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HIGHLIGHTS

• The introduction of self-healing mechanism into flexible energy storage devices is expected to solve the problems of mechanical and 
electrochemical performance degradation caused by mechanical deformation.

• Applications of different healing mechanisms and advanced characterization techniques in energy storage devices are summarized.

• The key challenges of self-healing in the field of flexible energy storage are pointed out, and the future research direction is prospected.

ABSTRACT The booming wearable/portable electronic devices industry has stimu-
lated the progress of supporting flexible energy storage devices. Excellent perfor-
mance of flexible devices not only requires the component units of each device 
to maintain the original performance under external forces, but also demands the 
overall device to be flexible in response to external fields. However, flexible energy 
storage devices inevitably occur mechanical damages (extrusion, impact, vibration)/
electrical damages (overcharge, over-discharge, external short circuit) during long-
term complex deformation conditions, causing serious performance degradation and 
safety risks. Inspired by the healing phenomenon of nature, endowing energy storage 
devices with self-healing capability has become a promising strategy to effectively 
improve the durability and functionality of devices. Herein, this review systemati-
cally summarizes the latest progress in intrinsic self-healing chemistry for energy 
storage devices. Firstly, the main intrinsic self-healing mechanism is introduced. 
Then, the research situation of electrodes, electrolytes, artificial interface layers and 
integrated devices based on intrinsic self-healing and advanced characterization technology is reviewed. Finally, the current challenges 
and perspective are provided. We believe this critical review will contribute to the development of intrinsic self-healing chemistry in the 
flexible energy storage field.
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1 Introduction

With the rapid progress of electronic technology, more and 
more portable electronic devices are developing toward 
the flexible wearable direction [1–6]. At present, achiev-
ing ultra-long standby time and the service life is one of 
the important research fields of flexible devices, which puts 
forward higher requirements for energy storage components 
[7–9]. Lithium-ion batteries (LIBs) and supercapacitors are 
the most commercially successful two classes of energy 
storage and conversion devices. LIBs possess high energy 
density and excellent stability performance [10, 11], and 
supercapacitors have ultra-high power density and long 
service life [12–14]. Therefore, they can complement each 
other with advantages, which have been widely applied 
in flexible devices. Currently, numerous design strategies 
for flexible energy storage devices have being explored 
such as one-dimensional (coaxial, spring and spine type), 
two-dimensional (sandwich, wave and z type) and three-
dimensional (honeycomb, origami and paper-cut type) [7]. 
In practical applications, excessive repeated mechanical 
deformation will still lead to performance degradation or 
even failure of flexible LIBs and supercapacitors [15–21]. 
From the microscopic perspective, the phase transformation 
and volume fluctuation of the electrode materials can lead to 
the passivation, cracking and falling off of the electrode [7, 
22, 23], which will deteriorate the device’s electrochemical 
performance, and such micro-damages are difficult to detect. 
From a macro-perspective, the special application environ-
ment makes the flexible energy storage device inevitably 
suffer some mechanical shock, perforation and wear during 
the long-term cycle, which eventually leads to performance 
failure and limited service life of energy storage devices 
[24–28]. Optimization of the electrochemical performance 
of flexible batteries or capacitors remains a key challenge.

In nature, many organisms have the ability to repair 
damage spontaneously, which is an important property 
for extending the lifespan of an organism. Similarly, some 
functional materials also have the function of self-healing, 
which are called self-healing materials, and they can repair 
the matrix damage caused by mechanical work [29–33]. 
Therefore, introducing smart self-healing materials into 
flexible batteries or capacitors is considered to be a very 
promising means to resist mechanical damage and pro-
long their life [21, 29, 34–36]. In 2001, White et al. [37] 

first proposed self-healing microcapsule based on embed-
ded system. When the crack occurs, the siphon effect will 
promote the healing agent to flow from the capsule to the 
crack, contact with the catalyst and initiate monomer ring-
opening polymerization, so as to solidify at the crack and 
prevent the crack from expanding. Microcapsule healing 
and subsequent 3D microvascular network healing depend-
ing on additional healing agents in the polymer are col-
lectively referred to as extrinsic self-healing [38–43]. 
Extrinsic self-healing has the advantages of quick trigger 
response, high healing efficiency and simplicity. However, 
in the planning and manufacturing of extrinsic self-healing 
materials, it is necessary to consider whether microcap-
sules and micro-vessels carrying restorative agents have an 
impact on the function of the substrate. Therefore, extrin-
sic self-healing materials are mostly used in the fields of 
coatings, foam materials, ceramics and metal manufactur-
ing, and progress in the field of energy storage is relatively 
slow. However, it cannot be ignored that the extrinsic 
self-healing system has shown unique advantages in the 
large-area damage caused by medium-energy impact such 
as impact and fatigue. Considering the high demand for 
flexible energy storage device packaging, the development 
of buried extrinsic self-healing sealant can better fill the 
research gap of packaging. To overcome these limitations 
of extrinsic self-healing, intrinsic self-healing was pro-
posed, consisting of dynamic covalent bonds and revers-
ible non-covalent bonds. The covalent or non-covalent 
bonds are introduced into the polymer by cross-linking, 
reversible chemical reactions and polymer diffusion, which 
endows the materials with the ability to be dynamically 
broken and re-assembled [44–46]. According to thermo-
dynamic theory, the spontaneous behavior of chemical 
processes can be explained by the change of Gibbs free 
energy (ΔG) in the reaction. This means that the total 
energy of the process, (ΔG = ΔH − TΔS) is less than 0, 
that is, the enthalpy decreases and the entropy increases 
in the reaction process, and the reaction is spontaneous 
[30, 47]. This kind of self-healing material has the advan-
tages of mild repair conditions and repeatable repair [48, 
49]. To adapt to the needs of the flexible electronic equip-
ment, the combination of intrinsic self-healing and energy 
storage has gradually become a strategy to break through 
the bottleneck of electrochemical performance. To date, 
most advances about self-healing energy storage focus on 

the repair efficiency and electrochemical performance, while the properties of self-healing chemistry, repair 
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mechanisms and advanced characterization techniques are 
also critical for the development of excellent self-healing 
materials.

In view of the critical importance of self-healing capa-
bility, we summarized the latest research progress of self-
healing in the field of flexible energy storage. The part 
2 of the review summarizes the self-healing mechanism 
and healing characteristics. The part 3 introduces the lat-
est research progress of self-repair energy storage devices 
and evaluates the characteristics and limitations of differ-
ent repair methods. The part 4 summarizes the advanced 
characterization technology involved in the development 
and application of self-healing materials. At the end of the 
last section, the challenges of self-healing are summarized 
and its application prospects are prospected.

2  Intrinsic Self‑healing Mechanism

Dynamic covalent and reversible non-covalent bonds are 
two research hot spots of intrinsic self-healing, belong-
ing to dynamic chemistry essentially [50, 51]. Dynamic 
covalent bonds can be remodeled, repaired and regen-
erated through topological evolution at the molecu-
lar level under external energy and stimulus conditions 
[45, 52–57]. Therefore, dynamic polymer systems con-
structed by reversible covalent bonds are endowed with 
intelligent response properties. Non-covalent bonds are 
based on molecular interactions (such as hydrogen bond, 
ionic bond and coordination bond), which are dynamic 
reversible in nature and do not require external interven-
tion, and can provide autonomous error correction capa-
bility of molecular recognition and recognition direction. 
Polymers containing reversible non-covalent bonds can be 
cross-restructured through the dynamic reversible charac-
teristics of non-covalent bonds, and the matching degree 
between building elements can be flexibly controlled to 
control the performance of materials [58], so as to ensure 
that the designed molecular structure is the most advan-
tageous species in thermodynamics, and obtain strong 
and self-healing molecular structure. Dynamic covalent 
bonds and reversible non-covalent bonds are parallel and 
complementary to each other in a sense, forming constitu-
tional dynamic chemistry together. Therefore, coordinat-
ing the two types of properties to suit different application 

requirements is expected to further promote the self-heal-
ing field.

2.1  Dynamic Covalent Bonds

Dynamic covalent bonds depend on the reversible forma-
tion and fracture of a fairly strong covalent bond within 
a molecule, and its fracture and reconstruction process is 
driven by thermodynamics [47]. Therefore, the thermody-
namic equilibrium process of dynamic covalent networks is 
often much slower than the non-covalent bond self-assembly 
process, and the former usually requires the assistance of 
external conditions (such as heat, pH, light and catalyst). 
But importantly, it combines the error correction capability 
of reversible non-covalent bonds and the robustness of cova-
lent bonds [51], which overcomes the shortcomings of per-
manent covalent and adds new functions. Chemical bonds 
such as Diels–Alder bond [59–63], disulfide bond [64–67] 
and imine bond [68–71] belong to the category of dynamic 
covalent bonds.

2.1.1  Diels–Alder Bond

The Diels–Alder (DA) reaction originated in 1928, but it 
was not until around 2000 that the self-healing chemistry 
depended on DA developed vigorously. DA reaction is a 
kind of dynamic covalent chemical reaction affected by tem-
perature (Fig. 1a). The reactant in which DA reactions occur 
consists of two parts, one of which provides a conjugated 
diene, called dienes, and the two carbon–carbon double 
bonds of the diene must be in cis conformation. The other 
part provides unsaturated bonds, called dienophiles. At low 
temperature, [4 + 2] cycloaddition reaction occurs between 
dienes and dienophiles to form DA admixtures [72]. Under 
high temperatures, the DA addition can undergo reverse DA 
reaction (r-DA reaction), and the molecular chain breaks into 
dienes and dienophiles [73, 74]. This cyclic addition-revers-
ible decomposition reaction is repeatable, so multiple cracks 
can be repaired in the same location by heating and cool-
ing. DA reaction presents the advantages of relatively mild 
reaction conditions, fewer side reactions, no need for metal 
catalyst, fast kinetics and high yield [62, 75, 76]. There-
fore, the repair process can be realized only by changing 
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the temperature, which provides a feasible way to develop 
recyclable materials.

2.1.2  Disulfide Bond

A disulfide bond (S–S) is a type of covalent bond and 
occurs between two sulfur atoms. The average dissocia-
tion energy of S–S is approximately 240 kJ  mol−1, which 
is lower than carbon–carbon (C–C) single covalent bond 
(346 kJ  mol−1) [77, 78]. Therefore, S–S are very weak 
short bonds and require less energy to form. The S–S can 

form sulfhydryl group after breaking through reduction 
reaction. If the sulfhydryl group is oxidized, the S–S will 
be formed again. There are three main types of reversible 
redox exchange for S–S [47]: (1) disulfide exchange [79], 
(2) disulfide-thiol exchange [80] and (3) thiuram disulfide 
exchange [53]. The following set of chemical equation 
diagrams can graphically represent these mechanisms 
(Fig. 1b). The S–S can be recombined with the same or 
different sulfur atoms and can be broken and repaired 
many times at a lower temperature (compared with DA 
reaction), catalysts [81] or UV irradiation [82].

Fig. 1  a Diagram of Diels–Alder reaction and common monomers. b Types of reversible redox exchange for disulfide bonds (reproduced with 
permission from Ref. [47].  Copyright 2018, Elsevier). c Three types of imine reactions (reproduced with permission from Ref. [84]. Copyright 
2012, Royal Society of Chemistry)
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2.1.3  Imine Bond

The above-mentioned reversible covalent structures (DA 
and S–S) can prepare self-healing polymers with certain 
mechanical properties, but they often encounter problems 
such as complex preparation process, high temperature 
stimulation and poor recovery. Schiff base reaction, discov-
ered by Hugo Schiff in 1864 [83], refers to the formation of 
imine bonds between amine derivatives and aldehydes or 
ketones. The class of condensation product has the general 
formula  R1R2C=NR3, where  R1 and  R2 can be either (a) an 
aryl or alkyl group, (b) a mixture of the two or (c) a hydro-
gen atom with  R3 an aryl or alkyl group (Fig. 1c) [84]. Imine 
bond (C=N) is a typical dynamic covalent bond, which is 
conducted under thermodynamic control. The presence of 
external factors can affect the equilibrium between imines 
and their corresponding precursors during the appropriate 
time, and the intermediate products with dynamic competi-
tiveness will be replaced by the most stable products in ther-
modynamics. The synthesis conditions of imine bonds are 
diverse, and the target products with different properties can 
be obtained, such as self-healing and reprocessing polymers 
[85], degradable polymers and pH-responsive polymers [86, 
87].

2.2  Reversible Non‑covalent Bonds

Non-covalent bonds have lower bond energy than dynamic 
covalent bond systems; therefore, it generally has higher 
repair efficiency. The interactions between non-covalent 
bonds tend to dissociate rather than break, showing infinite 
self-healing function. Different from the repair conditions 
of dynamic covalent bonds, non-covalent bonds achieve 
dynamic repairing equilibrium through molecular chain 
migration, identification and recombination. In essence, 
the result of this process is the spontaneous recovery of 
the mechanical properties of the repair area through the 
chain entanglement. Therefore, chain diffusion at the poly-
mer–polymer interface is considered to be the main driving 
force for repair [30]. From the microscopic perspective of 
repair, the bonds in the polymer network must be dynamic 
under certain conditions. From the macroscopic perspective, 
the fracture surface of the polymer must be close enough to 
realize the repair process. Therefore, although the existence 
of non-covalent bonds is widespread, ordinary polymers 

containing non-covalent bonds may not be able to realize 
the repair process due to limited chain mobility and lack of 
bond recombination ability [88]. Reversible non-covalent 
bonds include all the weak interactions that occur between 
different atoms, such as hydrogen bond [89–95], ionic bond 
[96–98] and coordination bond [99].

2.2.1  Hydrogen Bond

Hydrogen bond is a widespread supramolecular weak inter-
action with strong directivity and is very important position 
in chemistry, biology, physics and other fields since it is 
proposed and identified by Pauline in the 1930s. The mecha-
nism is that hydrogen atoms and highly electronegative X 
atoms (such as O, N and F) are bonded together by covalent 
bonds, where X–H is called a proton donor. When X–H are 
near another Y atom (proton acceptor) with high electron-
egativity (O, N, F), the molecular structure of X–H…Y will 
spontaneously form, resulting in hydrogen bond. The bond 
energy of individual hydrogen bonds are relatively weak, 
ranging from 5 to 30 kJ  mol−1 [100, 101]. The softness of a 
single hydrogen bond is related to the X–H dipole moment, 
the lone pair of electrons on the Y atom and the solvent 
state. It is worth noting that the superposition and synergy of 
multiple hydrogen bonds can obtain strong binding energy, 
for example, excellent self-healing elastomer for molecu-
lar integration of double hydrogen bond network (Fig. 2a) 
[102]. The ultra-high binding constant (6 ×  107  m−1) and 
superior bond energy (44 kJ  mol−1) of the quadruple hydro-
gen bond in chloroform make it one of the most promising 
supramolecular building blocks for constructing fast self-
healing materials (Fig. 2b) [103]. For multiple hydrogen 
bonds, the bond strength ranges from high dynamic bonds 
to quasi-covalent bonds [104]. The influence factors are 
closely related to the atom types, re-number of hydrogen 
bond, and the additional effects between adjacent donors 
and receptors. Polymers with weak hydrogen bonds have 
high viscoelasticity and weak mechanical toughness, and 
they cannot resist large deformation. Conversely, the strong 
hydrogen bonds can provide the high mechanical stability 
the weakened repair efficiency. Bao et al. [105] proposed a 
preparation strategy of self-healing materials cross-linked 
by hydrogen bonds with different strength. A series of poly-
mers were synthesized through one-pot polycondensation 
by adjusting the proportion of the mixture. Such polymers 
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with different strength can spontaneously form hydrogen 
bond cross-linking points. Strong hydrogen bond cross-
linking can endow polymer with toughness and elasticity, 
while weak cross-linking can dissipate strain energy through 
efficient reversible bond fracture and reconstruction. There-
fore, precisely controlling chemical molecular structure of 
polymer is an effective strategy to prepare strong and fast 
self-healing polymers (Fig. 2c-d) [105, 106].

2.2.2  Ionic Bond

Compared with hydrogen bonds, ionic bonds have greater 
binding energy and higher stability. There is electrostatic 
interaction between atoms or groups with opposite charges. 
When they are close to each other, electrostatic attraction is 
generated to form ionic bond. Unlike hydrogen bond, ionic 
bond has not directionality and non-saturation. As long as 
space conditions are available, an ion can be combined with 
many ions with opposite charge, that is, positive and nega-
tive ions have the same ability to attract ions with opposite 
charge in any space direction [107]. Ionic polymers are the 
first products that are proved to have restorative properties. 

For example, poly(ethylene-co-methacrylic acid) (pEMAA) 
maintains the intermolecular ionic attraction under envi-
ronmental conditions and projectile puncture test (Fig. 3a) 
[108]. In addition, there are calcium ion  (Ca2+) cross-linked 
elastic hydrogels (Fig. 3b) [109], solvated ion gel electro-
lytes (Fig. 3c) [110] and ionic conductor based on ion–dipole 
interaction (Fig. 3d) [111].

2.2.3  Coordination Bond

Metal–ligand (M–L) coordination bonds are very unique 
non-covalent interactions formed by the coordination 
between metal ions that has the ability to receive lone 
pair electrons and a ligand that can provide electrons 
[112]. The metal ions  (Cu2+,  Zn2+,  Al3+ and  Fe3+) are 
generally used as metal coordination bonds, and com-
mon ligands include pyridine, imidazole and carboxylic 
acid. Among many reversible non-covalent bonds, the 
coordination bonds can greatly affect the physicochemi-
cal properties of self-healing polymers, from weakly vis-
cous fluids to strong elastic solids [113–115]. First of all, 
the formation of coordination bonds is a thermodynamic 

Fig. 2  a Excellent self-healing elastomer with double hydrogen bond (reproduced with permission from Ref. [102]. Copyright 2017, WILEY–
VCH). b Quadruple hydrogen of the ureido-pyrimidinone (reproduced with permission from Ref. [103]. Copyright 2018, WILEY–VCH). c 
Coexistence strategy of weak and strong hydrogen bonding (reproduced with permission from Ref. [105]. Copyright 2018, WILEY–VCH). d 
Self-repairing elastomers with multiple hydrogen bonds (reproduced with permission from Ref. [106]. Copyright 2020, Elsevier)
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spontaneous process of enthalpy reduction and entropy 
increase, which is conducive to the material preparation 
and self-repair without any external stimulus. For exam-
ple,  Zn2+-imidazole, as a healing primitive, has relatively 
small binding constant and strong dynamic M–L complex 

exchange (Fig. 4a) [116]. Secondly, by adjusting the M–L 
type, the combined coordination bond strength can reach 
25–95% of covalent bonds, which facilitates the acqui-
sition of high toughness/modulus and fast self-healing 
materials. For example, a strong metal ligand binding site 

Fig. 3  a Self-healing ionomer (pEMAA) (reproduced with permission from Ref. [108]. Copyright 2020, Springer Nature Limited). b Calcium 
ion  (Ca2+) cross-linked elastic hydrogels (reproduced with permission from Ref. [109]. Copyright 2012, Nature Publishing Group). c Solvated 
ion gel electrolytes (reproduced with permission from Ref. [110]. Copyright 2019, American Chemical Society). d Ion–dipole interactions 
(reproduced with permission from Ref. [111]. Copyright 2016, WILEY–VCH)

Fig. 4  a Dynamic zinc–imidazole interactions (reproduced with permission from Ref. [116]. Copyright 2014, American Chemical Soci-
ety). b Different strengths of metal coordination bonds (Fe(III)–Npyridyl, Fe(III)–Namido and Fe(III)–Oamido) (reproduced with permission 
from Ref. [117]. Copyright 2016, Nature Publishing Group). c Possible stereochemical structures complex and energy dissipation process for 
[Zn(Hbimcp)2]2+ (reproduced with permission from Ref. [118]. Copyright 2019, The Author(s), Springer Nature)
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is placed near the weak binding site of the ligand 2,6-pyri-
dinedicarboxamide, resulting in a highly dynamic M–L 
interaction of both strong and weak. The fracture and re-
formation of weaker bonds achieve energy dissipation and 
self-healing after damage, while the stronger interaction 
keeps metal ions near the ligand and promotes the rapid re-
formation of bonds (Fig. 4b) [117]. Moreover, in spite of 
their highly dynamic nature, they are thermodynamically 
stable. Thermodynamic stability focuses on whether the 
generated substances can be converted into other products, 
i.e., ΔG of the reactions. Kinetic stability is concerned 
with the reaction rate. The mechanical properties of the 
polymer are determined by the thermodynamic stability, 
and the self-healing rate is determined by the dynamic 
instability of the cross-linking site. To better adapt to the 
application requirements, the current materials need to 
balance the relationship between mechanical properties 
and dynamic healing. The design of the cross-linking site 
with thermodynamic stability and dynamic instability is 
critical to the realization of materials with high tough-
ness/modulus and self-healing properties [112]. Thus, by 
fine-tuning the thermodynamic and kinetic properties of 
coordination bonds, it is possible to obtain mechanically 
robust self-healing polymers with diverse compositions 
(Fig. 4c) [118].

3  Intrinsic Self‑healing Chemistry in Energy 
Storage Devices

Energy storage devices are increasingly being incorporated 
into flexible design concepts to meet the requirements of 
compact, lightweight and comfortable electronics, and 
some special bending conditions [119–121]. However, 
under long-term bending and buckling stress, the flexible 
energy storage devices will inevitably appear in mechani-
cal fatigue and damage. Therefore, flexible devices with 
self-healing characteristics are considered to be the next-
generation energy storage development trend. This chapter 
mainly introduces the research progress of intrinsic self-
healing flexible energy storage devices, including self-
healing electrode, self-healing electrolyte, self-healing 
artificial interface layer, and integrated self-healing.

3.1  Self‑healing Electrode

The main damage at the electrode is micro-crack caused 
by mechanical stress, volume fluctuation or lattice mis-
match [122]. For example, silicon and sulfur electrodes 
have attracted much attention owing to due to their ultra-
high theoretical capacities [123–125]. However, electrode 
fracture during repeated bending, volume expansion/
contraction, and severe shuttle effect of sulfide have trig-
gered multiple decay mechanisms [126]. Incorporating 
the self-healing polymer as substrates or binders into the 
electrode provides a simple versatile way to manufacturing 
self-healing electrodes.

3.1.1  Self‑healing Substrate

Introducing repairable substrates into electrodes is a common 
means to realize self-healing electrodes. Wang et al. [127] 
fabricated electrodes by depositing single-walled carbon 
nanotubes (SWCNT) onto self-healing substrates. The sub-
strate is composed of uniformly dispersed  TiO2 particles and 
dynamically reversible hydrogen bond polymer with low glass 
transition temperature (Tg). Upon being subjected to mechani-
cal damage, lateral movement of the self-healing composite 
layer brings the separated areas of the SWCNT layer into 
contact, thus restoring the configuration and conductivity of 
the device (Fig. 5a). The single repair force is weak and inca-
pable of superior self-healing properties, and the synergistic 
multiple effects are more conducive to achieving high heal-
ing effectiveness. Sun et al. [128] used a similar method to 
scroll the aligned CNT layer closely and uniformly onto SHP 
fibers (Fig. 5b). When the two fractured parts re-contact, the 
hydrogen bond will re-form between the self-healing fibers, 
and the collective van der Waals force effect of aligned carbon 
nanotubes with large density will produce a tough adhesion. 
The cross-sectional scanning electron microscope (SEM) con-
firmed that the fibers had undergone structural self-healing 
after fracture (Fig. 5c). The effective combination of hydrogen 
bond and van der Waals force can restore the mechanical and 
electrical properties of the damaged electrode and improve 
the ductility of the electrode, simultaneously. The above-
mentioned healing forms are limited to simple mechanical 
recovery, and the reconstruction of conductivity after dam-
age is the critical factor to determine the charging/discharging 
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performance of supercapacitors. Therefore, supercapacitors 
with mechanical and electrical self-healing characteristics 
are an excellent solution to this challenge. Zhi et al. [129] 
proposed a magnetic  (Fe3O4)-assisted self-healing strategy 
depended on substrate repair (Fig. 5d). A carboxylated self-
healing polyurethane (PU) is used as the shell and is encased 
with a polypyrrole electrode containing magnetic  Fe3O4. The 
strong magnetic force between the broken interfaces facilitates 
the re-connection of yarn electrodes, thus providing an effec-
tive strategy for restoring electrical conductivity.

The electrode damage–repair technology based on self-
healing substrate can effectively restore the electrode per-
formance by re-contacting the active material. However, 
there are still challenges as follows: (1) The insufficient 
interaction between active materials and substrates, the 

instability of the interface between the electrode and the 
substrate will limit the repair efficiency. (2) Although the 
self-healing substrate can effectively drive the electrode 
repair, the simple physical contact at the damaged inter-
face results in the limited healing ability. With repeated 
damage, the healing reliability will gradually decrease.

3.1.2  Self‑healing Binder

Another strategy to repairing electrode is self-healing binder. 
The binder role in the electrode is to make electrode compo-
nents effectively adhere to current collector during battery 
operation [130]. Therefore, the self-healing properties of the 
binder are expected to take key part in the long-term cycling 
stability of flexible energy storage devices [131–134]. 

Fig. 5  a Description of self-healing substrate (reproduced with permission from Ref. [127]. Copyright 2014, WILEY–VCH). b Schematic 
illustration of the self-healing wire. c Scanning cross sections of self-healing (reproduced with permission from Ref. [128]. Copyright 2014, 
WILEY–VCH). d Design and manufacturing process flow of the magnetic-assisted self-healable supercapacitor (reproduced with permission 
from Ref. [129]. Copyright 2015, American Chemical Society)
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Compared with the healing substrate, the self-healing binder 
eliminates the complicated electrode preparation step, such 
as the entanglement and deposition of active materials on 
the substrate.

Researchers have achieved many outstanding results in 
self-healing binders over the past few years. Wang et al. 
[135] first reported the self-healing silicon (Si) electrodes by 
coating with a thin layer of double hydrogen bond-directed 
polymer (Fig. 6a). Amorphous polymer with low Tg and 

abundant hydrogen bonds was designed by controlling the 
reaction conditions, so that the polymer chains at the fracture 
interface can be quickly re-arranged, approached and mixed. 
Therefore, the electrode showed excellent cyclic electro-
chemical stability (Fig. 6b), contrast to Si anodes containing 
polyvinylidene difluoride (PVDF), carboxymethyl cellulose 
(CMC) and alginate. SEM images exhibit that the micro-
cracks caused by lithiation/de-lithiation can be repaired at 
room temperature for 5 h (Fig. 6c). The influence of  Li+ 

Fig. 6  a Schematic diagram of conventional binders and self-healing binders on Si. b Comparison diagram of electrochemical performance. c 
SEM images of self-healing (reproduced with permission from Ref. [135]. Copyright 2013, Nature Publishing Group). d Schematic diagram of 
PEG group promoting  Li+ conduction. e Ionic conductivity of self-healing binders with different molecular weights and mass fractions of PEG 
(reproduced with permission from Ref. [136]. Copyright 2018, WILEY–VCH). f Schematic design of Si-SHP electrodes (reproduced with per-
mission from Ref. [137]. Copyright 2015, WILEY–VCH)
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transport on battery energy density cannot be ignored while 
realizing self-healing. Munaoka et al. [136] introduced poly-
ether units (PEG) into self-healing polymer (SHP) (Fig. 6d). 
The lone electrons on the polyether chain can be continu-
ously complexed/recombined with  Li+ to assist the  Li+ trans-
port in the matrix and improve the interface between Si and 
electrolyte. The electrochemical impedance results show that 
all PEG-modified films possess higher  Li+ transport capabil-
ity than SHP (Fig. 6e). It is worth noting that these two heal-
ing electrodes are coated with self-healing polymer on the 
electrode surface. It is difficult to penetrate or unevenly dis-
tributed for thicker electrode, which will cause the following 
disadvantages: (1) Larger cracks will form on unprotected 
Si. (2) SHP is difficult to diffuse into the generated cracks, 
resulting in poor repair efficiency. By repeatedly coating 
under heating condition (120–150 °C), the 3D distribution 
of SHP into Si particle layer reduces the diffusion lengths of 
SHP at the site of injury, thus providing an option for faster 
healing response (Fig. 6f) [137].

Self-healing polymers also have an important effect on 
improving the electrochemical performance of sulfur cath-
odes. Gao et al. [138] reported a self-healing polyvinylpyr-
rolidone–polyethyleneimine (PVP–PEI) binder cross-linked 
by hydrogen bonds (Fig. 7a). On the one hand, a large number 
of carbonyl groups (C=O) in PVP and amino groups (-NH2) 
in PEI can immobilize polysulfides and promote their redox 
conversion kinetics. On the other hand, -NH2 group can form a 
dynamic hydrogen bond network with C=O group and endow 
the binder with healing ability. The damage/healing experi-
ment shows that the crack almost closed after 24 h (Fig. 7b). 
Importantly, the lithium–sulfur (Li–S) battery with PVP–PEI 
binder shows excellent cycle stability (the average capacity 
decay rate of each cycle after 450 cycles at 1 C is 0.0718%) 
(Fig. 7c). Generally, the binder amount only accounts for 
1.5–3 wt% of the active substance in the electrode, which 
cannot effectively maintain the electrode structure and self-
healing effect. Apart from the binder, the modification of 
other electrode components is another way to enhance the 
repair efficiency and battery cycle stability. Zeng et al. [139] 
designed a zipper-like sulfur electrode using sulfur nanocom-
posites graft organic polysulfide (-SX-) chains onto organic 
polysulfide (-SX-) polymer binder (PSPEG) and carbon host 
(CPS/S) as materials (Fig. 7d). The -SX- chains on/within the 
carbon matrix or binder can not only act as redox medium 
to control the phase transfer between S/Li2S and polysulfide, 

but also play the role of “zipper teeth” and “zipper sliders,” 
to spontaneously repair the damage of sulfur electrode. SEM 
images show more stable mechanical and electrical connec-
tions between zipper-like sulfur electrode than conventional 
sulfur electrode (Fig. 7e).

At present, the research on the electrode micro-cracks 
(mainly referring to the breakthrough of the elastic strain limit 
of the active material) has made some achievements, and the 
corresponding healing mechanism and related performance 
are summarized in Table 1. It is worth noting that how to effi-
ciently integrate flexibility and electrochemical reversibility 
of self-healing materials requires further exploration. Some 
technically unsolved problems are briefly summarized as fol-
lows: (1) The matching relationship between the rigidity of 
electrode active materials and the flexibility of repair materi-
als needs to be further analyzed. Balancing rigidity and flex-
ibility are one of the key factors to improve the mechanical 
and electrochemical performance of self-healing electrodes by 
rational design of electrode structures and compositions. (2) 
The active self-healing materials in the electrode are still very 
limited, only a small amount of binder and substrate, which 
directly leads to insufficient repair capability and cannot meet 
the actual working conditions of batteries. Under the premise 
of considering the specific capacity and cycle life of batteries, 
it is an urgent challenge to develop an efficient self-healing 
electrode system. (3) Electron and ion transport kinetics of 
electrodes are a key factor affecting the electrochemical per-
formance, which is paid much attention in previous research. 
Therefore, novel functional materials with rapid self-healing 
ability, good flexibility and excellent electrochemical activity 
remain to be developed.

3.2  Self‑healing Electrolyte

Electrolyte, as a main component of energy storage device, 
plays an important role in conducting ions and participat-
ing in redox reactions on the surface of anode/cathode elec-
trodes. Compared with liquid electrolytes, polymer electro-
lytes have better mechanical strength and safety [142–145]. 
However, polymer electrolytes without excellent fluidity 
are difficult to heal themselves when cracks and fractures 
caused by external forces such as stretching, twisting and 
bending [146–149]. The development of a flexible self-heal-
ing electrolyte capable of spontaneously repairing damage 
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is essential to improve the electrochemical performance and 
reliability of energy storage devices [150].

3.2.1  Self‑healing Electrolyte Based on Non‑covalent 
Bonds

Wu et al. [151] used amino-terminated poly(ethylene gly-
col)  (NH2-PEG-NH2) as supramolecular skeleton and elastic 

thermoplastic polyurethane (TPU) cross-linking to prepare 
solid polymer electrolyte with self-healing and rigid–soft 
coexisting stability. Through the intramolecular hydrogen 
bonding between the urea group and the ester group, the 
electrolyte presents rapid self-healing (60 s) at the molecular 
level (Fig. 8a). Compared with single or double hydrogen 
bonds, multiple hydrogen bonds have a stronger recognition 
effect and can form a more powerful association. In 1996, 

Fig. 7  a Schematic of PVP–PEI polymer. b Experiment of damage/healing. c Electrochemical properties of S electrodes with different binders 
at 1C (reproduced with permission from Ref. [138]. Copyright 2021, WILEY–VCH GmbH). d Schematic of zipper-like electrode. e Comparison 
of morphology between conventional sulfur electrode and zipper-like sulfur electrode (reproduced with permission from Ref. [139]. Copyright 
2020, Elsevier)
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the ureido-pyrimidinone (UPy, DADA four hydrogen bond) 
unit was first reported by the Meijer’ group [152]. The ultra-
high binding energy of quaternary hydrogen bonds and vari-
ous binding methods have made the UPy system attract more 
and more attention. Zhou et al. [153] developed a brush-like 

polymer electrolytes (PEs) by using a UPy-containing mon-
omer (2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)
ureido)ethyl methacrylate) (UPyMA) and poly(ethylene 
glycol) methyl ether methacrylate (PEGMA) (Fig. 8b). 
Firstly, PEG side chains are expected to provide excellent 

Table 1  Comparison of healing efficiency and electrochemical performance of different electrodes

Electrode Healing mechanism Damage/healing method (time) Electrochemical performance References

Si@Fe-PDBP@pH10 Coordination bond Scratch/healing (24 h) 74.6% (200th) [131]
SiMP Hydrogen bonding Electrode morphology (5 h) 80% (90th) [135]
Si-SHP-PEG Hydrogen bonds Scratch/healing (3 h) 80% (150th) [136]
Si@SHPET Hydrogen bond Cut/healing (4 h) 58.4% (60th) [95]
Si@PAA-UPy Quadruple hydrogen bonding Cut/healing(/) 62.89% (110th) [103]
Si/PAA-BFPU Disulfide bond Scratch/healing (1 h) 97.0% (100th) [140]
Si@CMC-CPAM Electrostatic interactions / 50.40% (100th) [141]
S-PSPEG Disulfide bond Cut/healing (0.5 h) 812 mAh  g−1 (300th) [139]
S@PVP–PEI Hydrogen bonds Cut/healing (2 h) 880.1 mAh  g−1 (150th) [138]

Fig. 8  a Schematic diagram of solid polymer electrolytes with rigid–soft co-stability and self-healing experiment (reproduced with permis-
sion from Ref. [151]. Copyright 2019, WILEY–VCH). b Schematic diagram of synthesis and self-healing mechanism of brush-like copolymer 
(reproduced with permission from Ref. [153]. Copyright 2018, Royal Society of Chemistry). c Schematic illustration of the synthesis of the PIL-
co-PEA copolymers paired with  Br−,  Tf−,  FSI− or  TFSI− counteranions. d Cutting/healing experiments of different counteranions. e Structure/
conformation of different counteranions binding simulated by density functional (reproduced with permission from Ref. [154]. Copyright 2018, 
American Chemical Society)
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ionic conductivity. Secondly, physical cross-linking can 
be achieved by connecting the UPy part through hydrogen 
bonds, thereby forming a flexible and fast self-healing PE. 
Their synergy can provide the electrolyte with fast intrinsic 
healing efficiency and high ductility. The above-mentioned 
polymer usually involves complex experimental design to 
achieve the dual effects of electrochemical stability and 
healing ability. Apparently, using reversible interactions 
controlled by their inherent chemical properties to fabrica-
tion self-healing materials is highly desirable because of the 
absence of additional groups that may adversely affect their 
function [154].

Ionic liquids (ILs) composed of ions and appears liquid 
at room temperature, having garnered increasing interest as 
potential electrolyte materials due to high ionic conductiv-
ity (1–10 mS  cm−1), wide electrochemical window (3–5 V), 
high chemical and thermal stability, and non-flammability 
[110, 155–157]. Polyionic liquids (PILs) are formed by 
polymerizing ionic liquid monomers, which not only inherit 
the advantages of ILs, but also have the inherent polymers 
characteristics, and present superior processability and spa-
tial controllability, thus overcoming the poor mechanical 
properties of ionic liquids. The inherent characteristics of 
ILs and PILs are the electrostatic interaction between the 
polymer backbone or ions with counterions (cation/anion 
pairs), acting as a physical cross-linking point and endowing 
material self-healing properties. Guo et al. [154] discovered 
that the counteranions can effectively mediate the healing 
properties of PIL copolymer (Fig. 8c). After the  Br− coun-
teranions are exchanged with a larger size counteranions 
 (TFSI−), the PIL copolymer gains healing capability by pair-
ing with the  Br− counteranions. The PIL copolymer paired 
with  TFSI− showed excellent intrinsic healing properties 
at 55 °C, whereas no healing phenomenon was observed 
at 150  °C when  Br− was selected as the counteranions 
(Fig. 8d). According to density functional theory, because 
the larger counteranions exhibit less surface charges and 
longer distances with the imidazolium cations, the polymer 
chains in copolymers are loosely bonded, which has strong 
mobility and reversible electrostatic interaction (Fig. 8e). 
The strong electrostatic effect of  Br− can bind the polymer 
chain tightly, so that the rigid copolymer loses its repair-
ing properties. The research shows that larger counterions 
can form loose ionic aggregates, resulting in weak physical 
cross-linking and decreased Tg, maintaining a certain degree 
of dynamic self-healing, but poor mechanical strength [158]. 

The decreased ion size has the opposite property. Therefore, 
the Tg and ion aggregation degree of PILs can be system-
atically adjusted by optimizing components ratios to obtain 
desirable mechanical and healing performance.

3.2.2  Self‑healing Electrolyte based on Dynamic 
Covalent Bonds

Besides, the self-healing electrolytes based on dynamic 
covalent bonds have also made some progress. Jo et al. 
[159] fabricated self-healing electrolyte (PEG-SSH) by 
employing reversible addition–fragmentation chain trans-
fer (RAFT) polymerization of poly(ethylene glycol) methyl 
ether acrylate (PEGA, Mn = 480) and cross-linker consist-
ing of hydrogen bond and disulfide bond (Fig. 9a). The re-
formation of disulfide and hydrogen bonds at the broken 
interface restores the electrode to its original state. The 
damaged surfaces spontaneously healed without any exter-
nal stimulation after 30 min (Fig. 9b). Deng et al. [160] 
prepared an innovative polymer electrolyte (PBPE) based on 
highly reversible imine bond (C=N). PBPE was synthesized 
from poly(ethylene glycol) diamine  (NH2-PEG-NH2) and 
benzene-1,3,5-tricarbaldehyde (BTA) by Schiff base reaction 
(Fig. 9c). The C=N bond is highly reversible and capable of 
rapid bond exchange. The reversible fracture and recombi-
nation of C=N bond endows PBPE have good self-healing 
performance within 1 h. After self-healing, PBPE has the 
same ionic conductivity and mechanical properties as the 
original PBPE (Fig. 9d).

From the properties analysis of the self-healing elec-
trolytes (Table 2), it can be concluded that the overall 
mechanical strength is positively correlated with the 
reversible bond energy, but the enhanced mechanical 
strength will reduce the repair efficiency, and the improved 
bond energy is often carried out by a complex experi-
mental process. However, self-healing ILs and PILs with 
high ionic conductivity have the defects of low Tg and 
high viscosity at room temperature. In addition, unlike 
other dynamic covalent bonds, self-healing materials with 
higher bonding energy of disulfide and imine bonds can 
be obtained by adjusting the compositions and have higher 
healing efficiency at mild temperatures without external 
stimulation. Therefore, the ideal electrolytes materials 
with high ionic conductivity, strong mechanical proper-
ties and fast self-healing properties can be realized by 
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screening the dominant component properties of different 
dynamic bonds and adding complementary components.

3.3  Self‑healing Artificial Interface Layer

During the first charge/discharge of liquid–based electrolyte 
battery, electrode material can react with electrolyte at the 
solid–liquid interface, forming a passivation layer covering 
the surface of electrode, which is called solid electrolyte 

interface (SEI) [161]. On the one hand, the SEI can prevent 
the further decomposition of electrolyte components; on the 
other hand, it can effectively prevent the co-embedding of 
solvent molecules to avoid the damage of electrode materi-
als. However, naturally grown SEIs are fragile and uneven. 
Due to the high activity and uneven deposition/dissolu-
tion of lithium (Li), the growing Li dendrites can puncture 
the already formed SEI, leading to continued SEI forma-
tion and electrolyte consumption [162–164]. Studies show 

Fig. 9  a Schematic illustration of the formation of PEG-SSH. b Self-healing experiment (reproduced with permission from Ref. [159]. Copy-
right 2020, American Chemical Society). c Self-healing PBPE containing imine bond and self-healing experiment. d Mechanical properties and 
ionic conductivity (reproduced with permission from Ref. [160]. Copyright 2021, Elsevier)
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developing of high-quality self-healing artificial SEI can 
buffer surface changes and inhibit dendrite growth. Herein, 
we mainly discuss the self-healing artificial SEI of Li metal 
anode. Due to its extremely high theoretical specific capacity 
(3,860 mAh  g−1) and lowest electrochemical potential, Li 
metal is considered to be one of the most promising anodes 
for next-generation high specific energy battery. However, 
commercial application of Li still faces many challenges 
caused by high activity and uneven deposition/dissolution.

Zheng et al. [165] applied highly viscoelastic hydrogen 
bond polymers to Li anodes (Fig. 10a). The slow flow 
of the polymer on the electrode surface avoids the “hot 
spot” where the  Li+ flux increases rapidly. This artificial 
polymer layer prevents the formation of cracks or pinholes 
in the SEI layer. The SEM image shows that uniform Li 
deposition is achieved at a high current density (Fig. 10b). 
Wang et al. [166] successfully prepared a novel supramo-
lecular copolymer protective layer containing UPy groups 
and side chain segments of polyethylene oxide (PEO) by 
a simple drop coating method (Fig. 10c). After the reduc-
tion reaction with Li, the in situ formed compact layer 
(LiPEO-UPy) can effectively prevent the uncontrollable 
side reactions and adapt to the huge interfacial volume 
fluctuations. In addition, the electrostatic interaction 
between the polar segment of PEO and  Li+ in the LiPEO-
UPy layer can slow down the rapid  Li+ flux to the Li 
metal surface, thus enabling uniform lithium deposition 
(Fig. 10d). The results show that the self-stabilized and 
compact artificial SEI (~ 70 nm) can eliminate the forma-
tion of Li dendrites (Fig. 10e). The above-mentioned poly-
mer is based on weak dynamic interaction, and has high 

viscoelasticity and weak mechanical toughness, but cannot 
resist large deformation. Huang et al. [167] designed a 
healing polymer with different mechanical properties by 
taking perfluoropolyether (PFPE) with low Tg as the main 
chain and regulating the polymerization monomers (iso-
phorone (I) and dimethylenediphenyl units (M)) to change 
the strength of hydrogen bond units (Fig. 10f). The differ-
ence in molecular structure leads to a similar change in 
mechanical properties. The polymers with high propor-
tion of strong hydrogen bonding units have a more orderly 
structure, which is characterized by viscous solids, while 
the other weak hydrogen bonding polymers are character-
ized by viscoelastic liquids. When these polymers are used 
as artificial SEIs on Li anodes, the fluidity/softer polymer 
can achieve high electrodeposition Coulombic efficiency 
(CE), while the rigidity polymer shows the opposite 
(Fig. 10g). In addition to non-covalent bond induced self-
healing responses, dynamic non-covalent bond also shows 
certain potential in the design of artificial interface layers. 
By introducing an intermediate layer of poly (ethylene 
imine) (PEI) with self-healing and Li adjustment capabili-
ties, Cui et al. [168] can achieve uniform Li deposition and 
self-healing SEI layer (Fig. 10h). The intermediate layer is 
cross-linked by C=N bond and contains a trifluorophenyl 
group. The trifluorophenyl can cooperate with  Li+, so that 
the intermediate layer can adjust the  Li+ distribution at 
the electrode/electrolyte interface, while the C=N bond 
enables the artificial layer to a self-healing ability. The 
resulting Li anode has excellent cycle stability with 250 
cycles in an asymmetric Cu | | Li battery and dendrite-free 
morphology (Fig. 10i).

Table 2  Properties comparison of different self-healing electrolytes

Electrolytes Healing mechanism Damage/healing method Healing time References

CPSHPE Quadruple hydrogen bonding Cut/healing 3 h (60 °C) [143]
PEO@BPIL Ionic bond Scratch/healing 15 min (60 °C) [145]
PVA/Zn(CF3SO3)2 Hydrogen bond Scratch/healing 30 min (room temperature) [146]
PUSPEs Disulfide bond Cut/healing 12 h (60 °C) [150]
SHSPEs Hydrogen bonding Cut/healing 60 s (room temperature) [151]
PEGMA: UPyMA Quadruple hydrogen bonding Cut/healing 2 h (30 °C) [153]
PIL Ionic bond Cut/healing 7.5 h (55 °C) [154]
poly[BDI][Tf2N][CF3SO3]-50 Ionic bond Scratch/healing 1.5 h (50 °C) [158]
PEG-SSH Disulfide bonds/hydrogen bonds Cut/healing 2 h (30 °C) [159]
PBPE Imine bonds Cut/healing 1 h (room temperature) [160]
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The self-healing polymer is usually designed with low 
Tg temperature, good flexibility and low Young’s modulus 
to realize rapid molecular identification and recombination, 
thus effectively responding interface change. However, 
once the strain limit is exceeded and timely healing is not 
achieved, the self-healing polymer can no longer provide 
continuous and stable protection layer. Contrarily, high 
cross-linking strength will reduce the efficiency of repair. 
Most polymer interfaces have poor thermodynamic stability 
in organic liquid electrolytes. The decomposed by -products 
can cause electronic leakage and then lose the electronic 
insulation characteristics of the artificial SEI interface. And 
the lithium-ion diffusion dynamics are also limited due to 
the low lithium-ion conductivity of polymer. The ideal self-
healing artificial interface requires a balance between ionic 
conductivity, interface compatibility, mechanical strength 
and chemistry/electrochemical stability. Therefore, new mul-
tifunctional self-repairing polymer interface compatible with 
battery still needs to be further explored.

3.4  Integrated Self‑healing

Based on the previous reports, the self-repair function pre-
sents obvious locality, that is, only a small part of the device 
has the repair function. Additionally, the existing synthetic 
self-healing polymers are only applicable to specific electro-
lytes or electrode materials. There is still a lack of general-
purpose polymers that can manufacture various self-healing 
electrodes, electrolytes and artificial interface layers. There-
fore, realizing the integrated self-healing function of device 
has received extensive attention.

Based on the calcium ion  (Ca2+) cross-linked double 
network of sodium polyacrylate and sodium alginate 
(PANa-Ca-SA) hydrogel electrolyte, Ji et al. [169] pre-
pared an ultra-long life aqueous lithium-ion yarn battery 
(ALIYB) with microscopically and macroscopically self-
healing properties (Fig. 11a). When the broken hydro-
gel contacts again along the crack, the broken chain will 
be re-connected through  Ca2+ cross-linking (Fig. 11b). 

Fig. 10  a Molecular structure of healing polymer. b SEM image comparison of Li deposition morphology (reproduced with permission from 
Ref. [165]. Copyright 2016, American Chemical Society). c Schematic diagram of PEO–UPy coating on Li metal surface. d Schematic diagram 
of the formation of LiPEO-UPy. e SEM image of the LiPEO–UPy@Li anode (reproduced with permission from Ref. [166]. Copyright 2020, 
WILEY–VCH). f Structure of polymers with the different strength of hydrogen bond units. g CE of electrodeposition (reproduced with permis-
sion from Ref. [167]. Copyright 2021, WILEY–VCH GmbH). h Schematic diagrams of the preparation of the PEI-3F interlayer on a Li metal 
anode. i Coulombic efficiency vs cycle number (reproduced with permission from Ref. [168]. Copyright 2021, American Chemical Society)
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Meanwhile, the electrode material is in situ polymerized 
in the PANa-CA-SA hydrogel electrolyte with self-healing 
ability, which can effectively prevent the initiation and 
expansion of microscopic cracks on the electrode. The cut-
ting/healing experiment shows that the hydrogel could not 
light up the red light-emitting diode (LED) after cutting 
(Fig. 11c). When the hydrogel re-contacted, the red LED 
would immediately light up again. However, the superca-
pacitors are not available for stretching due to the limited 
self-repair effect. Different from the previous reports, Hu’s 
research team [170] proposed a new concept of biode-
gradable and one-stop self-healing supercapacitor, using 
modified flour as the additive material for electrodes and 
electrolytes (Fig. 11d). The hydrogen bonds between flour 
and water molecules can ensure the simultaneous repair 
of electrodes and electrolytes. Importantly, supercapaci-
tor can be stretched essentially from 0 to 50% without 
fracture, which has never been realized in the past reports 
(Fig. 11e). Besides, the supercapacitor can be degraded by 
microorganisms, thus providing a unique solution for the 
disposal of recycling supercapacitors (Fig. 11f).

The integrated self-healing devices can favorably adapt 
to flexible application scenarios, avoid the single healing 
limitations and interface incompatibility between different 
components. However, the currently integrated self-repair 
application is only limited to hydrogel systems or water-
based batteries with low mechanical strength and energy 
density, which cannot meet the requirements of practical 
applications. Therefore, reasonable design and building 
integrated self-repairing functions are currently the main 
research tasks to meet a variety of battery or capacitor 
system requirement.

4  Advanced Self‑healing Characterization 
Technology

In addition to emphasizing self-healing mechanism and 
efficiency, advanced characterization techniques are very 
important to analyze structure and composition of self-heal-
ing materials and understand self-repair mechanism, which 
is the key to promoting the development of self-repairing 

Fig. 11  a Preparation process of yarn battery based on calcium ion  (Ca2+) cross-linking. b Self-healing mechanism of PANa-Ca-SA hydrogel 
electrolyte. c Cutting/healing experiment (reproduced with permission from Ref. [169]. Copyright 2020, Elsevier). d Schematic diagram of the 
preparation of a one-stop supercapacitor. e Tensile test. f Biodegradation experiment (reproduced with permission from Ref. [170]. Copyright 
2018, Elsevier)
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chemistry. Herein, we mainly introduce two parts including 
chemical structure and visualization characterization.

4.1  Chemical Structure Characterization

Fourier transform infrared spectroscopy (FTIR) [171–173] 
and nuclear magnetic resonance spectroscopy (NMR) [174, 
175] are two key technologies for characterizing the chemi-
cal structure information of self-healing materials. FTIR is 
the most commonly used characterization method in the field 
of self-healing materials, which can detect the functional 
groups of unknown substances, determine the chemical 
structure and observe the chemical reaction process accord-
ing to the different spectrum characteristics. NMR can ana-
lyze the materials’ fine structure and determine the local 
chemistry information of reactants or products, providing a 
favorable mean for in-depth understanding of the self-repair 
mechanism.

In Canadell’s work, the cross-linking process of epoxy 
resin and mercaptan in alkali catalyzed addition reaction 
was monitored by FTIR. The complete disappearance of the 
tensile vibration peaks of ethylene oxide (860–815  cm−1) 
and the S–H tensile vibration peaks of mercaptan groups 
(2536  cm−1) indicates that the conversion rate of the cross-
linking reaction is close to 100% and the formation of self-
healing disthionyl groups (Fig. 12a) [176]. Zhang et al. [177] 
used NMR to understand the complexation behavior of poly-
mers. As shown in Fig. 12b, polymer 1 can cross-link agents 

2 and 3 in solution. The aromatic protons  H1,  H2,  H3,  H5, 
 H6 and the phenoxymethylene protons  H7 of 2 showed an 
upfield chemical shift, while the downfield chemical shift of 
benzyl proton  H4 after complexation indicated the formation 
of host–guest interactions. The chemical structure analysis 
reliability is closely related to the characterization accuracy. 
Developing high-resolution test methods is very necessary 
for understanding self-healing evolution.

4.2  Visual Self‑healing Characterization

Visual characterization of the healing process can deepen 
the understanding of the self-healing mechanism, but the 
current monitoring methods are often limited. Micro-
scopes are commonly used to monitor self-healing behav-
ior according to the size and change of morphology, such 
as optical microscopy (OM) [131, 138], SEM [135, 164] 
and fluorescence microscopy [144]. Researchers use these 
techniques to investigate the healing characteristics includ-
ing the morphology evolution of polymer film (Fig. 13a) 
[131], the crack size reduction of electrolyte film (Fig. 13b) 
[164] and the polymer segments mutual diffusion in the 
fluorescence image (Fig. 13c) [144], but these macroscopic 
characterization techniques are limited to polymer surface 
structures, and the internal self-repair behavior is often 
not observed. Besides, atomic force microscopy (AFM) 
has been used to analyze self-healing behavior. Faghih-
nejad et al. [178] used AFM to characterize the relative 
humidity (RH) of self-healing polymers with multiple 

Fig. 12  a FTIR/ATR spectra of cross-linking process (reproduced with permission from Ref. [176]. Copyright 2011, American Chemical Soci-
ety). b Partial 1H NMR spectra (reproduced with permission from Ref. [177]. Copyright 2012, WILEY–VCH)
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hydrogen bonds (Fig. 13d). When RH = 0%, the surface 
pattern is in the form of linear and almost parallel bands or 
stripes, while at RH = 100%, a larger branched radial finger 
is formed, indicating that the transition from elastic fail-
ure to viscous failure occurs in the polyhydrogen-bonded 

polymer when RH = 0% increases to RH = 100%. Visual 
characterization methods with high temporal and spatial 
resolution are still to be applied in the field of self-healing 
chemistry, especially some in situ synchrotron radiation-
based characterization tools.

Fig. 13  a Optical microscope images of Fe-PDBP@pH10 film before and after 24 h (reproduced with permission from Ref. [131]. Copyright 
2019, American Chemical Society). b Self-healing SEM images of the CPE surface (reproduced with permission from Ref. [164]. Copyright 
2019, The Authors. Published by WILEY–VCH). c Fluorescence microscopy images illustrating the self-healing process of SHSPE3 (repro-
duced with permission from Ref. [144]. Copyright 2021, Royal Society of Chemistry). d AFM images in contact mechanics tests (reproduced 
with permission from Ref. [178]. Copyright 2014, WILEY–VCH)

Fig. 14  Challenges and perspective for self-healing energy storage
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5  Conclusions and Perspective
With the increasing global environmental and energy crisis, 
the development of energy storage devices is in full swing. 
Batteries or supercapacitors for various application sce-
narios have received extensive attention from both industry 
and academia, especially for flexible electronics. Mechanical 
flexibility can enable electronic devices to achieve wearable 
functions. Meanwhile, electrochemical stability and safety 
of flexible batteries or supercapacitors under mechanical 
deformation are still a formidable challenge. Self-healing 
chemistry provides a proven means to realize excellent elec-
trochemical performance of flexible electronic devices. Self-
healing means that the mechanical damage can be repaired 
in time, and the electrochemical performance can be restored 
as before. Therefore, realizing self-healing energy storage 
device is a very promising strategy to promote the further 
development and application of flexible electronics.

5.1  Conclusions

At present, although a series of researches on self-healing 
flexible energy storage devices have been carried out, some 
key challenges remain (Fig. 14): (1) The current self-healing 
efficiency based on various bonds is still limited and not 
ideal. The low self-healing ability directly leads to the poor 
electrochemical performance of flexible devices. Moreover, 
some self-healing effects require certain external stimuli 
and drives, for example, dynamic covalent bond-driven self-
healing. It is necessary to further develop novel self-healing 
materials to ensure high repair efficiency and stable electro-
chemical performance recovery of energy storage devices. 
(2) The current self-healing is mostly unilateral repair of 
electrodes or electrolytes. The research of comprehensive 
self-healing mainly focuses on water system. Self-healing 
polymers developed at present are only applicable to specific 
electrolytes or electrode materials. Synergistic polymers that 
can be used to make a variety of self-healing electrolytes 
and electrodes are still lacking. (3) The self-healing material 
preparation and their integration with batteries or capaci-
tors are still complex and cumbersome, which is extremely 
unfavorable for large-scale commercial production of self-
healing energy storage. Therefore, it is necessary to make 
great progress in simplifying the preparation process and 
obtaining excellent self-healing materials. (4) There is a 
lack of reliable standards and guidelines for the evaluation 

and detection of self-healing functions. For example, self-
healing efficiency refers to the speed at which the polymer 
fracture surface repairs the damage through its own physi-
cal or chemical interactions, the determinant of which is 
the factor of chain diffusion and chemical recombination 
of polymer molecules. Currently, the healing efficiency can 
be defined in terms of fracture toughness, tensile strength 
or Young’s modulus of polymers. For the evaluation of 
healing efficiency in electrochemical energy storage, most 
methods are damage/healing experiments. However, more 
complex electrochemical reactions are usually involved in 
energy storage devices, so it is more urgent to understand 
the scientific problems of healing in the process of charging/
discharging on a microscopic scale.

5.2  Perspective

Based on the current achievements, the following research 
directions are proposed for the application of self-healing in 
the next-generation flexible energy storage devices (Fig. 14). 
(1) Most reported self-healing materials are far from prac-
tical application. To meet the needs of the highly flexible/
wearable devices, the exploration and preparation of polymers 
with strong mechanical strength and high repair efficiency 
play a key role in promoting self-repairing flexible energy 
storage devices. One of the ways to solve the contradiction 
between mechanical strength and self-repair is to use the syn-
ergy of double dynamic action (strong and weak mixing) and 
micro-phase separation (hard phase locking). In addition, the 
fusion of different advanced material preparation technologies 
(response driven (thermal initiation, ultraviolet light initiation, 
magnetic initiation, pH value initiation, etc.), atomic layer 
deposition and electrospinning, etc.) is a new way to simplify 
the preparation process to obtain excellent materials. (2) Most 
self-healing polymers are insulated, and their applications are 
mostly independent. The ideal self-repair requires not only the 
mechanical recovery, but also the autonomous recovery of 
electrochemical activity. New flexible self-healing materials 
capable of carrier transport are needed to replace traditional 
electrolytes or fluid collecting materials. Currently available 
functional materials such as liquid metal and conductive self-
healing polymers, combined with 3D printing and winding 
preparation processes, are conducive to the development 
of self-healing. (3) Master the dynamic process of healing 
and understand the working mechanism. The development 
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route of flexible energy storage device needs to consider the 
stability of electrode and electrolyte. Interface layering and 
mechanical damage between components of devices remains 
a challenge due to the differences in mechanical properties 
between components. Therefore, combined with advanced 
in situ characterization techniques (synchrotron radiation, 
in  situ nuclear magnetic resonance) and electrochemical 
analysis, the observation and exploration of the interfacial 
changes of the chemical composition and microstructure will 
contribute to a better understanding of the failure mechanism 
of the device. Simplify the preparation process of self-healing 
materials, optimize and develop a new universal self-healing 
system, and realize the self-diagnosis process of material 
damage, so as to realize the real intelligent bionic self-healing 
flexible energy storage.

Acknowledgements This work was supported by China Post-
doctoral Science Foundation (2022M710951, 2022TQ0087) 
and Postdoctoral Science Foundation of Heilongjiang Province 
(LBH-Z22111).

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. G. Zhou, F. Li, H.M. Cheng, Progress in flexible lithium bat-
teries and future prospects. Energy Environ. Sci. 7, 1307–
1338 (2014). https:// doi. org/ 10. 1039/ c3ee4 3182g

 2. W. Liu, M.S. Song, B. Kong, Y. Cui, Flexible and stretch-
able energy storage: Recent advances and future perspectives. 
Adv. Mater. 29, 1603436 (2017). https:// doi. org/ 10. 1002/ 
adma. 20160 3436

 3. T.Q. Trung, N.E. Lee, Recent progress on stretchable elec-
tronic devices with intrinsically stretchable components. Adv. 
Mater. 29, 1603167 (2017). https:// doi. org/ 10. 1002/ adma. 
20160 3167

 4. Y. Cao, Y.J. Tan, S. Li, W.W. Lee, H. Guo et al., Self-healing 
electronic skins for aquatic environments. Nat. Electron. 2, 
75–82 (2019). https:// doi. org/ 10. 1038/ s41928- 019- 0206-5

 5. X. Pu, L. Li, H. Song, C. Du, Z. Zhao et al., A self-charging 
power unit by integration of a textile triboelectric nanogen-
erator and a flexible lithium-ion battery for wearable electron-
ics. Adv. Mater. 27, 2472–2478 (2015). https:// doi. org/ 10. 
1002/ adma. 20150 0311

 6. Z. Shi, L. Meng, X. Shi, H. Li, J. Zhang et al., Morphological 
engineering of sensing materials for flexible pressure sensors 
and artificial intelligence applications. Nano-Micro Lett. 14, 
141 (2022). https:// doi. org/ 10. 1007/ s40820- 022- 00874-w

 7. X. Tong, Z. Tian, J. Sun, V. Tung, R.B. Kaner et al., Self-
healing flexible/stretchable energy storage devices. Mater. 
Today 44, 78–104 (2021). https:// doi. org/ 10. 1016/j. mattod. 
2020. 10. 026

 8. Y. An, C. Luo, D. Yao, S. Wen, P. Zheng et al., Natural 
cocoons enabling flexible and stable fabric lithium-sulfur full 
batteries. Nano-Micro Lett. 13, 84 (2021). https:// doi. org/ 10. 
1007/ s40820- 021- 00609-3

 9. Q. Deng, Y. Yang, C. Mao, T. Wang, Z. Fang et al., Elec-
tronic state modulation and reaction pathway regulation on 
necklace-like MnOx-CeO2@polypyrrole hierarchical cath-
ode for advanced and flexible Li–CO2 batteries. Adv. Energy 
Mater. 12, 2103667 (2022). https:// doi. org/ 10. 1002/ aenm. 
20210 3667

 10. X. Wang, X. Lu, B. Liu, D. Chen, Y. Tong et al., Flexible 
energy-storage devices: Design consideration and recent pro-
gress. Adv. Mater. 26, 4763–4782 (2014). https:// doi. org/ 10. 
1002/ adma. 20140 0910

 11. R. Li, Z. Fang, C. Wang, X. Zhu, X. Fu et al., Six-armed 
and dicationic polymeric ionic liquid for highly stretchable, 
nonflammable and notch-insensitive intrinsic self-healing 
solid-state polymer electrolyte for flexible and safe lithium 
batteries. Chem. Eng. J. 430, 132706 (2022). https:// doi. org/ 
10. 1016/j. cej. 2021. 132706

 12. L. Dong, C. Xu, Y. Li, Z. Pan, G. Liang et al., Breathable 
and wearable energy storage based on highly flexible paper 
electrodes. Adv. Mater. 28, 9313–9319 (2016). https:// doi. 
org/ 10. 1002/ adma. 20160 2541

 13. Y. Zou, C. Chen, Y. Sun, S. Gan, L. Dong et al., Flexible, 
all-hydrogel supercapacitor with self-healing ability. Chem. 
Eng. J. 418, 128616 (2021). https:// doi. org/ 10. 1016/j. cej. 
2021. 128616

 14. L. Dong, C. Xu, Y. Li, Z.-H. Huang, F. Kang et al., Flexible 
electrodes and supercapacitors for wearable energy storage: a 
review by category. J. Mater. Chem. A 4, 4659–4685 (2016). 
https:// doi. org/ 10. 1039/ C5TA1 0582J

 15. Y.Z. Zhang, Y. Wang, T. Cheng, L.Q. Yao, X. Li et  al., 
Printed supercapacitors: Materials, printing and applications. 
Chem. Soc. Rev. 48, 3229–3264 (2019). https:// doi. org/ 10. 
1039/ c7cs0 0819h

 16. S. Fleischmann, J.B. Mitchell, R. Wang, C. Zhan, D.E. Jiang 
et al., Pseudocapacitance: from fundamental understanding to 
high power energy storage materials. Chem. Rev. 120, 6738–
6782 (2020). https:// doi. org/ 10. 1021/ acs. chemr ev. 0c001 70

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/c3ee43182g
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/adma.201603167
https://doi.org/10.1002/adma.201603167
https://doi.org/10.1038/s41928-019-0206-5
https://doi.org/10.1002/adma.201500311
https://doi.org/10.1002/adma.201500311
https://doi.org/10.1007/s40820-022-00874-w
https://doi.org/10.1016/j.mattod.2020.10.026
https://doi.org/10.1016/j.mattod.2020.10.026
https://doi.org/10.1007/s40820-021-00609-3
https://doi.org/10.1007/s40820-021-00609-3
https://doi.org/10.1002/aenm.202103667
https://doi.org/10.1002/aenm.202103667
https://doi.org/10.1002/adma.201400910
https://doi.org/10.1002/adma.201400910
https://doi.org/10.1016/j.cej.2021.132706
https://doi.org/10.1016/j.cej.2021.132706
https://doi.org/10.1002/adma.201602541
https://doi.org/10.1002/adma.201602541
https://doi.org/10.1016/j.cej.2021.128616
https://doi.org/10.1016/j.cej.2021.128616
https://doi.org/10.1039/C5TA10582J
https://doi.org/10.1039/c7cs00819h
https://doi.org/10.1039/c7cs00819h
https://doi.org/10.1021/acs.chemrev.0c00170


Nano-Micro Lett.           (2023) 15:99  Page 23 of 29    99 

1 3

 17. Y.Z. Zhang, T. Cheng, Y. Wang, W.Y. Lai, H. Pang et al., 
A simple approach to boost capacitance: Flexible superca-
pacitors based on manganese oxides@MOFs via chemically 
induced in situ self-transformation. Adv. Mater. 28, 5242–
5248 (2016). https:// doi. org/ 10. 1002/ adma. 20160 0319

 18. T. Cheng, Y.Z. Zhang, S. Wang, Y.L. Chen, S.Y. Gao et al., 
Conductive hydrogel-based electrodes and electrolytes for 
stretchable and self-healable supercapacitors. Adv. Funct. 
Mater. 31, 2101303 (2021). https:// doi. org/ 10. 1002/ adfm. 
20210 1303

 19. C. Choi, D.S. Ashby, D.M. Butts, R.H. DeBlock, Q. Wei 
et al., Achieving high energy density and high power density 
with pseudocapacitive materials. Nat. Rev. Mater. 5, 5–19 
(2019). https:// doi. org/ 10. 1038/ s41578- 019- 0142-z

 20. D. Feng, T. Lei, M.R. Lukatskaya, J. Park, Z. Huang et al., 
Robust and conductive two-dimensional metal–organic 
frameworks with exceptionally high volumetric and areal 
capacitance. Nat. Energy 3, 30–36 (2018). https:// doi. org/ 
10. 1038/ s41560- 017- 0044-5

 21. X. Lin, F. Li, Y. Bing, T. Fei, S. Liu et al., Biocompatible 
multifunctional e-skins with excellent self-healing ability 
enabled by clean and scalable fabrication. Nano-Micro Lett. 
13, 200 (2021). https:// doi. org/ 10. 1007/ s40820- 021- 00701-8

 22. Y. Cheng, X. Xiao, K. Pan, H. Pang, Development and appli-
cation of self-healing materials in smart batteries and super-
capacitors. Chem. Eng. J. 380, 122565 (2020). https:// doi. org/ 
10. 1016/j. cej. 2019. 122565

 23. Z. Xu, J. Yang, T. Zhang, Y. Nuli, J. Wang et al., Silicon 
microparticle anodes with self-healing multiple network 
binder. Joule 2, 950–961 (2018). https:// doi. org/ 10. 1016/j. 
joule. 2018. 02. 012

 24. S. Huang, F. Wan, S. Bi, J. Zhu, Z. Niu et al., A self-healing 
integrated all-in-one zinc-ion battery. Angew. Chem. Int. Ed. 
58, 4313–4317 (2019). https:// doi. org/ 10. 1002/ anie. 20181 
4653

 25. H. Liu, X.-B. Cheng, Z. Jin, R. Zhang, G. Wang et al., Recent 
advances in understanding dendrite growth on alkali metal 
anodes. EnergyChem 1, 100003 (2019). https:// doi. org/ 10. 
1016/j. enchem. 2019. 100003

 26. Y. Hu, N. Dunlap, S. Wan, S. Lu, S. Huang et al., Crystal-
line lithium imidazolate covalent organic frameworks with 
high li-ion conductivity. J. Am. Chem. Soc. 141, 7518–7525 
(2019). https:// doi. org/ 10. 1021/ jacs. 9b024 48

 27. T. Lei, W. Chen, W. Lv, J. Huang, J. Zhu et al., Inhibiting 
polysulfide shuttling with a graphene composite separator 
for highly robust lithium-sulfur batteries. Joule 2, 2091–2104 
(2018). https:// doi. org/ 10. 1016/j. joule. 2018. 07. 022

 28. X. Shan, Y. Zhong, L. Zhang, Y. Zhang, X. Xia et al., A brief 
review on solid electrolyte interphase composition characteri-
zation technology for lithium metal batteries: challenges and 
perspectives. J. Phys. Chem. C 125, 19060–19080 (2021). 
https:// doi. org/ 10. 1021/ acs. jpcc. 1c062 77

 29. D.L. Taylor, M. Panhuis, Self-healing hydrogels. Adv. Mater. 
28, 9060–9093 (2016). https:// doi. org/ 10. 1002/ adma. 20160 
1613

 30. Y. Yang, M.W. Urban, Self-healing polymeric materials. 
Chem. Soc. Rev. 42, 7446–7467 (2013). https:// doi. org/ 10. 
1039/ c3cs6 0109a

 31. S. An, M.W. Lee, A.L. Yarin, S.S. Yoon, A review on corro-
sion-protective extrinsic self-healing: comparison of micro-
capsule-based systems and those based on core-shell vascular 
networks. Chem. Eng. J. 344, 206–220 (2018). https:// doi. 
org/ 10. 1016/j. cej. 2018. 03. 040

 32. D.Y. Zhu, M.Z. Rong, M.Q. Zhang, Self-healing polymeric 
materials based on microencapsulated healing agents: From 
design to preparation. Prog. Polym. Sci. 49–50, 175–220 
(2015). https:// doi. org/ 10. 1016/j. progp olyms ci. 2015. 07. 002

 33. F. Sun, L. Liu, T. Liu, X. Wang, Q. Qi et  al., Vascular 
smooth muscle-inspired architecture enables soft yet tough 
self-healing materials for durable capacitive strain-sensor. 
Nat. Commun. 14, 130 (2023). https:// doi. org/ 10. 1038/ 
s41467- 023- 35810-y

 34. S.H. Cho, S.R. White, P.V. Braun, Room-temperature poly-
dimethylsiloxane-based self-healing polymers. Chem. Mater. 
24, 4209–4214 (2012). https:// doi. org/ 10. 1021/ cm302 501b

 35. Q. Wei, J. Wang, X. Shen, X.A. Zhang, J.Z. Sun et al., Self-
healing hyperbranched poly(aroyltriazole)s. Sci. Rep. 3, 1093 
(2013). https:// doi. org/ 10. 1038/ srep0 1093

 36. N. Roy, B. Bruchmann, J.M. Lehn, Dynamers: dynamic poly-
mers as self-healing materials. Chem. Soc. Rev. 44, 3786–
3807 (2015). https:// doi. org/ 10. 1039/ c5cs0 0194c

 37. S.R. White, N.R. Sottos, P.H. Geubelle, J.S. Moore, M.R. 
Kessler et al., Autonomic healing of polymer composites. 
Nature 409, 794–797 (2001). https:// doi. org/ 10. 1038/ 35057 
232

 38. C.J. Hansen, W. Wu, K.S. Toohey, N.R. Sottos, S.R. White 
et al., Self-healing materials with interpenetrating microvas-
cular networks. Adv. Mater. 21, 4143–4147 (2009). https:// 
doi. org/ 10. 1002/ adma. 20090 0588

 39. C.J. Hansen, S.R. White, N.R. Sottos, J.A. Lewis, Acceler-
ated self-healing via ternary interpenetrating microvascular 
networks. Adv. Funct. Mater. 21, 4320–4326 (2011). https:// 
doi. org/ 10. 1002/ adfm. 20110 1553

 40. J.D. Rule, E.N. Brown, N.R. Sottos, S.R. White, J.S. Moore, 
Wax-protected catalyst microspheres for efficient self-healing 
materials. Adv. Mater. 17, 205–208 (2005). https:// doi. org/ 
10. 1002/ adma. 20040 0607

 41. C. Suryanarayana, K.C. Rao, D. Kumar, Preparation and 
characterization of microcapsules containing linseed oil and 
its use in self-healing coatings. Prog. Org. Coat. 63, 72–78 
(2008). https:// doi. org/ 10. 1016/j. porgc oat. 2008. 04. 008

 42. S. Lang, Q. Zhou, Synthesis and characterization of 
poly(urea-formaldehyde) microcapsules containing linseed 
oil for self-healing coating development. Prog. Org. Coat. 
105, 99–110 (2017). https:// doi. org/ 10. 1016/j. porgc oat. 2016. 
11. 015

 43. J.F. Patrick, K.R. Hart, B.P. Krull, C.E. Diesendruck, J.S. 
Moore et al., Continuous self-healing life cycle in vascu-
larized structural composites. Adv. Mater. 26, 4302–4308 
(2014). https:// doi. org/ 10. 1002/ adma. 20140 0248

https://doi.org/10.1002/adma.201600319
https://doi.org/10.1002/adfm.202101303
https://doi.org/10.1002/adfm.202101303
https://doi.org/10.1038/s41578-019-0142-z
https://doi.org/10.1038/s41560-017-0044-5
https://doi.org/10.1038/s41560-017-0044-5
https://doi.org/10.1007/s40820-021-00701-8
https://doi.org/10.1016/j.cej.2019.122565
https://doi.org/10.1016/j.cej.2019.122565
https://doi.org/10.1016/j.joule.2018.02.012
https://doi.org/10.1016/j.joule.2018.02.012
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1016/j.enchem.2019.100003
https://doi.org/10.1016/j.enchem.2019.100003
https://doi.org/10.1021/jacs.9b02448
https://doi.org/10.1016/j.joule.2018.07.022
https://doi.org/10.1021/acs.jpcc.1c06277
https://doi.org/10.1002/adma.201601613
https://doi.org/10.1002/adma.201601613
https://doi.org/10.1039/c3cs60109a
https://doi.org/10.1039/c3cs60109a
https://doi.org/10.1016/j.cej.2018.03.040
https://doi.org/10.1016/j.cej.2018.03.040
https://doi.org/10.1016/j.progpolymsci.2015.07.002
https://doi.org/10.1038/s41467-023-35810-y
https://doi.org/10.1038/s41467-023-35810-y
https://doi.org/10.1021/cm302501b
https://doi.org/10.1038/srep01093
https://doi.org/10.1039/c5cs00194c
https://doi.org/10.1038/35057232
https://doi.org/10.1038/35057232
https://doi.org/10.1002/adma.200900588
https://doi.org/10.1002/adma.200900588
https://doi.org/10.1002/adfm.201101553
https://doi.org/10.1002/adfm.201101553
https://doi.org/10.1002/adma.200400607
https://doi.org/10.1002/adma.200400607
https://doi.org/10.1016/j.porgcoat.2008.04.008
https://doi.org/10.1016/j.porgcoat.2016.11.015
https://doi.org/10.1016/j.porgcoat.2016.11.015
https://doi.org/10.1002/adma.201400248


 Nano-Micro Lett.           (2023) 15:99    99  Page 24 of 29

https://doi.org/10.1007/s40820-023-01075-9© The authors

 44. F. Herbst, D. Dohler, P. Michael, W.H. Binder, Self-heal-
ing polymers via supramolecular forces. Macromol. Rapid 
Commun. 34, 203–220 (2013). https:// doi. org/ 10. 1002/ marc. 
20120 0675

 45. S.J. Rowan, S.J. Cantrill, G.R.L. Cousins, J.K.M. Sanders, 
J.F. Stoddart, Dynamic covalent chemistry. Angew. Chem. 
Int. Ed. 41, 898–952 (2002). https:// doi. org/ 10. 1002/ 1521- 
3773(20020 315) 41:6% 3c898:: aid- anie8 98% 3e3.0. co;2-e

 46. H. Yu, C. Chen, J. Sun, H. Zhang, Y. Feng et al., Highly ther-
mally conductive polymer/graphene composites with rapid 
room-temperature self-healing capacity. Nano-Micro Lett. 14, 
135 (2022). https:// doi. org/ 10. 1007/ s40820- 022- 00882-w

 47. Z.P. Zhang, M.Z. Rong, M.Q. Zhang, Polymer engineer-
ing based on reversible covalent chemistry: A promising 
innovative pathway towards new materials and new func-
tionalities. Prog. Polym. Sci. 80, 39–93 (2018). https:// doi. 
org/ 10. 1016/j. progp olyms ci. 2018. 03. 002

 48. J.A. Syrett, C.R. Becer, D.M. Haddleton, Self-healing and 
self-mendable polymers. Polym. Chem. 1, 978 (2010). 
https:// doi. org/ 10. 1039/ c0py0 0104j

 49. X. Wan, C. Kang, T. Mu, J. Zhu, P. Zuo et al., A multi-
level buffered binder network for high-performance silicon 
anodes. ACS Energy Lett. 7, 3572–3580 (2022). https:// doi. 
org/ 10. 1021/ acsen ergyl ett. 2c020 30

 50. J.M. Lehn, From supramolecular chemistry towards consti-
tutional dynamic chemistry and adaptive chemistry. Chem. 
Soc. Rev. 36, 151–160 (2007). https:// doi. org/ 10. 1039/ 
b6167 52g

 51. Y. Jin, C. Yu, R.J. Denman, W. Zhang, Recent advances in 
dynamic covalent chemistry. Chem. Soc. Rev. 42, 6634–
6654 (2013). https:// doi. org/ 10. 1039/ c3cs6 0044k

 52. R.J. Wojtecki, M.A. Meador, S.J. Rowan, Using the 
dynamic bond to access macroscopically responsive struc-
turally dynamic polymers. Nat. Mater. 10, 14–27 (2011). 
https:// doi. org/ 10. 1038/ nmat2 891

 53. Y. Amamoto, H. Otsuka, A. Takahara, K. Matyjaszewski, 
Self-healing of covalently cross-linked polymers by reshuf-
fling thiuram disulfide moieties in air under visible light. 
Adv. Mater. 24, 3975–3980 (2012). https:// doi. org/ 10. 1002/ 
adma. 20120 1928

 54. J.J. Cash, T. Kubo, A.P. Bapat, B.S. Sumerlin, Room-tem-
perature self-healing polymers based on dynamic-covalent 
boronic esters. Macromolecules 48, 2098–2106 (2015). 
https:// doi. org/ 10. 1021/ acs. macro mol. 5b002 10

 55. H. Ying, Y. Zhang, J. Cheng, Dynamic urea bond for the 
design of reversible and self-healing polymers. Nat. Com-
mun. 5, 3218 (2014). https:// doi. org/ 10. 1038/ ncomm s4218

 56. J.Y. Oh, S. Rondeau-Gagne, Y.C. Chiu, A. Chortos, F. 
Lissel et al., Intrinsically stretchable and healable semi-
conducting polymer for organic transistors. Nature 539, 
411–415 (2016). https:// doi. org/ 10. 1038/ natur e20102

 57. X. Huang, M.J. Bolen, N.S. Zacharia, Silver nanoparticle 
aided self-healing of polyelectrolyte multilayers. Phys. 
Chem. Chem. Phys. 16, 10267–10273 (2014). https:// doi. 
org/ 10. 1039/ c4cp0 0349g

 58. G. Ju, F. Guo, Q. Zhang, A.J.C. Kuehne, S. Cui et al., Self-
correction strategy for precise, massive, and parallel macro-
scopic supramolecular assembly. Adv. Mater. 29, 1702444 
(2017). https:// doi. org/ 10. 1002/ adma. 20170 2444

 59. G.W. Goodall, W. Hayes, Advances in cycloaddition polym-
erizations. Chem. Soc. Rev. 35, 280–312 (2006). https:// 
doi. org/ 10. 1039/ b5072 09n

 60. M.H. Cao, N.J. Green, S.Z. Xu, Application of the aza-
diels-alder reaction in the synthesis of natural products. 
Org. Biomol. Chem. 15, 3105–3129 (2017). https:// doi. org/ 
10. 1039/ c6ob0 2761j

 61. V. Eschenbrenner-Lux, K. Kumar, H. Waldmann, The asym-
metric hetero-diels-alder reaction in the syntheses of biologi-
cally relevant compounds. Angew. Chem. Int. Ed. 53, 11146–
11157 (2014). https:// doi. org/ 10. 1002/ anie. 20140 4094

 62. P. Tanasi, M.H. Santana, J. Carretero-González, R. Verdejo, 
M.A. López-Manchado, Thermo-reversible crosslinked natu-
ral rubber: a diels-alder route for reuse and self-healing prop-
erties in elastomers. Polymer 175, 15–24 (2019). https:// doi. 
org/ 10. 1016/j. polym er. 2019. 04. 059

 63. Y. Fang, J. Li, X. Du, Z. Du, X. Cheng et al., Thermal- and 
mechanical-responsive polyurethane elastomers with self-
healing, mechanical-reinforced, and thermal-stable capabili-
ties. Polymer 158, 166–175 (2018). https:// doi. org/ 10. 1016/j. 
polym er. 2018. 10. 056

 64. B.T. Michal, C.A. Jaye, E.J. Spencer, S.J. Rowan, Inherently 
photohealable and thermal shape-memory polydisulfide net-
works. ACS Macro Lett. 2, 694–699 (2013). https:// doi. org/ 
10. 1021/ mz400 318m

 65. S.P. Black, J.K. Sanders, A.R. Stefankiewicz, Disulfide 
exchange: Exposing supramolecular reactivity through 
dynamic covalent chemistry. Chem. Soc. Rev. 43, 1861–1872 
(2014). https:// doi. org/ 10. 1039/ c3cs6 0326a

 66. H. Xiang, J. Yin, G. Lin, X. Liu, M. Rong et al., Photo-
crosslinkable, self-healable and reprocessable rubbers. Chem. 
Eng. J. 358, 878–890 (2019). https:// doi. org/ 10. 1016/j. cej. 
2018. 10. 103

 67. H.P. Xiang, M.Z. Rong, M.Q. Zhang, A facile method for 
imparting sunlight driven catalyst-free self-healability and 
recyclability to commercial silicone elastomer. Polymer 108, 
339–347 (2017). https:// doi. org/ 10. 1016/j. polym er. 2016. 12. 
006

 68. Y. Zhu, Q. Shen, L. Wei, X. Fu, C. Huang et al., Ultra-tough, 
strong, and defect-tolerant elastomers with self-healing and 
intelligent-responsive abilities. ACS Appl. Mater. Interfaces 
11, 29373–29381 (2019). https:// doi. org/ 10. 1021/ acsami. 
9b110 41

 69. J. Sun, X. Pu, M. Liu, A. Yu, C. Du et al., Self-healable, 
stretchable, transparent triboelectric nanogenerators as soft 
power sources. ACS Nano 12, 6147–6155 (2018). https:// doi. 
org/ 10. 1021/ acsna no. 8b024 79

 70. A. Chao, I. Negulescu, D. Zhang, Dynamic covalent polymer 
networks based on degenerative imine bond exchange: tun-
ing the malleability and self-healing properties by solvent. 
Macromolecules 49, 6277–6284 (2016). https:// doi. org/ 10. 
1021/ acs. macro mol. 6b014 43

https://doi.org/10.1002/marc.201200675
https://doi.org/10.1002/marc.201200675
https://doi.org/10.1002/1521-3773(20020315)41:6%3c898::aid-anie898%3e3.0.co;2-e
https://doi.org/10.1002/1521-3773(20020315)41:6%3c898::aid-anie898%3e3.0.co;2-e
https://doi.org/10.1007/s40820-022-00882-w
https://doi.org/10.1016/j.progpolymsci.2018.03.002
https://doi.org/10.1016/j.progpolymsci.2018.03.002
https://doi.org/10.1039/c0py00104j
https://doi.org/10.1021/acsenergylett.2c02030
https://doi.org/10.1021/acsenergylett.2c02030
https://doi.org/10.1039/b616752g
https://doi.org/10.1039/b616752g
https://doi.org/10.1039/c3cs60044k
https://doi.org/10.1038/nmat2891
https://doi.org/10.1002/adma.201201928
https://doi.org/10.1002/adma.201201928
https://doi.org/10.1021/acs.macromol.5b00210
https://doi.org/10.1038/ncomms4218
https://doi.org/10.1038/nature20102
https://doi.org/10.1039/c4cp00349g
https://doi.org/10.1039/c4cp00349g
https://doi.org/10.1002/adma.201702444
https://doi.org/10.1039/b507209n
https://doi.org/10.1039/b507209n
https://doi.org/10.1039/c6ob02761j
https://doi.org/10.1039/c6ob02761j
https://doi.org/10.1002/anie.201404094
https://doi.org/10.1016/j.polymer.2019.04.059
https://doi.org/10.1016/j.polymer.2019.04.059
https://doi.org/10.1016/j.polymer.2018.10.056
https://doi.org/10.1016/j.polymer.2018.10.056
https://doi.org/10.1021/mz400318m
https://doi.org/10.1021/mz400318m
https://doi.org/10.1039/c3cs60326a
https://doi.org/10.1016/j.cej.2018.10.103
https://doi.org/10.1016/j.cej.2018.10.103
https://doi.org/10.1016/j.polymer.2016.12.006
https://doi.org/10.1016/j.polymer.2016.12.006
https://doi.org/10.1021/acsami.9b11041
https://doi.org/10.1021/acsami.9b11041
https://doi.org/10.1021/acsnano.8b02479
https://doi.org/10.1021/acsnano.8b02479
https://doi.org/10.1021/acs.macromol.6b01443
https://doi.org/10.1021/acs.macromol.6b01443


Nano-Micro Lett.           (2023) 15:99  Page 25 of 29    99 

1 3

 71. J. Pignanelli, B. Billet, M. Straeten, M. Prado, K. Schlingman 
et al., Imine and metal-ligand dynamic bonds in soft polymers 
for autonomous self-healing capacitive-based pressure sen-
sors. Soft Matter 15, 7654–7662 (2019). https:// doi. org/ 10. 
1039/ c9sm0 1254k

 72. Y.-L. Liu, T.-W. Chuo, Self-healing polymers based on ther-
mally reversible Diels–Alder chemistry. Polym. Chem. 4, 
2194 (2013). https:// doi. org/ 10. 1039/ c2py2 0957h

 73. A.A. Kavitha, N.K. Singha, “Click chemistry” in tailor-made 
polymethacrylates bearing reactive furfuryl functionality: a 
new class of self-healing polymeric material. ACS Appl. 
Mater. Interfaces 1, 1427–1436 (2009). https:// doi. org/ 10. 
1021/ am900 124c

 74. A. Gandini, The furan/maleimide Diels–Alder reaction: a ver-
satile click–unclick tool in macromolecular synthesis. Prog. 
Polym. Sci. 38, 1–29 (2013). https:// doi. org/ 10. 1016/j. progp 
olyms ci. 2012. 04. 002

 75. G. Postiglione, S. Turri, M. Levi, Effect of the plasticizer on 
the self-healing properties of a polymer coating based on the 
thermoreversible Diels–Alder reaction. Prog. Org. Coat. 78, 
526–531 (2015). https:// doi. org/ 10. 1016/j. porgc oat. 2014. 05. 
022

 76. W. Zhang, J. Duchet, J.F. Gerard, Self-healable interfaces 
based on thermo-reversible diels-alder reactions in carbon 
fiber reinforced composites. J. Colloid Interface Sci. 430, 
61–68 (2014). https:// doi. org/ 10. 1016/j. jcis. 2014. 05. 007

 77. N.K. Kildahl, Bond energy data summarized. J. Chem. Educ. 
72, 423 (1995). https:// doi. org/ 10. 1021/ ed072 p423

 78. C. Liu, Y. Tan, H. Xu, Functional polymer materials based 
on dynamic covalent chemistry. Sci. China Mater. 65, 2017–
2034 (2022). https:// doi. org/ 10. 1007/ s40843- 021- 2018-y

 79. Z.Q. Lei, H.P. Xiang, Y.J. Yuan, M.Z. Rong, M.Q. Zhang, 
Room-temperature self-healable and remoldable cross-linked 
polymer based on the dynamic exchange of disulfide bonds. 
Chem. Mater. 26, 2038–2046 (2014). https:// doi. org/ 10. 1021/ 
cm404 0616

 80. M. Pepels, I. Filot, B. Klumperman, H. Goossens, Self-heal-
ing systems based on disulfide–thiol exchange reactions. 
Polym. Chem. 4, 4955 (2013). https:// doi. org/ 10. 1039/ c3py0 
0087g

 81. J.K. Oh, C. Tang, H. Gao, N.V. Tsarevsky, K. Matyjaszewski, 
Inverse miniemulsion atrp: A new method for synthesis and 
functionalization of well-defined water-soluble/cross-linked 
polymeric particles. J. Am. Chem. Soc. 128, 5578–5584 
(2006)

 82. H. Otsuka, S. Nagano, Y. Kobashi, T. Maeda, A. Takahara, 
A dynamic covalent polymer driven by disulfide metathesis 
under photoirradiation. Chem. Commun. 46, 1150–1152 
(2010). https:// doi. org/ 10. 1039/ b9161 28g

 83. H. Schiff, Mittheilungen aus dem universitätslaboratorium in 
pisa: Eine neue reihe organischer basen. Eur. J. Org. Chem. 
131, 118–119 (1864). https:// doi. org/ 10. 1002/ jlac. 18641 
310113

 84. M.E. Belowicha, J.F. Stoddart, Dynamic imine chemistry. 
Chem. Soc. Rev. 41, 2003–2024 (2012). https:// doi. org/ 10. 
1039/ c2cs1 5305j

 85. F. Song, Z. Li, P. Jia, M. Zhang, C. Bo et al., Tunable “soft 
and stiff”, self-healing, recyclable, thermadapt shape memory 
biomass polymers based on multiple hydrogen bonds and 
dynamic imine bonds. J. Mater. Chem. A 7, 13400–13410 
(2019). https:// doi. org/ 10. 1039/ c9ta0 3872h

 86. C. Cheng, X. Zhang, Y. Meng, Z. Zhang, J. Chen et al., Mul-
tiresponsive and biocompatible self-healing hydrogel: Its fac-
ile synthesis in water, characterization and properties. Soft 
Matter 13, 3003–3012 (2017). https:// doi. org/ 10. 1039/ c7sm0 
0350a

 87. X. Lei, Y. Huang, S. Liang, X. Zhao, L. Liu, Preparation 
of highly transparent, room-temperature self-healing and 
recyclable silicon elastomers based on dynamic imine bond 
and their ion responsive properties. Mater. Lett. 268, 127598 
(2020). https:// doi. org/ 10. 1016/j. matlet. 2020. 127598

 88. J. Xu, C. Ding, P. Chen, L. Tan, C. Chen et al., Intrinsic 
self-healing polymers for advanced lithium-based batteries: 
advances and strategies. Appl. Phys. Rev. 7, 031304 (2020). 
https:// doi. org/ 10. 1063/5. 00082 06

 89. L. Cao, D. Yuan, C. Xu, Y. Chen, Biobased, self-healable, 
high strength rubber with tunicate cellulose nanocrystals. 
Nanoscale 9, 15696–15706 (2017). https:// doi. org/ 10. 1039/ 
c7nr0 5011a

 90. Y. Chen, A.M. Kushner, G.A. Williams, Z. Guan, Multiphase 
design of autonomic self-healing thermoplastic elastomers. 
Nat. Chem. 4, 467–472 (2012). https:// doi. org/ 10. 1038/ 
nchem. 1314

 91. P. Cordier, F. Tournilhac, C. Soulie-Ziakovic, L. Leibler, Self-
healing and thermoreversible rubber from supramolecular 
assembly. Nature 451, 977–980 (2008). https:// doi. org/ 10. 
1038/ natur e06669

 92. B.C. Tee, C. Wang, R. Allen, Z. Bao, An electrically and 
mechanically self-healing composite with pressure- and flex-
ion-sensitive properties for electronic skin applications. Nat. 
Nanotechnol. 7, 825–832 (2012). https:// doi. org/ 10. 1038/ 
nnano. 2012. 192

 93. G. Zhang, Y. Chen, Y. Deng, T. Ngai, C. Wang, Dynamic 
supramolecular hydrogels: regulating hydrogel properties 
through self-complementary quadruple hydrogen bonds and 
thermo-switch. ACS Macro Lett. 6, 641–646 (2017). https:// 
doi. org/ 10. 1021/ acsma crole tt. 7b002 75

 94. M. Guo, L.M. Pitet, H.M. Wyss, M. Vos, P.Y. Dankers et al., 
Tough stimuli-responsive supramolecular hydrogels with 
hydrogen-bonding network junctions. J. Am. Chem. Soc. 
136, 6969–6977 (2014). https:// doi. org/ 10. 1021/ ja500 205v

 95. H. Chen, Z. Wu, Z. Su, S. Chen, C. Yan et al., A mechanically 
robust self-healing binder for silicon anode in lithium ion 
batteries. Nano Energy 81, 105654 (2021). https:// doi. org/ 
10. 1016/j. nanoen. 2020. 105654

 96. A. Das, A. Sallat, F. Böhme, M. Suckow, D. Basu et al., 
Ionic modification turns commercial rubber into a self-heal-
ing material. ACS Appl. Mater. Interfaces 7, 20623–20630 
(2015). https:// doi. org/ 10. 1021/ acsami. 5b050 41

 97. D. Wang, J. Guo, H. Zhang, B. Cheng, H. Shen et al., Intelli-
gent rubber with tailored properties for self-healing and shape 

https://doi.org/10.1039/c9sm01254k
https://doi.org/10.1039/c9sm01254k
https://doi.org/10.1039/c2py20957h
https://doi.org/10.1021/am900124c
https://doi.org/10.1021/am900124c
https://doi.org/10.1016/j.progpolymsci.2012.04.002
https://doi.org/10.1016/j.progpolymsci.2012.04.002
https://doi.org/10.1016/j.porgcoat.2014.05.022
https://doi.org/10.1016/j.porgcoat.2014.05.022
https://doi.org/10.1016/j.jcis.2014.05.007
https://doi.org/10.1021/ed072p423
https://doi.org/10.1007/s40843-021-2018-y
https://doi.org/10.1021/cm4040616
https://doi.org/10.1021/cm4040616
https://doi.org/10.1039/c3py00087g
https://doi.org/10.1039/c3py00087g
https://doi.org/10.1039/b916128g
https://doi.org/10.1002/jlac.18641310113
https://doi.org/10.1002/jlac.18641310113
https://doi.org/10.1039/c2cs15305j
https://doi.org/10.1039/c2cs15305j
https://doi.org/10.1039/c9ta03872h
https://doi.org/10.1039/c7sm00350a
https://doi.org/10.1039/c7sm00350a
https://doi.org/10.1016/j.matlet.2020.127598
https://doi.org/10.1063/5.0008206
https://doi.org/10.1039/c7nr05011a
https://doi.org/10.1039/c7nr05011a
https://doi.org/10.1038/nchem.1314
https://doi.org/10.1038/nchem.1314
https://doi.org/10.1038/nature06669
https://doi.org/10.1038/nature06669
https://doi.org/10.1038/nnano.2012.192
https://doi.org/10.1038/nnano.2012.192
https://doi.org/10.1021/acsmacrolett.7b00275
https://doi.org/10.1021/acsmacrolett.7b00275
https://doi.org/10.1021/ja500205v
https://doi.org/10.1016/j.nanoen.2020.105654
https://doi.org/10.1016/j.nanoen.2020.105654
https://doi.org/10.1021/acsami.5b05041


 Nano-Micro Lett.           (2023) 15:99    99  Page 26 of 29

https://doi.org/10.1007/s40820-023-01075-9© The authors

memory. J. Mater. Chem. A 3, 12864–12872 (2015). https:// 
doi. org/ 10. 1039/ c5ta0 1915j

 98. Q. Wang, J.L. Mynar, M. Yoshida, E. Lee, M. Lee et al., 
High-water-content mouldable hydrogels by mixing clay and 
a dendritic molecular binder. Nature 463, 339–343 (2010). 
https:// doi. org/ 10. 1038/ natur e08693

 99. M. Burnworth, L. Tang, J.R. Kumpfer, A.J. Duncan, F.L. 
Beyer et al., Optically healable supramolecular polymers. 
Nature 472, 334–337 (2011). https:// doi. org/ 10. 1038/ natur 
e09963

 100. O. Goor, S.I.S. Hendrikse, P.Y.W. Dankers, E.W. Meijer, 
From supramolecular polymers to multi-component bioma-
terials. Chem. Soc. Rev. 46, 6621–6637 (2017). https:// doi. 
org/ 10. 1039/ c7cs0 0564d

 101. G. Thangavel, M.W.M. Tan, P.S. Lee, Advances in self-
healing supramolecular soft materials and nanocompos-
ites. Nano Converg. 6, 29 (2019). https:// doi. org/ 10. 1186/ 
s40580- 019- 0199-9

 102. J. Wu, L.H. Cai, D.A. Weitz, Tough self-healing elastomers 
by molecular enforced integration of covalent and revers-
ible networks. Adv. Mater. 29, 1702616 (2017). https:// doi. 
org/ 10. 1002/ adma. 20170 2616

 103. G. Zhang, Y. Yang, Y. Chen, J. Huang, T. Zhang et al., 
A quadruple-hydrogen-bonded supramolecular binder for 
high-performance silicon anodes in lithium-ion batteries. 
Small 14, 1801189 (2018). https:// doi. org/ 10. 1002/ smll. 
20180 1189

 104. B.A. Blight, C.A. Hunter, D.A. Leigh, H. McNab, P.I. Thom-
son, An aaaa-dddd quadruple hydrogen-bond array. Nat. 
Chem. 3, 244–248 (2011). https:// doi. org/ 10. 1038/ nchem. 987

 105. J. Kang, D. Son, G.N. Wang, Y. Liu, J. Lopez et al., Tough 
and water-insensitive self-healing elastomer for robust elec-
tronic skin. Adv. Mater. 30, e1706846 (2018). https:// doi. 
org/ 10. 1002/ adma. 20170 6846

 106. R. Li, T. Fan, G. Chen, H. Xie, B. Su et al., Highly transpar-
ent, self-healing conductive elastomers enabled by syner-
gistic hydrogen bonding interactions. Chem. Eng. J. 393, 
124685 (2020). https:// doi. org/ 10. 1016/j. cej. 2020. 124685

 107. X. Wang, D. Liang, B. Cheng, Preparation and research 
of intrinsic self-healing elastomers based on hydrogen and 
ionic bond. Compos. Sci. Technol. 193, 108127 (2020). 
https:// doi. org/ 10. 1016/j. comps citech. 2020. 108127

 108. S. Wang, M.W. Urban, Self-healing polymers. Nat. 
Rev. Mater. 5, 562–583 (2020). https:// doi. org/ 10. 1038/ 
s41578- 020- 0202-4

 109. J.Y. Sun, X. Zhao, W.R. Illeperuma, O. Chaudhuri, K.H. 
Oh et al., Highly stretchable and tough hydrogels. Nature 
489, 133–136 (2012). https:// doi. org/ 10. 1038/ natur e11409

 110. A.J. D’Angelo, M.J. Panzer, Design of stretchable and self-
healing gel electrolytes via fully zwitterionic polymer net-
works in solvate ionic liquids for li-based batteries. Chem. 
Mater. 31, 2913–2922 (2019). https:// doi. org/ 10. 1021/ acs. 
chemm ater. 9b001 72

 111. Y. Cao, T.G. Morrissey, E. Acome, S.I. Allec, B.M. Wong 
et al., A transparent, self-healing, highly stretchable ionic 

conductor. Adv. Mater. 29, 1605099 (2017). https:// doi. org/ 
10. 1002/ adma. 20160 5099

 112. C.H. Li, J.L. Zuo, Self-healing polymers based on coordina-
tion bonds. Adv. Mater. 32, e1903762 (2020). https:// doi. 
org/ 10. 1002/ adma. 20190 3762

 113. T. Aida, E.W. Meijer, S.I. Stupp, Functional supramolecular 
polymers. Science 335, 813–817 (2012). https:// doi. org/ 10. 
1126/ scien ce. 12059 62

 114. W.C. Yount, D.M. Loveless, S.L. Craig, Strong means slow: 
Dynamic contributions to the bulk mechanical properties 
of supramolecular networks. Angew. Chem. Int. Ed. 44, 
2746–2748 (2005). https:// doi. org/ 10. 1002/ anie. 20050 0026

 115. Y.L. Rao, A. Chortos, R. Pfattner, F. Lissel, Y.C. Chiu et al., 
Stretchable self-healing polymeric dielectrics cross-linked 
through metal-ligand coordination. J. Am. Chem. Soc. 138, 
6020–6027 (2016). https:// doi. org/ 10. 1021/ jacs. 6b024 28

 116. D. Mozhdehi, S. Ayala, O.R. Cromwell, Z. Guan, Self-healing 
multiphase polymers via dynamic metal-ligand interactions. 
J. Am. Chem. Soc. 136, 16128–16131 (2014). https:// doi. org/ 
10. 1021/ ja509 7094

 117. C.H. Li, C. Wang, C. Keplinger, J.L. Zuo, L. Jin et al., A 
highly stretchable autonomous self-healing elastomer. Nat. 
Chem. 8, 618–624 (2016). https:// doi. org/ 10. 1038/ nchem. 
2492

 118. J.C. Lai, X.Y. Jia, D.P. Wang, Y.B. Deng, P. Zheng et al., 
Thermodynamically stable whilst kinetically labile coordi-
nation bonds lead to strong and tough self-healing polymers. 
Nat. Commun. 10, 1164 (2019). https:// doi. org/ 10. 1038/ 
s41467- 019- 09130-z

 119. H. Li, Z. Tang, Z. Liu, C. Zhi, Evaluating flexibility and wear-
ability of flexible energy storage devices. Joule 3, 613–619 
(2019). https:// doi. org/ 10. 1016/j. joule. 2019. 01. 013

 120. L. Mao, Q. Meng, A. Ahmad, Z. Wei, Mechanical analyses 
and structural design requirements for flexible energy storage 
devices. Adv. Energy Mater. 7, 1700535 (2017). https:// doi. 
org/ 10. 1002/ aenm. 20170 0535

 121. D. Wang, C. Han, F. Mo, Q. Yang, Y. Zhao et al., Energy den-
sity issues of flexible energy storage devices. Energy Storage 
Mater. 28, 264–292 (2020). https:// doi. org/ 10. 1016/j. ensm. 
2020. 03. 006

 122. S. Yin, W. Deng, J. Chen, X. Gao, G. Zou et al., Fundamental 
and solutions of microcrack in ni-rich layered oxide cathode 
materials of lithium-ion batteries. Nano Energy 83, 105854 
(2021). https:// doi. org/ 10. 1016/j. nanoen. 2021. 105854

 123. T. Mu, Y. Zhao, C. Zhao, N.G. Holmes, S. Lou et al., Stable 
silicon anodes by molecular layer deposited artificial zincone 
coatings. Adv. Funct. Mater. 31, 2010526 (2021). https:// doi. 
org/ 10. 1002/ adfm. 20201 0526

 124. S. Wu, F. Di, J. Zheng, H. Zhao, H. Zhang et al., Self-healing 
polymer binders for the si and si/carbon anodes of lithium-ion 
batteries. New Carbon Mater. 37, 802–826 (2022). https:// doi. 
org/ 10. 1016/ s1872- 5805(22) 60638-3

 125. H.J. Peng, J.Q. Huang, X.Y. Liu, X.B. Cheng, W.T. Xu et al., 
Healing high-loading sulfur electrodes with unprecedented 
long cycling life: Spatial heterogeneity control. J. Am. Chem. 

https://doi.org/10.1039/c5ta01915j
https://doi.org/10.1039/c5ta01915j
https://doi.org/10.1038/nature08693
https://doi.org/10.1038/nature09963
https://doi.org/10.1038/nature09963
https://doi.org/10.1039/c7cs00564d
https://doi.org/10.1039/c7cs00564d
https://doi.org/10.1186/s40580-019-0199-9
https://doi.org/10.1186/s40580-019-0199-9
https://doi.org/10.1002/adma.201702616
https://doi.org/10.1002/adma.201702616
https://doi.org/10.1002/smll.201801189
https://doi.org/10.1002/smll.201801189
https://doi.org/10.1038/nchem.987
https://doi.org/10.1002/adma.201706846
https://doi.org/10.1002/adma.201706846
https://doi.org/10.1016/j.cej.2020.124685
https://doi.org/10.1016/j.compscitech.2020.108127
https://doi.org/10.1038/s41578-020-0202-4
https://doi.org/10.1038/s41578-020-0202-4
https://doi.org/10.1038/nature11409
https://doi.org/10.1021/acs.chemmater.9b00172
https://doi.org/10.1021/acs.chemmater.9b00172
https://doi.org/10.1002/adma.201605099
https://doi.org/10.1002/adma.201605099
https://doi.org/10.1002/adma.201903762
https://doi.org/10.1002/adma.201903762
https://doi.org/10.1126/science.1205962
https://doi.org/10.1126/science.1205962
https://doi.org/10.1002/anie.200500026
https://doi.org/10.1021/jacs.6b02428
https://doi.org/10.1021/ja5097094
https://doi.org/10.1021/ja5097094
https://doi.org/10.1038/nchem.2492
https://doi.org/10.1038/nchem.2492
https://doi.org/10.1038/s41467-019-09130-z
https://doi.org/10.1038/s41467-019-09130-z
https://doi.org/10.1016/j.joule.2019.01.013
https://doi.org/10.1002/aenm.201700535
https://doi.org/10.1002/aenm.201700535
https://doi.org/10.1016/j.ensm.2020.03.006
https://doi.org/10.1016/j.ensm.2020.03.006
https://doi.org/10.1016/j.nanoen.2021.105854
https://doi.org/10.1002/adfm.202010526
https://doi.org/10.1002/adfm.202010526
https://doi.org/10.1016/s1872-5805(22)60638-3
https://doi.org/10.1016/s1872-5805(22)60638-3


Nano-Micro Lett.           (2023) 15:99  Page 27 of 29    99 

1 3

Soc. 139, 8458–8466 (2017). https:// doi. org/ 10. 1021/ jacs. 
6b123 58

 126. T.W. Kwon, Y.K. Jeong, I. Lee, T.S. Kim, J.W. Choi et al., 
Systematic molecular-level design of binders incorporating 
meldrum’s acid for silicon anodes in lithium rechargeable 
batteries. Adv. Mater. 26, 7979–7985 (2014). https:// doi. org/ 
10. 1002/ adma. 20140 2950

 127. H. Wang, B. Zhu, W. Jiang, Y. Yang, W.R. Leow et al., A 
mechanically and electrically self-healing supercapacitor. 
Adv. Mater. 26, 3638–3643 (2014). https:// doi. org/ 10. 1002/ 
adma. 20130 5682

 128. H. Sun, X. You, Y. Jiang, G. Guan, X. Fang et al., Self-heala-
ble electrically conducting wires for wearable microelectron-
ics. Angew. Chem. Int. Ed. 126, 9680–9685 (2014). https:// 
doi. org/ 10. 1002/ anie. 20140 5145

 129. Y. Huang, Y. Huang, M. Zhu, W. Meng, Z. Pei et al., Mag-
netic-assisted, self-healable, yarn-based supercapacitor. ACS 
Nano 9, 6242–6251 (2015). https:// doi. org/ 10. 1021/ acsna no. 
5b016 02

 130. T.W. Kwon, J.W. Choi, A. Coskun, The emerging era of 
supramolecular polymeric binders in silicon anodes. Chem. 
Soc. Rev. 47, 2145–2164 (2018). https:// doi. org/ 10. 1039/ 
c7cs0 0858a

 131. Y.K. Jeong, J.W. Choi, Mussel-inspired self-healing metal-
lopolymers for silicon nanoparticle anodes. ACS Nano 13, 
8364–8373 (2019). https:// doi. org/ 10. 1021/ acsna no. 9b038 37

 132. S. Choi, T. Kwon, A. Coskun, J.W. Choi, Highly elastic bind-
ers integrating polyrotaxanes for silicon microparticle anodes 
in lithium ion batteries. Science 357, 279–283 (2017). https:// 
doi. org/ 10. 1126/ scien ce. aal43 73

 133. S.J. Park, H. Zhao, G. Ai, C. Wang, X. Song et al., Side-chain 
conducting and phase-separated polymeric binders for high-
performance silicon anodes in lithium-ion batteries. J. Am. 
Chem. Soc. 137, 2565–2571 (2015). https:// doi. org/ 10. 1021/ 
ja511 181p

 134. Y.K. Jeong, T.-W. Kwon, I. Lee, T.-S. Kim, A. Coskun et al., 
Millipede-inspired structural design principle for high per-
formance polysaccharide binders in silicon anodes. Energy 
Environ. Sci. 8, 1224–1230 (2015). https:// doi. org/ 10. 1039/ 
c5ee0 0239g

 135. C. Wang, H. Wu, Z. Chen, M.T. McDowell, Y. Cui et al., 
Self-healing chemistry enables the stable operation of silicon 
microparticle anodes for high-energy lithium-ion batteries. 
Nat. Chem. 5, 1042–1048 (2013). https:// doi. org/ 10. 1038/ 
nchem. 1802

 136. T. Munaoka, X. Yan, J. Lopez, J.W.F. To, J. Park et al., Ioni-
cally conductive self-healing binder for low cost si micro-
particles anodes in Li-ion batteries. Adv. Energy Mater. 8, 
1703138 (2018). https:// doi. org/ 10. 1002/ aenm. 20170 3138

 137. Z. Chen, C. Wang, J. Lopez, Z. Lu, Y. Cui et al., High-areal-
capacity silicon electrodes with low-cost silicon particles 
based on spatial control of self-healing binder. Adv. Energy 
Mater. 5, 1401826 (2015). https:// doi. org/ 10. 1002/ aenm. 
20140 1826

 138. R. Gao, Q. Zhang, Y. Zhao, Z. Han, C. Sun et al., Regu-
lating polysulfide redox kinetics on a self-healing electrode 

for high-performance flexible lithium-sulfur batteries. Adv. 
Funct. Mater. 32, 2110313 (2021). https:// doi. org/ 10. 1002/ 
adfm. 20211 0313

 139. F.-L. Zeng, X.-Y. Zhou, N. Li, A.-B. Wang, W.-K. Wang 
et al., A multifunctional zipper-like sulfur electrode ena-
bles the stable operation of lithium-sulfur battery through 
self-healing chemistry. Energy Storage Mater. 34, 755–767 
(2021). https:// doi. org/ 10. 1016/j. ensm. 2020. 10. 025

 140. X. Jiao, J. Yin, X. Xu, J. Wang, Y. Liu et al., Highly energy-
dissipative, fast self-healing binder for stable si anode in 
lithium-ion batteries. Adv. Funct. Mater. 31, 2005699 (2020). 
https:// doi. org/ 10. 1002/ adfm. 20200 5699

 141. J. Zhang, N. Wang, W. Zhang, S. Fang, Z. Yu et al., A cycling 
robust network binder for high performance si-based negative 
electrodes for lithium-ion batteries. J. Colloid Interface Sci. 
578, 452–460 (2020). https:// doi. org/ 10. 1016/j. jcis. 2020. 06. 
008

 142. R. Chen, W. Qu, X. Guo, L. Li, F. Wu, The pursuit of solid-
state electrolytes for lithium batteries: From comprehensive 
insight to emerging horizons. Mater. Horiz. 3, 487–516 
(2016). https:// doi. org/ 10. 1039/ c6mh0 0218h

 143. B. Zhou, M. Yang, C. Zuo, G. Chen, D. He et al., Flexible, 
self-healing, and fire-resistant polymer electrolytes fabricated 
via photopolymerization for all-solid-state lithium metal bat-
teries. ACS Macro Lett. 9, 525–532 (2020). https:// doi. org/ 
10. 1021/ acsma crole tt. 9b010 24

 144. C. Wang, R. Li, P. Chen, Y. Fu, X. Ma et al., Highly stretch-
able, non-flammable and notch-insensitive intrinsic self-heal-
ing solid-state polymer electrolyte for stable and safe flexible 
lithium batteries. J. Mater. Chem. A 9, 4758–4769 (2021). 
https:// doi. org/ 10. 1039/ d0ta1 0745j

 145. X. Zhu, Z. Fang, Q. Deng, Y. Zhou, X. Fu et al., Poly(ionic 
liquid)@pegma block polymer initiated microphase separa-
tion architecture in poly(ethylene oxide)-based solid-state 
polymer electrolyte for flexible and self-healing lithium 
batteries. ACS Sustain. Chem. Eng. 10, 4173–4185 (2022). 
https:// doi. org/ 10. 1021/ acssu schem eng. 1c083 06

 146. S. Huang, F. Wan, S. Bi, J. Zhu, Z. Niu et al., A self-healing 
integrated all-in-one zinc-ion battery. Angew. Chem. Int. Ed. 
131, 4357–4361 (2019). https:// doi. org/ 10. 1002/ anie. 20181 
4653

 147. Z. Niu, H. Dong, B. Zhu, J. Li, H.H. Hng et al., Highly 
stretchable, integrated supercapacitors based on single-walled 
carbon nanotube films with continuous reticulate architecture. 
Adv. Mater. 25, 1058–1064 (2013). https:// doi. org/ 10. 1002/ 
adma. 20120 4003

 148. D. Chao, C.R. Zhu, M. Song, P. Liang, X. Zhang et al., A 
high-rate and stable quasi-solid-state zinc-ion battery with 
novel 2d layered zinc orthovanadate array. Adv. Mater. 30, 
e1803181 (2018). https:// doi. org/ 10. 1002/ adma. 20180 3181

 149. Z. Zhang, Y. Shao, B. Lotsch, Y.-S. Hu, H. Li et al., New 
horizons for inorganic solid state ion conductors. Energy 
Environ. Sci. 11, 1945–1976 (2018). https:// doi. org/ 10. 1039/ 
c8ee0 1053f

 150. Y. Huang, Z. Shi, H. Wang, J. Wang, Z. Xue, Shape-mem-
ory and self-healing polyurethane-based solid polymer 

https://doi.org/10.1021/jacs.6b12358
https://doi.org/10.1021/jacs.6b12358
https://doi.org/10.1002/adma.201402950
https://doi.org/10.1002/adma.201402950
https://doi.org/10.1002/adma.201305682
https://doi.org/10.1002/adma.201305682
https://doi.org/10.1002/anie.201405145
https://doi.org/10.1002/anie.201405145
https://doi.org/10.1021/acsnano.5b01602
https://doi.org/10.1021/acsnano.5b01602
https://doi.org/10.1039/c7cs00858a
https://doi.org/10.1039/c7cs00858a
https://doi.org/10.1021/acsnano.9b03837
https://doi.org/10.1126/science.aal4373
https://doi.org/10.1126/science.aal4373
https://doi.org/10.1021/ja511181p
https://doi.org/10.1021/ja511181p
https://doi.org/10.1039/c5ee00239g
https://doi.org/10.1039/c5ee00239g
https://doi.org/10.1038/nchem.1802
https://doi.org/10.1038/nchem.1802
https://doi.org/10.1002/aenm.201703138
https://doi.org/10.1002/aenm.201401826
https://doi.org/10.1002/aenm.201401826
https://doi.org/10.1002/adfm.202110313
https://doi.org/10.1002/adfm.202110313
https://doi.org/10.1016/j.ensm.2020.10.025
https://doi.org/10.1002/adfm.202005699
https://doi.org/10.1016/j.jcis.2020.06.008
https://doi.org/10.1016/j.jcis.2020.06.008
https://doi.org/10.1039/c6mh00218h
https://doi.org/10.1021/acsmacrolett.9b01024
https://doi.org/10.1021/acsmacrolett.9b01024
https://doi.org/10.1039/d0ta10745j
https://doi.org/10.1021/acssuschemeng.1c08306
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1002/adma.201204003
https://doi.org/10.1002/adma.201204003
https://doi.org/10.1002/adma.201803181
https://doi.org/10.1039/c8ee01053f
https://doi.org/10.1039/c8ee01053f


 Nano-Micro Lett.           (2023) 15:99    99  Page 28 of 29

https://doi.org/10.1007/s40820-023-01075-9© The authors

electrolytes constructed from polycaprolactone segment and 
disulfide metathesis. Energy Storage Mater. 51, 1–10 (2022). 
https:// doi. org/ 10. 1016/j. ensm. 2022. 06. 021

 151. N. Wu, Y.R. Shi, S.Y. Lang, J.M. Zhou, J.Y. Liang et al., Self-
healable solid polymeric electrolytes for stable and flexible 
lithium metal batteries. Angew. Chem. Int. Ed. 58, 18146–
18149 (2019). https:// doi. org/ 10. 1002/ anie. 20191 0478

 152. R.P. Sijbesma, F.H. Beijer, L. Brunsveld, B.J. Folmer, J.H. 
Hirschberg et al., Reversible polymers formed from self-
complementary monomers using quadruple hydrogen bond-
ing. Science 278, 1601–1604 (1997). https:// doi. org/ 10. 1126/ 
scien ce. 278. 5343. 1601

 153. B. Zhou, D. He, J. Hu, Y. Ye, H. Peng et al., A flexible, self-
healing and highly stretchable polymer electrolyte via quad-
ruple hydrogen bonding for lithium-ion batteries. J. Mater. 
Chem. A 6, 11725–11733 (2018). https:// doi. org/ 10. 1039/ 
c8ta0 1907j

 154. P. Guo, H. Zhang, X. Liu, J. Sun, Counteranion-mediated 
intrinsic healing of poly(ionic liquid) copolymers. ACS Appl. 
Mater. Interfaces 10, 2105–2113 (2018). https:// doi. org/ 10. 
1021/ acsami. 7b168 80

 155. W. Zhou, M. Zhang, X. Kong, W. Huang, Q. Zhang, Recent 
advance in ionic-liquid-based electrolytes for rechargeable 
metal-ion batteries. Adv. Sci. 8, 2004490 (2021). https:// doi. 
org/ 10. 1002/ advs. 20200 4490

 156. Q. Yang, Z. Zhang, X.G. Sun, Y.S. Hu, H. Xing et al., Ionic 
liquids and derived materials for lithium and sodium batter-
ies. Chem. Soc. Rev. 47, 2020–2064 (2018). https:// doi. org/ 
10. 1039/ c7cs0 0464h

 157. M. Watanabe, M.L. Thomas, S. Zhang, K. Ueno, T. Yasuda 
et al., Application of ionic liquids to energy storage and con-
version materials and devices. Chem. Rev. 117, 7190–7239 
(2017). https:// doi. org/ 10. 1021/ acs. chemr ev. 6b005 04

 158. J. Cui, F.-M. Nie, J.-X. Yang, L. Pan, Z. Ma et al., Novel 
imidazolium-based poly(ionic liquid)s with different coun-
terions for self-healing. J. Mater. Chem. A 5, 25220–25229 
(2017). https:// doi. org/ 10. 1039/ c7ta0 6793c

 159. Y.H. Jo, S. Li, C. Zuo, Y. Zhang, H. Gan et al., Self-healing 
solid polymer electrolyte facilitated by a dynamic cross-
linked polymer matrix for lithium-ion batteries. Macromol-
ecules 53, 1024–1032 (2020). https:// doi. org/ 10. 1021/ acs. 
macro mol. 9b023 05

 160. K. Deng, S. Zhou, Z. Xu, M. Xiao, Y. Meng, A high ion-con-
ducting, self-healing and nonflammable polymer electrolyte 
with dynamic imine bonds for dendrite-free lithium metal 
batteries. Chem. Eng. J. 428, 131224 (2022). https:// doi. org/ 
10. 1016/j. cej. 2021. 131224

 161. A. Wang, S. Kadam, H. Li, S. Shi, Y. Qi, Review on modeling 
of the anode solid electrolyte interphase (sei) for lithium-ion 
batteries. NPJ Comput. Mater. 4, 15 (2018). https:// doi. org/ 
10. 1038/ s41524- 018- 0064-0

 162. H. Ye, Z.J. Zheng, H.R. Yao, S.C. Liu, T.T. Zuo et al., Guid-
ing uniform Li plating/stripping through lithium-aluminum 
alloying medium for long-life Li metal batteries. Angew. 
Chem. Int. Ed. 58, 1094–1099 (2019). https:// doi. org/ 10. 
1002/ anie. 20181 1955

 163. P. Jaumaux, Q. Liu, D. Zhou, X. Xu, T. Wang et al., Deep-
eutectic-solvent-based self-healing polymer electrolyte for 
safe and long-life lithium-metal batteries. Angew. Chem. 
Int. Ed. 59, 9134–9142 (2020). https:// doi. org/ 10. 1002/ anie. 
20200 1793

 164. S. Xia, J. Lopez, C. Liang, Z. Zhang, Z. Bao et al., High-rate 
and large-capacity lithium metal anode enabled by volume 
conformal and self-healable composite polymer electrolyte. 
Adv. Sci. 6, 1802353 (2019). https:// doi. org/ 10. 1002/ advs. 
20180 2353

 165. G. Zheng, C. Wang, A. Pei, J. Lopez, F. Shi et al., High-
performance lithium metal negative electrode with a soft and 
flowable polymer coating. ACS Energy Lett. 1, 1247–1255 
(2016). https:// doi. org/ 10. 1021/ acsen ergyl ett. 6b004 56

 166. G. Wang, C. Chen, Y. Chen, X. Kang, C. Yang et al., Self-
stabilized and strongly adhesive supramolecular polymer 
protective layer enables ultrahigh-rate and large-capacity 
lithium-metal anode. Angew. Chem. Int. Ed. 59, 2055–2060 
(2020). https:// doi. org/ 10. 1002/ anie. 20191 3351

 167. Z. Huang, S. Choudhury, N. Paul, J.H. Thienenkamp, P. Len-
nartz et al., Effects of polymer coating mechanics at solid-
electrolyte interphase for stabilizing lithium metal anodes. 
Adv. Energy Mater. 12, 2103187 (2021). https:// doi. org/ 10. 
1002/ aenm. 20210 3187

 168. X. Cui, Y. Chu, X. Wang, X. Zhang, Y. Li et al., Stabiliz-
ing lithium metal anodes by a self-healable and li-regulating 
interlayer. ACS Appl. Mater. Interfaces 13, 44983–44990 
(2021). https:// doi. org/ 10. 1021/ acsami. 1c088 58

 169. Z. Ji, H. Wang, Z. Chen, P. Wang, J. Liu et  al., A both 
microscopically and macroscopically intrinsic self-healing 
long lifespan yarn battery. Energy Stor. Mater. 28, 334–341 
(2020). https:// doi. org/ 10. 1016/j. ensm. 2020. 03. 020

 170. M. Hu, J. Wang, J. Liu, P. Wang, Y. Feng et al., A flour-based 
one-stop supercapacitor with intrinsic self-healability and 
stretchability after self-healing and biodegradability. Energy 
Storage Mater. 21, 174–179 (2019). https:// doi. org/ 10. 1016/j. 
ensm. 2018. 12. 013

 171. G. Scheltjens, M.M. Diaz, J. Brancart, G.V. Assche, B.V. 
Mele, A self-healing polymer network based on reversible 
covalent bonding. React. Funct. Polym. 73, 413–420 (2013). 
https:// doi. org/ 10. 1016/j. react funct polym. 2012. 06. 017

 172. M. Sharma, D. Mondal, C. Mukesh, K. Prasad, Self-heal-
ing guar gum and guar gum-multiwalled carbon nanotubes 
nanocomposite gels prepared in an ionic liquid. Carbohydr. 
Polym. 98, 1025–1030 (2013). https:// doi. org/ 10. 1016/j. carbp 
ol. 2013. 06. 074

 173. R. Araya-Hermosilla, A.A. Broekhuis, F. Picchioni, Revers-
ible polymer networks containing covalent and hydrogen 
bonding interactions. Eur. Polym. J. 50, 127–134 (2014). 
https:// doi. org/ 10. 1016/j. eurpo lymj. 2013. 10. 014

 174. T. Kakuta, Y. Takashima, M. Nakahata, M. Otsubo, H. Yama-
guchi et al., Preorganized hydrogel: Self-healing properties of 
supramolecular hydrogels formed by polymerization of host-
guest-monomers that contain cyclodextrins and hydrophobic 
guest groups. Adv. Mater. 25, 2849–2853 (2013). https:// doi. 
org/ 10. 1002/ adma. 20120 5321

https://doi.org/10.1016/j.ensm.2022.06.021
https://doi.org/10.1002/anie.201910478
https://doi.org/10.1126/science.278.5343.1601
https://doi.org/10.1126/science.278.5343.1601
https://doi.org/10.1039/c8ta01907j
https://doi.org/10.1039/c8ta01907j
https://doi.org/10.1021/acsami.7b16880
https://doi.org/10.1021/acsami.7b16880
https://doi.org/10.1002/advs.202004490
https://doi.org/10.1002/advs.202004490
https://doi.org/10.1039/c7cs00464h
https://doi.org/10.1039/c7cs00464h
https://doi.org/10.1021/acs.chemrev.6b00504
https://doi.org/10.1039/c7ta06793c
https://doi.org/10.1021/acs.macromol.9b02305
https://doi.org/10.1021/acs.macromol.9b02305
https://doi.org/10.1016/j.cej.2021.131224
https://doi.org/10.1016/j.cej.2021.131224
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1002/anie.201811955
https://doi.org/10.1002/anie.201811955
https://doi.org/10.1002/anie.202001793
https://doi.org/10.1002/anie.202001793
https://doi.org/10.1002/advs.201802353
https://doi.org/10.1002/advs.201802353
https://doi.org/10.1021/acsenergylett.6b00456
https://doi.org/10.1002/anie.201913351
https://doi.org/10.1002/aenm.202103187
https://doi.org/10.1002/aenm.202103187
https://doi.org/10.1021/acsami.1c08858
https://doi.org/10.1016/j.ensm.2020.03.020
https://doi.org/10.1016/j.ensm.2018.12.013
https://doi.org/10.1016/j.ensm.2018.12.013
https://doi.org/10.1016/j.reactfunctpolym.2012.06.017
https://doi.org/10.1016/j.carbpol.2013.06.074
https://doi.org/10.1016/j.carbpol.2013.06.074
https://doi.org/10.1016/j.eurpolymj.2013.10.014
https://doi.org/10.1002/adma.201205321
https://doi.org/10.1002/adma.201205321


Nano-Micro Lett.           (2023) 15:99  Page 29 of 29    99 

1 3

 175. J. Li, G. Zhang, L. Deng, K. Jiang, S. Zhao et al., Thermally 
reversible and self-healing novolac epoxy resins based on 
diels-alder chemistry. J. Appl. Polym. Sci. 132, 42167 (2015). 
https:// doi. org/ 10. 1002/ app. 42167

 176. J. Canadell, H. Goossens, B. Klumperman, Self-healing 
materials based on disulfide links. Macromolecules 44, 
2536–2541 (2011). https:// doi. org/ 10. 1021/ ma200 1492

 177. M. Zhang, D. Xu, X. Yan, J. Chen, S. Dong et al., Self-healing 
supramolecular gels formed by crown ether based host-guest 

interactions. Angew. Chem. Int. Ed. 51, 7011–7015 (2012). 
https:// doi. org/ 10. 1002/ anie. 20120 3063

 178. A. Faghihnejad, K.E. Feldman, J. Yu, M.V. Tirrell, J.N. 
Israelachvili et al., Adhesion and surface interactions of a 
self-healing polymer with multiple hydrogen-bonding groups. 
Adv. Funct. Mater. 24, 2322–2333 (2014). https:// doi. org/ 10. 
1002/ adfm. 20130 3013

https://doi.org/10.1002/app.42167
https://doi.org/10.1021/ma2001492
https://doi.org/10.1002/anie.201203063
https://doi.org/10.1002/adfm.201303013
https://doi.org/10.1002/adfm.201303013

	Intrinsic Self-Healing Chemistry for Next-Generation Flexible Energy Storage Devices
	Highlights
	Abstract 
	1 Introduction
	2 Intrinsic Self-healing Mechanism
	2.1 Dynamic Covalent Bonds
	2.1.1 Diels–Alder Bond
	2.1.2 Disulfide Bond
	2.1.3 Imine Bond

	2.2 Reversible Non-covalent Bonds
	2.2.1 Hydrogen Bond
	2.2.2 Ionic Bond
	2.2.3 Coordination Bond


	3 Intrinsic Self-healing Chemistry in Energy Storage Devices
	3.1 Self-healing Electrode
	3.1.1 Self-healing Substrate
	3.1.2 Self-healing Binder

	3.2 Self-healing Electrolyte
	3.2.1 Self-healing Electrolyte Based on Non-covalent Bonds
	3.2.2 Self-healing Electrolyte based on Dynamic Covalent Bonds

	3.3 Self-healing Artificial Interface Layer
	3.4 Integrated Self-healing

	4 Advanced Self-healing Characterization Technology
	4.1 Chemical Structure Characterization
	4.2 Visual Self-healing Characterization

	5 Conclusions and Perspective
	5.1 Conclusions
	5.2 Perspective

	Acknowledgements 
	References


