers reported the
fabrication of a CPE with better self-healing properties and
ionic conductivity, which was fabricated by incorporating UPy-
functionalized SiO, nanoparticles (SiO,-UPy) in PEG-UPy.'?®
The SiO,-UPy filler could be uniformly dispersed in the polymer
matrix because of the interaction of the UPy dimer, thereby
increasing the interphase conduction between them. Therefore,
compared with the pristine SiO,-doped sample, the CPE had a
better ionic conductivity level, reaching 8.01 x 107> S em .
Moreover, the mechanical and self-healable properties of SHPE
were also enhanced due to the increase in physical cross-
linking sites in the polymer matrix. Consequently, the Li
batteries using this SHPE exhibited a stable cycling perfor-
mance, where its discharge capacity still remained at
139 mA h g ! with a CE of 97.9% after 60 cycles.

However, the performance of high area capacity and high
current density during long cycles has not yet been fully
explored due to the safety concern of dendrite-related failure.
Thus, to address this, a solid-liquid hybrid electrolyte using
organic solvents as plasticizers was developed by Liu et al.,**” in

This journal is © The Royal Society of Chemistry 2023
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which a fatty-acid based SHP worked as the SHP matrix. In
addition, Ga-doped Li,;La;Zr,0,, nanoparticles acted as an
ionic conductor and dispersed homogenously in the SHP
matrix. Compared with the dendritic and pulverized structure
of conventional separators, the hybrid electrolyte could achieve
the smooth, uniform and dense electrodeposition of lithium
metal. Consequently, the obtained Li|Li;TisO4, cells delivered a
higher specific capacity and longer cycling performance than
that using conventional separators, which is a significant step
toward the realization of high-cost, large-scale Li batteries.

3.2.2 Supercapacitors. Supercapacitors (SCs), as promising
energy storage devices, play an indispensable role in fields such
as portable and wearable electronics owning to their outstand-
ing advantages of high-power density, fast charging speed, and
ultra-long cycle lifetimes.>'”>'8° Solid-state SCs with tradi-
tional device structures usually consist of two electrodes and
a gel electrolyte. However, these SCs typically face two chal-
lenges when they are subjected to practical applications. Firstly,
the electrode material is prone to structural fracture under
bending or during charging/discharging. Secondly, polymer
flexible substrates may possibly suffer from mechanical
damage from deformation or accidental cutting. Both of these
failures seriously limit the reliability and lifespan of SCs,
leading to the overall breakdown of electronic devices and
safety hazards. Due to the huge breakthrough in H-bond-
based SHPs in the last decade, endowing SCs with self-
healing capabilities has become a promising approach to
effectively improve their durability and functionality. To date,
the key challenge in the fabrication of self-healing SCs is mainly
their electrodes and gel electrolytes.

3.2.2.1 Electrodes. The integration of SHPs in electrodes can
repair mechanical damage-induced cracks, thereby restoring
the electrical performance of the device. By spreading single-
walled CNT films on self-healing substrates, Chen et al
reported the first example of mechanically and electrically
self-healing SCs (Fig. 11a).®> The substrate was composed of a
supramolecular network reinforced by TiO, nanospheres. Due
to the large number of H-bonding interactions between the
supramolecular and nanospheres, the composites exhibited
excellent healing capability at RT. Once encountering break-
down, the separated single-walled CNTs could restore and
contact each other by the sliding movement of the self-
healing matrix. Therefore, the specific capacitance was still
restored as much as 85.7% even after the fifth healing cycle.
This pioneering work has become a stepping stone for the
design of various self-healing electronic devices in the future.

With the ability to be woven into textile devices, wire-shaped
or yarn-shaped SCs show great potential for the fabrication of
flexible, light-weight, wearable electronic devices.'®' However,
yarn electrodes are susceptible to bending or other irreversible
damage during use, resulting in the failure of the entire device
or its function with low efficiency. Thus, the lifetime of most
wire-shaped devices is very low in practical applications. To
address this problem, Peng and co-workers®® reported for the
first time the preparation of a novel wire-shaped SC based on a
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(@) Schematic illustration of the design and assembly process of the self-healable SC composed of single-walled CNT films and self-healable

substrate. (b) Schematic diagram of the high-performance self-healing conducting wire and its healing process. (c) Galvanostatic charge-discharge

curves of the linear self-healing SC before fracturing and after healing.

(d) Manufacturing process of the self-healable and stretchable SC-based

polypyrrole/graphene oxide/MWCNT electrodes. (e) Typical cyclic voltammogram curves of the resulting SC before and after stretching to 100%. (f)
Typical cyclic voltammogram curves of the resulting SC before healing and after several self-healing. (g) Preparation of flexible healable all-in-one

configured SC and demonstration of its healing process. (h) GCD curves

of the assembled all-in-one configured SC before and after self-healing. (i)

Healing efficiency of different self-healing cycles calculated from GCD curves.

high-performance self-healing conducting wire by wrapping
aligned electrically conducting nanomaterials around SHP
fibers (Fig. 11b). Due to the abundance of reversible
H-bonding interactions in SHPs, multiple self-healing of struc-
ture and electrical conductivity could occur in the core-sleeve
wire after breaking. As a demonstration, a wire-shaped SC was
fabricated by twisting two healable wire electrodes (CNT/SHP
fiber) with PVA-H,SO, gel electrolyte. The specific capacitance
reached 82.6% after the fifth healing cycle. Furthermore, the
electrochemical properties of the wire-shaped SC could be
further improved after introducing a second active material,
i.e., polyaniline, whose specific capacitance was 140.0 F g~ ' and
its capacitance was recovered up to 92% after self-healing
(Fig. 11c).

Self-healing coating shells can heal themselves after
mechanical damage, thereby restoring the integrity and
mechanical properties of the device. Additionally, they can also
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prevent the decomposition or corrosion of the underlying
matrix materials, as well as the leakage of toxic substances.
By wrapping spring-like fiber electrodes with an SHP outer
shell, Gao and co-workers successfully fabricated a stretchable
and self-healable SC (Fig. 11d)."*® The stretchable property
originated from the spring-like fiber and PU; meanwhile, the
mechanically self-healing performance originated from the
carboxylated PU shell. As illustrated in Fig. 11e, the enclosed
area of the CV curve hardly shrunk when the SC was stretched
from 0 to 100%, indicating that the self-healing SC could
withstand large stresses without affecting its electronic perfor-
mance. Once the spring-like fiber electrodes were broken, by
simply aligning the detached sections with the links, the self-
healing carboxylated PU could guide the reconnection process,
and thus restore the electrical properties. During the cut/heal
cycle, the CV curve of the assembled SC remained a rectangular
shape even after the third cycle (Fig. 11f), indicating that the
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capacitance of the healed SC still remained at a high level. In
addition, the three-time healed device still retained 84% capa-
citance even after 3000 galvanostatic discharge. Utilizing the
same SHP for the electrode outer shell, they further reported a
high self-healable 3D micro-supercapacitor (MSC)."*° The 3D
MSC consisted of an MXene (TizC,T,)-graphene composite
aerogel electrode, combining the large specific surface area of
reduced graphene oxide and high conductivity of the MXene.
Consequently, it delivered a large area specific capacitance of
34.6 mF cm > and an excellent cycling performance with a
capacitance retention of up to 91% over 15000 cycles. Due to
the rich interfacial H-bonds in the carboxylated PU supramo-
lecular network, this 3D MSC showed satisfactory self-healing
ability in capacitance with a specific capacitance retention of
81.7% after the fifth healing.

3.2.2.2 Polyelectrolytes. In addition to the electrodes, the
self-healable electrolyte is another key component that deter-
mines the performance of flexible SCs. The purpose of self-
healing electrolytes is to restore ionic conductivity. Compared
with solid-state electrolytes, polyelectrolytes are ideal materials
for constructing self-healing electrolytes because of their high
ionic conductivity, adjustable mechanical properties, and good
chemical compatibility with electrode components. For exam-
ple, Huang and co-workers'*® designed a dual cross-linked
polyelectrolyte for self-healable and highly stretchable SC.

The self-healing polyelectrolyte was prepared by PAA dual
cross-linked H-bonds and vinyl hybrid silica nanoparticles,
which addressed the intrinsic self-healability and high stretch-
ability issues of an SC. Specifically, it could be easily self-
repaired at RT and maintained similar ionic properties to that
of the original samples after healing cycles. Meanwhile, the
polyelectrolyte could be stretched over 3700% without any
cracks. It is worth noting that the assembled SC with this
polyelectrolyte completely retained its capacitance even after
20 breaking/healing cycles, which significantly outperformed
all the self-healing devices reported at that time. Nevertheless,
it only had a narrow electro-chemical window of 0-0.6 V
because of the weak ionic conductivity of the polyelectrolyte.
This low maximum operating voltage significantly limits its
application in the field of high energy density energy storage
devices. By introducing methacrylated graphene oxide (MGO)
in PAA, Qu and co-workers'*" reported the synthesis of a highly
conductive and self-healable polyelectrolyte. The addition of
MGO not only effectively promoted the formation of H-bonded
networks among PAA chains, but also acted as a cross-linking
mediator to improve the mechanical properties of the
polyelectrolyte (950% stain). Furthermore, the MGO-PAA poly-
electrolyte exhibited a high ionic conductivity (~7.16 S m™").
Consequently, the prepared SC using this polyelectrolyte
demonstrated a wider electrochemical window of 0-0.8 V,
expectedly promoting the development of high-energy density
healable SCs.

Despite the significant progress of self-healing SCs with
sandwich-like laminated structures, the various performance
drawbacks arising from their structures have not been well
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addressed. For example, the laminated configuration shows
large interfacial contact resistance due to the multiple inter-
faces among the layers. Moreover, the inevitable relative dis-
placement between multi-layers during continuous stretching
bending or bending cycles may lead to the delamination of
these multi-layers, which will undoubtedly degrade the SC
performance. Compared to the multilayer laminated configu-
ration, all-in-one configured SCs can simplify the tedious
assembly process, improve their interfacial contact resistance
and energy densities, and prolong the lifetime.'®* Here, Wang
and co-workers'** reported the preparation of a healable all-in-
one configured SC via the in situ polymerization and deposition
of nanocomposite electrode materials on a self-healing hydro-
gel electrolyte (Fig. 11g). The self-healing hydrogel film was
synthesized from a physically cross-linked PVA hydrogel with
abundant H-bonds, conferring self-healing capability through
dynamic H-bonding. Benefiting from the excellent mechanical
and electrical performance of the hydrogel, the assembled SC
exhibited reliable self-healing capability, good cycle stability,
and high capacitance performance. As shown in Fig. 11h, the
galvanostatic charge/discharge (GCD) curves of the assembled
all-in-one configured SC showed only a slight decrease at
different self-healing times after five breaking/healing cycles.
Additionally, the self-healing efficiency of this all-in-one SC
could still be well maintained within the range of 80% after the
5th healing cycle (Fig. 11i), exhibiting favorable self-healing
ability. Benefit from these advantages, this SC is expected to be
coupled with wearable devices for use as a portable energy
storage device for electronic devices.

3.3 H-Bond cross-linked SHPs for flexible sensing devices

Flexible sensors capable of effectively detecting and perceiving
various different stimuli have attracted widespread research
interest given that they show great potential for applications in
wearable electronics, soft robotics, and the IoT.''®'%% However,
flexible sensors are highly sensitive to structural and mechan-
ical damage, such as cracks and rupture. Therefore, to extend
the lifespan of smart electronics, polymers with high effective
self-healing ability and excellent mechanical performance are
needed to address these issues. Here, we summarize the main
advances in self-healing flexible sensors that target varying
stimulus signals including strain/pressure, temperature, and
chemical parameters (Table 3).

3.3.1 Strain/pressure sensors. Self-healable strain/pressure
sensors primarily rely on changes in their conductive pathways
during external stimuli to perform sensing functions. The
typical transduction mechanisms include piezoresistivity, capa-
citance, and piezoelectricity. Relatively facile system designs
and readout mechanisms that convert environmental stimuli
into resistance or capacitance change have made the piezo-
resistivity and capacitance transduction mechanisms the most
common for strain/pressure sensors."®®

The direct incorporation of SHPs as substrate/dielectric
layers or in combination with functional conductive fillers
(such as nickel micro-particles, liquid metal, CNT and AgNWs)
as sensing layers is the main direction for preparing self-
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Table 3 Summary of recent H-bonding-based SHPs for flexible sensing devices
Format of
Polymer matrix SHP type damage Healing conditions Usage Characteristics Ref.
Self-healing strain/pressure sensors
PTMEG-TDI-IP Homogeneous Cut RT, 6 h Self-healing substrate Remains stable over 2000 184
system stretching-releasing cycles
Self-healing polyurea  Microphase separa- Cut RT, 15 h/NIR irradia-  Dielectric and packa- With a gauge factor of 1.003, 101
tion system tion, 1 min ging layer response time as low as 32 ms at

SHP Homogeneous Cut
system
properties)

C-CNC@CT/ENR — Cut RT, 15 s

CNT/PDMS-MPU 4~ Microphase separa- Scratch
U6 tion system

PDMS-MPU,, 4-1U ¢ Microphase separa- Scratch
tion system 24 h
Self-healing PU Microphase separa- Cut —

tion system

Self-healing temperature sensors

SHP Homogeneous Scratch RT,1h
system

SHP Homogeneous Cut
system

Self-healing PU Microphase separa- Cut 100 °C, —
tion system

Self-healing sweat sensors

Bio-based supramole- Homogeneous Scratch RT, 24 h

cular polymer system

PDES ionic elastomers — Crack RT,24 h

healing strain/pressure sensors currently. For instance, Yang
et al.'® reported a stretchable and self-healing strain sensor for
the real-time monitoring of various physiological activities. By
reasonably tuning the strength of the dynamic crosslinking
bond and the hardness of the molecular segment, the resulting
polymer (for sensor substrate) featured a large tensile strain
(~2100%) and high RT self-healing efficiency (~97% within
6 h). Consequently, the amplitude of the resistance change of the
sensor remained stable even during 2000 stretch-release cycles,
showing excellent cyclic stability. After cutting, the sensor could
recover its sensing ability after healing at RT for 12 h.

In the case of soft capacitive strain-sensors, the dielectric
permittivity of dielectric material plays a crucial role in the
capacitive sensitivity of soft sensors. Although the dielectric
properties of soft polymers can be greatly enhanced by the
incorporation of various rigid fillers (e.g., ceramic, metal and
carbon-based particles), this is always at the expense of inher-
ent compliance and flexibility. As mentioned before, Fu and co-
workers'®" developed a self-healing polyurea (SSPUGIT) with
ultra-high dielectric permittivity (~ 14.57) inspired by the struc-
ture of vascular smooth muscles.

The excellent photothermal properties of Galinstan droplets
under near-infrared laser irradiation endowed the resultant
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RT, 12 h/artificial sweat Sensing layer

RT, 3 d/underwater,

1% strain

RT, 15 s (conductivity) Self-healing substrate High conductivity (40 S cm™), 64
RT, 10 min (mechanical

fast conductivity healing (15 s)

Low strain detection limit of 0.2% 185
high stability (even after healing

and bending over 20000 cycles)
Reliable waterproof operation, 65
can be used as active components

in devices

High stretchability (500%) with 50
stable (100 cycles) and reversible

low resistance (0-10 Q)

Self-healing substrate Ultrahigh sensitivity (509.8 186
kPa '), fast response (67.3 ms),

good stability (10 000 cycles)

Sensing layer

Dielectric layer

Self-healing substrate Resistance decreased ~ 225 Q 187
with increasing temperature for
only one degree

RT, 10 min/50 °C, 5 min Self-healing encapsu- Conductivity change ~7% with 66

lation layer increasing temperature for only

one degree (35-45 °C)

Self-healing substrate Bifunctional monitoring of pres- 188
sure and temperature

Self-healing coating Real-time non-invasive monitor- 67
ing of Na” and K" in human sweat
Bimodal detection of human 189
motion and sweat physiological
information

Sensing layer

composite with ultra-fast self-healing capabilities (~98.13%
+ 1.93% within 1 min). The unique combination of low
modulus, high self-healing efficiency and high dielectric per-
mittivity makes it an outstanding candidate as a robust dielec-
tric material for capacitive strain sensors. Finally, the authors
demonstrated a capacitive strain sensor with excellent strain
sensitivity (Fig. 12b) (GF = 1.003) and fast self-healing capability
by using SSPUGIT-3 as dielectric and packaging layers
(Fig. 12a). As an application demonstration, the sensor was
mounted on the elbow of a ping-pong player to detect whether
the stroke met the training requirements, and thus correct their
incorrect catching actions (Fig. 12c).

Self-healing elastomers incorporated with inorganic conduc-
tive fillers are widely used as sensing layers for resistive strain/
pressure sensors due to their simple process and low cost. Bao
and co-workers®* pioneered the development of an intrinsically
self-healing conductive composite material (Fig. 12e), which
was formed with an H-bonded polymer matrix and nickel
microparticles (uNi particles). The preparation process pre-
served the original nano-features of the uNi particles, which
were dispersed in the H-bonded polymer network, and then
thermally cross-linked with urea (Fig. 12d). The prepared
composite had high conductive (up to 40 S cm ') and showed
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mechanical and electrical self-healing properties under ambi-
ent conditions. As shown in Fig. 12f, 90% of its original
conductivity could be restored within 15 s of incurring mechan-
ical damage at RT. Furthermore, the composite material was
also pressure- and flexion-sensitive by maintaining the volume
loading of the uNi particles just below the percolation thresh-
old (15 vol% loading). To demonstrate the potential of this
self-healing composite for application as E-skin, the authors
integrated the flexion and tactile sensors into a puppet model.
Consequently, they could detect both arm bending and hand
shaking when laminated on the elbow and palm, respectively
(Fig. 12g).

Despite brilliant advances, real-time (<30 s) healing
remains a hurdle for H-bonding-based SHPs, and their low
healing efficiency significantly reduces their reliability in flex-
ible sensors. Here, Yu and co-workers'®® created a highly
sensitive and self-healing resistive-type strain sensor for
human-machine interactions using a conductive supramolecu-
lar multiple H-bonding elastomer (MHBE) as the sensing layer.
The presence of multiple H-bonding interactions in MHBE
provided extremely fast (ca. 15 s) and repeatable self-healing
ability with high healing efficiency (93% after the third healing
process). Due to the uniform nanostructured conductive net-
work in the sensor, it could precisely detect tiny human move-
ments. The sensor demonstrated highly recognizable and
reliable signals even after more than 20000 cycles of cut
healing and bending.

In addition, the detection limit of this sensor was as low as
0.2%. Meanwhile, the MHBE-based sensor could help a
pronunciation-impaired person to speak in real time when
integrated in a signal processing software, showing great
potential as a human-machine interaction system.

3.3.2 Temperature sensors. Due to the ability to detect
devices or environmental temperature to protect internal com-
ponents from the risk of high temperature damage, tempera-
ture sensors have shown promise in flexible sensing devices
and platforms. In addition, emerging wearable temperature
detection devices can also be conformally attached onto objects
or human skin for continuous monitoring. However, the sen-
sing and mechanical properties of soft temperature sensors are
significantly affected under the violent mechanical action of
external forces such as deformation or fracture. To prolong the
service life of soft temperature sensors, it is crucial to enhance
the mechanical adaptability of these sensors. Chen et al'®’
developed a self-healing and mechanical adaptability temperature
sensor by combining SHPs synthesized based on Leibler’s
method*® with carboxyl group-containing single-walled CNTs.
The resistance of the self-healing temperature sensor decreased
with an increase in temperature and exhibited repeatable thermal
sensitivity. Benefiting from the abundant non-covalent H-bonds
in SHPs, the sensor also had excellent mechanical and electrical
self-healing capabilities, which enabled several times repairs
without additional external stimuli.

Unlike solid sensing materials, liquids are inherently self-
healable. With the advantages of thermal sensitivity, electro-
chemical stability, and negligible volatility, ionic liquids are
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considered as a type of promising element for the fabrication of
self-healing temperature sensors. However, the approach of
obtaining conductivity by encapsulating ionic liquids is extre-
mely challenging owing to the high risk of leakage. Here, Wang
et al.®® reported a self-healing temperature sensor using an SHP
that rapidly heals under mild conditions as an encapsulated
channel to load thermally sensitive ionic liquids (Fig. 13a). The
SHP was synthesized by a modified procedure derived from
Leibler’s method® and exhibited excellent self-healing proper-
ties at RT. Based on the capillary effect, liquid leakage could be
effectively avoided by optimizing the size of the SHP micro-
channel (Fig. 13b). Given that the conductivity of ionic liquids
increases at high temperatures, the sensor exhibited outstand-
ing thermal sensitivity in the temperature range of 35-45 °C.
Additionally, the conductivity change could be increased by
~7% for a temperature increase of only one degree, demon-
strating promising clinical diagnostic potential. It is worth
noting that the temperature sensor still exhibited repeatable
and stable thermal sensitivity after damage and self-healing
(Fig. 13c).

Given that most sensing platforms are also sensitive to
temperature, we predict that the integration of highly sensitive
and accurate temperature sensors will be essential in future
platforms. For intelligent E-skin, combining the ability to
detect and recognize multiple complex stimuli in the environ-
ment with self-healing functions remains a great challenge.
With PU and PU@CNTs as the substrate and sensing layer,
respectively, Shen et al'®® developed a self-healable bifunc-
tional sensing platform by integrating pressure and tempera-
ture sensor. Due to the presence of a large number of reversible
dynamic H-bonds in the matrix, the as-prepared devices exhib-
ited stable self-healing ability after multiple damage. Even after
the third self-healing process, both the pressure response
(relative capacitance) and temperature response current of the
single-unit device remained basically unchanged. Notably, the
sensors in the device were sensitive only to their associated
external stimuli and were not affected by other stimuli, which
further improved their stability in practical applications. The
fabricated E-skin could simultaneously image the pressure and
temperature distribution, creating a new opportunity in the
field of machine interfaces and biomonitoring devices.

3.3.3 Sweat sensors. With the development of portable
medical systems, the real-time monitoring of multiple biomar-
kers related to health has attracted attention."® Compared with
traditional detection and analysis instruments, wearable
chemical sensors hold great promise for personalized health-
care applications due to their combined features of portability,
non-invasiveness and real-time monitoring. For instance, they
can be attached to different parts of the human body to non-
invasively detect chemical analytes by collecting secreted bio-
markers as an indication of diseases. Endowing these chemical
sensors with self-healing capabilities will significantly enhance
their stability and durability, thus avoiding the need to con-
tinuously monitor devices.

Owing to the need for close contact with human skin, the
biocompatibility of SHPs (as self-healing substrates/sensing
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Fig. 12 (a) Schematic illustration of the self-healable soft strain-sensor based on SSPUGIT-3 composite. (b) Variation in relative capacitance with tensile
strain for original, self-healed and notched soft strain sensors (based on SSPUGIT-3). (c) Relative capacitance response of the wrong and standard ball
striking motions. (d) Schematic illustration of the interaction between oligomer chains and nanostructured pNi particles. The pink lines represent the
linear and branched polymers forming the randomly branched network, and the blue and purple shapes represent the primary H-bonds formed between
the polymer chains. (e) Photograph of the compression-moulded healable electronic composite material, showing the flexibility of the material. (f) Time
evolution of the typical electrical healing process of the resulting composite material. (g) Application of the RT self-healing electronic composite as

electronic sensor skin.

layer for wearable chemical sensors) is a crucial consideration.
Based on the biomass-derived and nontoxic monomers citric
acid and succinic acid, Choi and co-workers®” synthesized a
bio-based supramolecular SHP (PCSC) through a one-step melt
polycondensation process. The robust PCSC exhibited instan-
taneous healing (60 s) at RT together with remarkable self-
healing efficiency (~92%). Taking advantage of these features,
a flexible and weaveable self-healable sweat sensing yarn was
realized by coating carbon fiber threads with PCSC as a self-
healing coating. Moreover, the PCSC could also be used as an
insulation layer between sweat electrolytes and conductive
carbon fiber thread wires to ensure a reliable sensor perfor-
mance. Consequently, the self-healing sweat sensors enabled
reliable and accurate measurements of Na® and K with an
impressive healing efficiency (> 97% after healing 30 s). Finally,
a wearable sweat-sensor system was achieved by integrating the
multi-ion sensors with a wireless flexible circuit board, which
was capable of non-invasively monitoring electrolyte ions in
real time and transmitting the data to a smart phone. Based on
the dynamic reversibility of the H-bonds, the damaged sweat
sensors could be operated normally after healing within about
20 s at RT.

4026 | Mater. Horiz., 2023, 10, 4000-4032

The combination of self-healing capability, multimodal
response, and biocompatibility is an objective requirement
for the future development of wearable and implantable flex-
ible sensor devices.

Although several stretchable bimodal sensors have been
successfully developed by coating, wrapping, or embedding
the working electrodes (e.g., metal nanowires/nanosheets) in
polymer substrates,"*""*°> the mechanical mismatch between
the substrate and electrode reduces the stability and reliability
of the multifunctional responses. Moreover, the required
petroleum-based materials and complex chemical synthesis
processes may greatly compromise the biocompatibility of
sensing devices. Based on bio-derived monomer itaconic acid,
a PDES ionic elastomer was demonstrated for the preparation
of fully bio-based self-healing bimodal sensors'® (Fig. 13d).
The PDES composite was stretchable and biocompatible (cell
viability of above 87%) and could self-heal without other
conditions at RT because of the synergistic physical network
and H-bonding network constructed by polydopamine-coated
cellulose nanocrystal. In addition, the ionic migration of ChCl
inside PDES conferred the bimodal sensors with stress-electric
sensing and strain detection capabilities without additional
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Fig. 13 (a) Schematic illustration of SHP based on H-bonding interaction (left). The blue lines represent the linear and branched polymers forming the
randomly branched network, and the red lines represent the primary H-bonds formed between amide moieties. Photograph of the SHP and a damaged
polymer coupon after healing for 5 min at room temperature (right). (b) Force analysis diagram of the ionic liquid in the vertical microchannel. (c) Thermal
sensing performance of the self-healable sensor before and after healing. (d) Self-healable bimodal sensor based on bioderived PDES ionic elastomer. (e)
Real-time current healing process of the bimodal sensor during repetitive self-healing cycles.

working electrodes, thus effectively solving the problem of
mechanical mismatch. As shown in Fig. 13e, after repeated
healing cycles, the current value still rapidly recovered to the
initial value, showing that the sensor was capable of real-time
electrical self-healing. Combined with the sensitivity of antho-
cyanin to pH, this self-healing sensor achieved the bimodal
detection of physiological information of human motion
and sweat.

3.3.4 Others. Based on their exceptional mechanical per-
formance and self-healable features, H-bonding-based SHPs
have also been employed as a multifunctional electronic device
platform,'®®> matrix of thermal interface materials,'®**** and
substrate for stretchable electrodes.”®”®®® For example, Bao
and co-workers®® reported the fabrication of a stretchable and
autonomous self-healing electrode using tough and water-
insensitive SHPs as the encapsulation and supporting layer,
which exhibited high stretchability (~500%) with stable (100
cycles) and reversible low resistance. Notably, the electrode was
water insensitive and even healed under artificial sweat. Using
the prepared electrode, they fabricated a capacitive strain-
sensing E-skin composed of liquid metal EGaln as the con-
ductive layer, which could sensitively detect finger-bending
motions with negligible hysteresis. Similarly, a highly stretch-
able and self-healable electrode was developed enabled by a
dual-crosslinked supramolecular elastomer as substrate.* This
electrode was highly stretchable and resistively stable, main-
taining a stable conductivity (0.16-0.26 Q) even under large
deformation (1600%). In addition, H-bonding-based SHPs with
unique tunable stiffness and adhesion can also be used as

This journal is © The Royal Society of Chemistry 2023

substrates for multifunctional device platforms for non-
invasive, continuous and comfortable health monitoring."*
As a continuation of previous work, Wu et al. reported a self-
healing, reconfigurable, thermal-switching multifunctional
electronic device platform based on self-healing hyperbranched
polymers (HRHP) and biphasic liquid metal. By combining the
strong adhesion and self-healing properties of HRPR with
kirigami design, the conformal self-assembly of multi-
functional devices on 3D curvilinear surfaces was realized, such
as a cubic LED circuit and multifunctional circuits on hemi-
spherical and saddle surfaces. This emerging design shows
great potential in the future of smart IoT.

4 Conclusions and prospects

Inspired by the self-healable phenomenon of biological
organisms, SHPs have developed rapidly over the past few
decades, especially H-bonding-based SHPs. In this review, we
summarized the advances and design strategies of high-
performance SHPs based on different H-bonding types, includ-
ing H-bonding motifs and excessive H-bonding. Meanwhile,
the effects of structural design strategies of SHPs on their
mechanical performance and healing efficiency are described
in detail. In the last part, we also discussed how to make use of
these SHPs for the fabrication of self-healable electronic
devices, with the focus on promising topics, including energy
harvesting devices, energy storage devices, and flexible sensing
devices.
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It is evident that increasing efforts have been devoted to
SHPs based on H-bond during the past few decades. However,
this field is still far from maturity. Firstly, these polymers often
require complex synthetic pathways, partly involving a large
amount of organic solvents, which not only limits their scalable
preparation but also poses irreversible damage to future global
environmental sustainability. Therefore, SHPs using green, bio-
friendly-based materials and simple synthetic processes should
be further explored in the future. Secondly, another drawback
of H-bonding-based SHPs is that H-bonds are susceptible to
water molecules, resulting in a gradual decrease in mechanical
strength or even loss of self-healing capabilities under high
humidity conditions. Thus, designing and developing reversi-
ble, robust bond underwater SHPs, and how to introduce bonds
in SHPs remains a long-term issue. Thirdly, many studies only
focus on the synthesis of SHPs and characterization of their
self-healing performance, and only a few studies attempt to
derive consistent and quantitative relations between the H-
bonding cluster distribution/topology and mechanical/self-
healing properties. Thus, a more profound understanding of
the structure-property relationships of SHPs is urgently needed
to explore more advanced “smart” SHPs.

In terms of self-healable electronic devices, a significant
challenge is balancing and optimizing multiple properties for
different applications. For energy conversion/storage devices,
self-healable TENGs, perovskite solar cells, Li-ion batteries, and
SCs have been successfully shown by applying the self-healable
concept in the design of friction layers, binders, electrodes, and
electrolytes. However, it should be noted that most of the
reported SHPs thus far are far from practical applications.
Specifically, most SHPs require external energy such as heat
to trigger or speed up the healing process, which is difficult to
achieve during the actual operation of the devices. Therefore,
polymeric materials capable of self-healing under mild condi-
tions or RT are highly desirable. In addition, another challenge
lies in the design of SHPs with suitable self-healing capabilities,
while possessing high electrical conductivity, which is certainly
a major research direction for self-healing electronics in the
future. Alternatively, SHPs for energy storage conversion/
devices are usually more expensive than commercial polymers
due to the need for more synthesis steps and chemical mod-
ification processes. To further shorten the commercialization
process, reducing the manufacturing cost, while ensuring a
high performance is also a key issue that needs to be addressed
urgently.

In the case of H-bonding-based healable flexible sensing
systems, relatively few works have been reported to date due to
the significant challenges in material design and integration.
In particular, the patterning of small-sized SHPs required for
embedded electronic applications still remains a big challenge,
which will directly hinder the further development of the soft
electronics field. Moreover, signal transfer methods, calibration
and signal interference, selectivity, accuracy and compatibility
are some of the main challenges facing the field of self-healable
flexible sensors. Accordingly, to address these issues, huge
efforts are still needed irrespective of the work in the self-
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healing area. Considering the need for direct contact with
human skin or tissues and long-term monitoring of physiolo-
gical signals, the next generation of flexible sensing devices
requires significant efforts in the development of biocompat-
ibility, comfort, reliability, and cyclic stability. Fortunately, the
rapid advances and current trends seen in the development of
high-performance sensing materials and components look
promising and exhibit great potential in the future market for
self-healable flexible sensing devices. Finally, although there
are a few reports of H-bonding-based SHPs being used in
emerging fields such as aerospace and biomedicine, more
promising applications should be explored in the future. We
believe that these advanced SHPs may find valuable applica-
tions such as drug-delivery carriers, artificial muscles, tissue
engineering, and other biomedical applications.
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