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Bioinspired structural color nanocomposites with
healable capability

Lianbin Zhang,@ Miaomiao Li, Quangian Lyu and Jintao Zhu®*

As fascinating biological functions of many organisms, structural colors and healable features play crucial
roles in the survival of many organisms. Inspired by these features, healable structural color nano-
composites that integrate the photonic structure and healable polymeric materials have been attracting
growing attention recently. Healable structural color nanocomposites can effectively heal their damage
and ensure sustainable optical and mechanical properties of the functional materials, demonstrating
extensive application prospects in visual sensors, colorful painting, and anti-counterfeiting. In this minire-
view, from the perspective of the construction strategies, we summarize the recent development of the
healable structural color nanocomposites as well as the existing challenges in this emerging area. We
hope that this minireview will inspire future research efforts to push forward the studies and applications

rsc.li/polymers

1. Introduction

In nature, many organisms, such as butterfly wings, chame-
leon skin, bird feathers, and opals, exhibit colorful appear-
ances, which are known as structural colors.'™ Unlike mole-
cular pigments, whose colors are based on the absorption of
light, structural colors originate from the interaction of inci-
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of healable structural color nanocomposites.

dent light with the micro- and nanostructures."™ Structural
color is one of the most important characteristics of photonic
crystals (PCs).>”” PC materials possess periodic structures with
different refractive indexes and can regulate the transmission
of the incident light via diffraction and scattering. The pio-
neering research on structural colors dates back to the early
17" century by Hooke and Newton and a deeper understand-
ing was then achieved by the establishment of electromagnetic
theory and observation of the nanostructure by electron
microscopy.>® Besides the structural color, PCs also demon-
strate many important functional properties, including
tunable photonic bandgaps, photon localization effects, and

Miaomiao Li is currently a Ph.D.
candidate under the supervision
of Prof. Lianbin Zhang and
Jintao Zhu, at the School of
Chemistry and Chemical
Engineering, HUST. Her research
interests are on responsive
photonic materials.

W

Miaomiao Li

Polym. Chem., 2020, 11, 6413-6422 | 6413


www.rsc.li/polymers
http://orcid.org/0000-0002-8548-1506
http://orcid.org/0000-0002-8230-3923
http://crossmark.crossref.org/dialog/?doi=10.1039/d0py01096k&domain=pdf&date_stamp=2020-10-15
https://doi.org/10.1039/d0py01096k
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY011040

Published on 25 September 2020. Downloaded on 6/12/2026 5:03:56 PM.

Minireview
others.”"” These features ensure PC materials with many
promising applications, ranging from optical displays and
anti-counterfeiting techniques to sensors;""**7° especially, for
the tunable photonic bandgap induced by external stimuli, the
structural colors of the photonic materials can be directly
observed by the naked eye, providing a convenient route for
signal readout in visual sensors.'%*'">>

In general, PC materials with periodic structures can be
obtained by many well-established strategies, including photo-
lithography,®® assembly of block copolymers,> > cellulose
nanocrystals,”® > and colloidal particles;'®* especially, col-
loidal PCs constructed by the assembly of monodisperse nano-
particles (NPs) have attracted particular interest due to the
unique advantages of facile and large-scale fabrication, low
costs, and readily tunable bandgaps.'® A rich variety of col-
loidal particles with tunable sizes and refractive indexes have
been exploited in the construction of colloidal PCs.>®
Furthermore, by utilizing colloidal PCs as templates, inverse
opal structures can also be obtained by infusion of the precur-
sors, followed by the solidification and removal of the colloidal
templates.’® The resulting cavities in inverse opal structures
greatly expand the applications of colloidal PCs.**"*°

When being applied in daily life, colloidal PCs are likely to
be handled via physical mechanisms, which in turn can bring
the possibility of damage to the delicate periodic nano-
structures, leading to the failure of the optical and/or struc-
tural properties.>”*® Therefore, improving the mechanical
strength of colloidal PC materials has been one of the critical
aspects to ensure the durability and stability of PCs. To this
end, several strategies have been employed for the construc-
tion of mechanically robust colloidal PCs. For example, cross-
linking of colloidal crystals via a thermal or chemical process
can greatly improve the connection between the individual
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NPs.*®** Structural color nanocomposites which are obtained
through the incorporation of the colloidal PCs into polymeric
matrices have also been developed to enhance the durability of
the PCs since soft polymeric materials with intrinsic flexibility
provide the composite PCs with the capability of resisting
mechanical deformation, maintaining the integrity of the
PCs.”"***® Furthermore, the introduction of the polymeric
matrix also endows the PCs with unique functionalities. For
instance, structural color nanocomposites can be used as a
visual strain sensor with adhesive capability.*>*” Our group
has also utilized responsive hydrogels to incorporate
assembled Fe;0, colloidal particles and constructed chemical
and force structural color sensors.**° Although these strat-
egies have been demonstrated to be effective in improving the
reliability and functionality of PC materials, challenges,
including the large deformation and the abrasion of the
surface of the PCs, remain and limit their applications.

To address the failure or damage of the structures and the
functions, nature once again provides us pioneering solutions
via autonomous recovery of organisms after being wounded,
which is known as healable capability.>">* Inspired by this fas-
cinating capability, recent decades have witnessed the rapid
development of healable materials.’"** Great efforts have been
made for the development of polymeric materials based on
reversible covalent bonds or supramolecular interaction, and
these healable polymeric materials have been successfully
employed in the construction of healable nanocomposite
materials for use as electronic devices.**’ Recently, structural
color nanocomposites with healable capability have also been
obtained with healable polymeric materials, and it has been
shown that the introduction of the healable polymeric
materials can effectively ensure the reliability and the long-
term use of the PCs after severe damage. Furthermore,
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additional functions such as mechanochromic performance,
easy-recycling, and biocompatibility can be integrated into the
composites, greatly expanding their applications.’®®! In this
minireview, we aim to present a comprehensive overview of the
state of the art of structural color nanocomposites with heal-
able capability. Yet, the review is by no means meant to be
exhaustive; instead, we try to give a focused and critical review
of this burgeoning field using a limited number of selected
examples. Critical challenges and outlook of structural color
nanocomposites are also discussed.

2. Design principles of structural
color nanocomposites with healable
capability

Structural color nanocomposites can be obtained by the com-
bination of ordered nanostructures with polymeric materials,
and conventionally, they can be usually obtained by (1) assem-
bly of colloidal particles, followed by the infiltration of a poly-
merizable precursor and solidification process,">**%*7** or (2)
assembly of colloidal particles in the presence of the mono-
mers, followed by a polymerization process.*>*****” Due to
the facile and cost-effective preparation, a wide range of col-
loidal particles, such as silica NPs (SiO, NPs), polystyrene NPs
(PS NPs), Fe;0, NPs, and others, are usually chosen as build-
ing blocks for the construction of photonic structures with an
opal structure by the assembly strategy.'® Besides, the struc-
tural color nanocomposites can also be obtained by replicating
the assembled opal structures, which is known as the inverse
opal structure, by a series of preparation steps, such as fabrica-
tion of the template, infusion of the polymerizable monomer,
followed by polymerization of the monomer, and removal of
the colloidal template.®®

Healable polymeric materials are polymers constructed by
dynamic reversible connections, including reversible covalent
bonding, such as imine bonds, boronate ester, acylhydrazones,
or supramolecular interactions, such as hydrogen bonding,

View Article Online
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metal coordination, ionic and hydrophobic interactions, and
host-gust interactions.’>*>*7%*”7> Since these connections in
the polymeric materials can be broken and then reformed,
these materials can maintain the integrity of the structure and
restore their mechanical properties after being damaged.®’
When these healable polymeric materials are introduced into
the colloidal PC structures, it is anticipated that the healability
can be imparted to the resultant structural color nano-
composites. Considering the functionalities of the polymers
used, these healable structural color nanocomposites will find
more applications and attract more attention. Currently, by
using healable polymers, three strategies have been mainly
adopted to obtain the structural color nanocomposites with
healable capability (Fig. 1): (1) self-assembly of colloidal par-
ticles tethered with polymer chains with dynamic reversible
connections; ® (2) introduction of healable polymeric materials
(i.e., polymers or polymerizable materials) into preformed peri-
odic nanostructures (i.e., ordered opal structure and inverse
opal scaffold structure);*>*>”7"8" (3) self-assembly of colloidal
particles with healable polymeric materials.’®>%°88 Thege
dynamic reversible bonds in the structural color nano-
composites endow the materials with healable capability.
Therefore, the following sections will be organized according
to the recent progress and the structural and matrix character-
istics of the resultant structural color nanocomposites as
shown in Fig. 1.

2.1 Self-assembly of colloidal particles tethered with polymer
chains

In 2015, Guan et al. for the first time reported healable struc-
tural color nanocomposites by self-assembly of polymer-teth-
ered NPs.”® In their work, monodisperse SiO, NPs were first
functionalized with an atom transfer radical polymerization
(ATRP) initiator and then polyacrylate amide (PA-amide)
brushes were grafted with large quantities and tunable
lengths. Through a simple solution casting and hot pressing,
structural color nanocomposites can be obtained (Fig. 1(A)).
The dynamic nature of hydrogen bonding between the
PA-amide brushes grafted on NPs affords healing properties to

,_ Self-assembly
—

Gt — S

Healable
tructural col Self
structural color Y
— 2 >
nanocomposites
—
Polymer chains with dynamic
reversible connections
Self-assembly Colloidal particles
L3 + — Colloidal particles tethered

with polymer chains

Healable polymeric materials

Fig. 1 Schematic illustration for the strategies for generating structural color nanocomposites with healable capability.
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Fig. 2 Healable structural color nanocomposites via self-assembly of colloidal particles tethered with polymer chains. (A) The preparation of
polymer grafted NPs by the surface-initiated ATRP method and their mechanochromic and healing performance. (B) Fracture toughness of the
resultant structural color nanocomposites before and after healing. Strain rate = 1 mm min~* and relax rate = 1 mm min™. (C) The photographs of
healable structural color nanocomposites under the strained and relaxed conditions. Reproduced from ref. 76 with permission from John Wiley and

Sons, copyright 2015.

the self-assembled nanocomposites. Due to the flexible nature
and the high grafting density of the PA-amide brushes, the
nanocomposites show a good stretchable property, and the
structural color of the nanocomposites can be tuned from red
to green when being relaxed and strained (Fig. 2(B) and (C)).
This work provides a simple, scalable approach to prepare
healable structural color nanocomposites possessing high
structural orders as well as robust and dynamic mechanical
properties.

2.2 Introduction of healable polymeric materials into
preformed periodic nanostructures

2.2.1 Infusion of healable polymeric materials into an
ordered inverse opal structure. Although the polymer-tethered
NPs can realize the healing of the structure and optical per-
formance, the preparation of such functionalized NPs necessi-
tates the complicated synthesis. Facile preparation of the struc-
tural color nanocomposites is highly desirable. Compared with
the self-assembly of the functionalized NPs, the infusion of
healable polymeric materials into a previously formed periodic
nanostructure by the commonly employed building blocks for
the preparation of the structural color nanocomposite will be
more general. In 2017, Zhao reported the preparation of heal-
able structural color hydrogels by infusing a healable protein
hydrogel into a frequently used inverse opal scaffold.”® The
inverse opal scaffolds were obtained by polymerizing a metha-
crylated gelatin (GelMA) hydrogel to replicate a self-assembled
silica NP-based opal template (Fig. 3(A)). Then, a glutaralde-
hyde cross-linked bovine serum albumin (BSA) hydrogel with
enzyme additives of glucose oxidase (GOX) and catalase (CAT)
was filled in the nanovoids of inverse opal scaffolds to obtain
the healable hydrogel-based structural color nanocomposites.
The periodically ordered structure of the polymerized GelMA
inverse opal scaffolds endowed the hydrogel nanocomposite
with a bright structural color. The reversible imine covalent
connection in the filled protein hydrogel endowed the compo-
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Fig. 3 Healable structural color nanocomposite via an infusion of heal-
able polymeric materials into an ordered inverse opal structure. (A)
Preparation of the structural color hydrogel material and its healing
process. (B) Optical images of the healing process of structural color
hydrogels. The scale bars for (i) and (ii) are 5 mm. (C) Reflection spectra
of the original and healed structural color hydrogel at the damage posi-
tion. Reproduced from ref. 78 with permission from the National
Academy of Sciences, copyright 2017.

site  structural color hydrogel with the healability.
Furthermore, the acidic environment that was created by the
glucose in the presence of glucose oxidase can promote the
dynamic exchange reaction of imine bonds. Therefore, the
healing behavior of the structural color hydrogel can be
achieved by coating glucose in the damaged position. Based
on the healing behavior of the nanocomposites, the resultant
hydrogel segments with different structural colors and pat-
terns can be integrated to form an intact pattern by adding
glucose to the joint (Fig. 3(B)). The invariable optical pro-
perties of the structural color hydrogel before and after
healing, as shown in Fig. 3(C), demonstrated that it provided

an effective strategy for the construction of the hydrogel-based

This journal is © The Royal Society of Chemistry 2020
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structural color nanocomposites with healable capability. In
addition, the composite hydrogels were shown to have the
capability to resist external stretching forces, and with the
stretching strains, the lattice spacing in the materials
decreased, blue-shifting their structural color. In their follow-
ing studies, Zhao et al. infused a mixture of a hydrogel with
reversible phase transition function and graphene oxide (GO)
into a polymeric inverse scaffold.”” Due to the large size, GO
nanosheets cannot get into the nanocavities; instead, they
covered the upper layer to strengthen the color contrast with a
dark background. In addition, the photothermal conversion
capability of GO makes the structural color hydrogel show
light-controlled healing behavior. These features of the heal-
able structural color hydrogel could broaden the scope of des-
ignability for photonic devices, and promote the development
of structural color materials (e.g., anti-counterfeiting labels
and visual sensors).

2.2.2 Introduction of the healable polymeric materials into
a preformed ordered opal structure. Besides inverse opal struc-
tures, the periodic nanostructure with an opal structure is
more convenient to be realized by the assembly of colloidal
particles. Yin and coworkers reported the preparation of heal-
able structural color hydrogels by using poly (1-vinyl-2-pyrroli-
dinone-co-acrylamide) (poly (NVP-co-AAM)) modified with
O-carboxymethyl chitosan (O-CMC) as a matrix material, which
has good mechanical properties and elasticity, and silica-
coated Fe;0, NPs (Fe;0,@SiO, NPs) as building blocks under
the magnetic field (Fig. 4(A)).*" The reversible hydrogen bonds
between the plentiful carboxyl, amino, and hydroxyl functional
groups could impart the nanocomposite hydrogel with heal-
able capability. As shown in Fig. 4(B) (i-iv), when the resultant
hydrogel columns with different colors were put in contact
with each other with the two surfaces being in physical contact
for a period of time, the hydrogen bonding could rapidly form
and connect the two separated hydrogel columns. The joined
hydrogel column can be stretched under different strain con-
ditions without any cracks. Moreover, the stress-strain curves
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of hydrogel nanocomposites healed for 24 h shown in Fig. 4(C)
further confirmed that polymer networks of the hydrogel
nanocomposite had a good healable capability. A similar struc-
tural color hydrogel with healability was also demonstrated by
Zhao et al. using the Fe;0,@Si0, NPs and gelatin hydrogels,
and they further showed that the magnetic NPs can absorb
near-infrared light and generate heat, prompting the healing
of the hydrogels.®® In addition, these hydrogels also demon-
strated excellent biocompatibility and can be promising in
many biological applications in cell engineering and biological
engineering.

2.3 Self-assembly of colloidal particles with healable
polymeric materials

Conventionally, structural color nanocomposites were
obtained by the self-assembly of colloidal particles, followed
by the introduction of polymeric materials, which is usually a
multi-step process. One-step preparation of structural color
nanocomposites will be highly favorable for their large-scale
production and practical applications. Recently, attempts have
been made to produce healable structural color nano-
composites, especially with the recently developed angle-inde-
pendent structural color nanocomposites.>®>**828% Angle-
independent structural color, which is different from the struc-
tural color of the PC with long-range ordered periodic nano-
structures, arises from the interaction of amorphous or short-
range ordered colloidal arrays and visible light.*** PC
materials with angle-independent structural color exhibit
invariable color when being viewed from a different direction
and are beneficial for the precise determination of colors in
colorimetric sensors." On the other hand, compared with the
well-defined periodic PCs, the amorphous or short-range
ordered nanostructures can be readily and conveniently
obtained, and thus PCs with short-range ordered nano-
structures have attracted increasing attention;*>®® especially
when polymer materials are introduced into the assembly
process of colloidal particles, which accordingly can affect the
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Fig. 4 Healable structural color nanocomposites via an infusion of healable polymeric materials into an ordered opal structure. (A) Preparation of
the structural color hydrogel material (i) and its healing mechanism (ii). (B) Photographs of the constructed healable structural color hydrogel
column with different colors under different stretching (i—iv) deformations. (C) Stress—strain curves for original and healed hydrogels. Reproduced
from ref. 81 with permission from the American Chemical Society, copyright 2020.
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arrangement of the NPs, structural color nanocomposites with
angle-independent structural colors can be obtained.®”

2.3.1 Healable organogel-based structural color nano-
composites. Yao et al. first prepared healable structural color
organogels by combining the colloidal PCs and healable supra-
molecular organogels.>® As illustrated in Fig. 5(A) and (B), the
healable supramolecular polymer (IPDI-PDMS) was first syn-
thesized through the condensation of amino-terminated poly
(dimethylsiloxane) (amino-PDMS) and isophorone diisocya-
nate (IPDI), and then was co-assembled with oleophilic SiO,
NPs, carbon black (CB), and silicone oil. After solvent evapor-
ation, SiO, NPs were arranged into a short-range ordered
photonic structure in the gelatinization polymer matrix and
structural color organogels were achieved. These dynamic and
reversible hydrogen bonds in the gelatinization polymer
matrix could hinder the ordered arrangement of NPs and
endow the organogel nanocomposites with angle-independent
structural color and healable capability as shown in Fig. 5(C).
Additionally, compared to the healable hydrogel materials, the
organogel-based healable materials showed unique features of
interfacial slipperiness and water repellency, which promote
the outdoor application of the structural color materials
(Fig. 5(D)).

2.3.2 Healable elastomer-based structural color nano-
composites. Compared with gel materials, solvent-free elasto-
mers have attracted much attention due to their high mechani-
cal strength, stability, and elasticity. To ensure sustainable
optical and mechanical properties and improve the mechani-
cal strength, the elastomer-based healable structural color
materials can be realized by combining the photonic structure
with a healable elastomer or polymer. Our group prepared the
structural color elastomer with healability through the co-
assembly of SiO, NPs and a supramolecular elastomer based
on metal coordination interaction between amino-PDMS and
cerium ions (Ce™™).® SiO, NPs arranged into photonic struc-
tures within the polymer matrix, giving rise to the structural
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colors, and the introduced metal coordination interaction in
the polymeric matrix provided healable capability (Fig. 6(A)).
Elastomers with different bright structural colors can be
clearly observed by the naked eye through adjusting the size of
incorporated NPs and display angle-independent structural
colors (Fig. 6(B) and (C)). Compared with gel materials, the
superelastic properties and stability of the elastomer endow
the structural color materials with an excellent color shifting
and recovery performance when stretching and bending the
elastomer, similar to chameleon skin (Fig. 6(D)). Furthermore,
as shown in Fig. 6(E) and (F), such structural color elastomers
can heal the surface scratches and cuts because of the flexi-
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(A) MAN/\5:|_°+5:|_°%%|_/\NH:
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(B) T 8 Healed
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Fig. 6 Healable structural color elastomer nanocomposite. (A)
Illustration showing the structural design of healable structural color
elastomer nanocomposites and the reversible interactions between
Ce(n) and amino-PDMS chains. The photographs of structural color
elastomers prepared from SiO2 NPs with different sizes on a black sub-
strate at a viewing angle of 0° (B) and 60° (C). (D) The color change of a
red-colored elastomer nanocomposite with different stretching strains.
Optical microscopy images of an abrased elastomer nanocomposite
before (E) and after (F) healing at room temperature for 48 h.
Reproduced from ref. 58 with permission from John Wiley and Sons,
copyright 2019.

Co-assemble precursor:
Silica nanoparticle(SiNP)
Carbon black (CB)
IPDI-PDMS

Silicone oils, chloroform

(®)

® SiNP * CB
W co-assemble precursor
@ Polymer gel

with silicone oils

%

Fig. 5 Healable structural color organogel nanocomposites. (A) Synthesis of the healable supramolecular polymer (IPDI-PDMS). (B) Schematic illus-
tration of the fabrication of the healable structural color organogel by co-assembly of SiO, NPs, CB, and healable IPDI-PDMS polymer gel with sili-
cone oil. (C) The optical images of a cut (left) and healed (right) structural color organogel. The sample area was 1.5 cm x 1.5 cm. (D) Photographs of
the droplet sliding on an inclined organogel nanocomposite surface with a healing process of cut damage over time. The droplet was pinned at the
damaged area and continued sliding when the nanocomposite healed itself. Reproduced from ref. 59 with permission from John Wiley and Sons,
copyright 2017.
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bility of the PDMS matrix and reversible coordination inter-
action, ensuring long-term usage in the fields of wearable
devices, optical coating, and visual force sensing. By using a
similar strategy, other healable polymeric materials including
polyborosiloxane and poly(ethylene glycol)-based elastomers
have also been employed for the construction of the healable
structural color elastomers to improve the healing capability
and environmentally friendly properties.®%

When the structural color elastomer nanocomposite is used
in visual sensors and color coating, the structural color and
spectrum responsiveness are critically important for determin-
ing the color. Recently, our group prepared a healable elasto-
mer nanocomposite with high color saturation and broad-

iy sunlight: o),

S
>

“release

Fig. 7 Healable structural color elastomer nanocomposite with high
color saturation and broad-spectrum responsiveness. (A) Illustration
showing the structural design of the structural color elastomer nano-
composite and the reversible interactions between Fe;0,@C NPs and
amino-PDMS chains. (B) Photographs of structural color elastomers pre-
pared from Fes0,@C NPs with different sizes on a white substrate at a
viewing angle of 0° and 60°. (C) Optical microscopy images of a cut (i)
and abrased (iii) elastomer nanocomposite before (i and iii) and after
(ii and iv) healing under the irradiation with laser and sunlight for
different healing times. (D) Photographs of a red-colored elastomer
nanocomposite under stretching (top) and releasing (bottom) at various
strains. Reproduced from ref. 82 with permission from John Wiley and
Sons, copyright 2020.

Table 1 Healing performance of the structural color nanocomposites

View Article Online
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spectrum responsiveness by incorporating the carbon-coated
Fe;0, NPs (Fe;0,@C NPs) into an amino-terminated PDMS
polymer through supramolecular interactions (Fig. 7(A)).*> Due
to a high refractive index of ~1.9 and broad-band light absorp-
tion of Fe;0,@C NPs, the resultant elastomer prepared from
Fe;0,@C NPs displayed visible colors even when being placed
on a white substrate (Fig. 7(B)). More importantly, under the
irradiation with laser or sunlight, the resultant elastomer
showed improved healing behavior for the damage as shown
in Fig. 6(C). The inherent photothermal properties of
Fe;0,@C NPs enable the elastomer material to absorb light
(laser and sunlight) and convert it into heat, accelerating the
healing performance. Besides, through adjusting the volume
fraction of Fe;0,@C NPs, the enlarged interparticle distance
and tensile properties endowed the elastomer with broad-spec-
trum responsiveness and excellent recovery under a large
strain. As shown in Fig. 7(D), when being stretched, the struc-
tural color of the elastomer changed from red to blue. After
release, it could almost recover to its initial color. The color
change in the stretching and releasing processes was reversible
and recoverable under 75% stretching strain, indicating excel-
lent prospects in the visual sensor.

3. Summary and outlook

Inspired by the structural color and the autonomous recovery
capabilities of organisms, structural color nanocomposites
with healable capability integrate the two fascinating features
in nature and represent the state-of-the-art nanocomposite
materials for advanced applications in visual sensors, colorful
painting, anti-counterfeiting, and others. This minireview
summarizes the recently developed construction strategies for
the structural color nanocomposites with healable capability
(Table 1). The healability of the structural color nano-
composites ensures the reliability and the durability of the col-
orful materials in practical applications and will greatly con-
tribute to the needs of a sustainable society. Although con-
siderable progress has been achieved in the past years, signifi-
cant challenges and barriers remain between the status quo

Construction strategy ~ Healing mechanism

Healing conditions

Healing efficiency =~ Ref.

(1) Hydrogen bonding At room temperature — 76
2) Imine bond 3 h at 4 °C and the stimulation of glucose — 78
Phase transformation Laser irradiation ~83%" 77
Hydrogen bonding 24 h at room temperature ~73%" 81
Phase transformation Under near-infrared irradiation or external magnetic fields ~60%" 60
(3) Hydrogen bonding 30 s at room temperature 100%° 59
Metal-ligand coordination 48 h at 60 °C 80%” 58
Hydrogen bonding 2 h under near-infrared irradiation 53%" 82
Boronic ester 20 min at room temperature 100%* 61
Hydrogen bonding 90 min at room temperature 100%“ 83

@2)6) Constructlon strategies of structural color nanocomposites shown in Fig. 1.
b Healing efficiency obtained from the recovery rate of maximum strain. © Healing efficiency obtained from the recovery rate of

maximum stress.
storage modulus.
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Minireview

and the practical applications of the healable structural color
nanocomposites. First, similar to that of the healable poly-
meric materials, the mechanical robustness and healability of
structural color nanocomposites are opposing. Although the
introduction of the inorganic NPs can improve the mechanical
strength of the structural color nanocomposites, they also can
restrict the movements of the polymer chain, suppressing the
healability. Therefore, a balance between the mechanical
robustness and healability should be carefully considered
when designing the ideal structural color nanocomposites. On
the other hand, although the self-assemblies of colloidal par-
ticles with healable polymeric materials are beneficial to the
large-scale production of structural color nanocomposites with
angle-independent structural color, the realization of well-
ordered nanocomposites through such a process is still highly
challenging. The introduction of the polymer in the assembly
process usually leads to an amorphous structure because the
presence of the viscous polymeric matrix will trap the NPs into
the metastable state by inhibiting the entropy-driven self-
assembly of NPs, which usually results in a short-range
ordered structure. Such an issue might be solved by carefully
optimizing the interaction between the NPs and the polymer
matrix and the chemistry of the polymers. Looking at the
future, the structural color nanocomposites are still in their
infancy, and we believe that with the continuous development
of healable materials, new structural color nanocomposites
and construction strategies will be reported, which will
undoubtedly achieve their unprecedented performance and
unproved potential in the future materials.
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