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Stimulus-responsive nonclose-packed photonic
crystals: fabrications and applications

Yang Hu,†a Siyi Yu,†a Boru Wei,a Dongpeng Yang, *a Dekun Mab and
Shaoming Huang *a

Stimulus-responsive photonic crystals (PCs) possessing unconventional nonclosely packed structures

have received growing attention due to their unique capability of mimicking the active structural colors

of natural organisms (for example, chameleons’ mechanochromic properties). However, there is rarely

any systematic review regarding the progress of nonclose-packed photonic crystals (NPCs), involving

their fabrication, working mechanisms, and applications. Herein, a comprehensive review of the

fundamental principles and practical fabrication strategies of one/two/three-dimensional NPCs is

summarized from the perspective of designing nonclose-packed structures. Subsequently, responsive

NPCs with exciting functions and working mechanisms are sorted and delineated according to their

diverse responses to physical (force, temperature, magnetic, and electric fields), chemical (ions, pH,

vapors, and solvents), and biological (glucose, organophosphate, creatinine, and bacteria) stimuli. We

then systematically introduced and discussed the applications of NPCs in sensors, printing,

anticounterfeiting, display, optical devices, etc. Finally, the current challenges and development

prospects for NPCs are presented. This review not only concludes the design principle for NPCs but also

provides a significant basis for the exploration of next-generation NPCs.

Wider impact
What makes the area of study of significant wider interest?
�Stimulus-responsive nonclosely packed photonic crystals (NPCs) receive growing attention due to their potential applications in display, sensing, printing,
photocatalysis, optical coating, solar energy, anti-counterfeiting, information encryption, etc.

What key developments in the area of study have been discussed?
� In this review, we describe the fundamentals, fabrication, structures, properties, and applications of NPCs. NPCs with exciting bioinspired functions, and the
working mechanisms are sorted and delineated according to their diverse responses to physical, chemical, and biological stimuli.
What will the future of this field hold, and how will the insight in your review help shape materials science?
� NPCs with low-cost fabrication, stimulus-responsive structural colors, angle-dependent wavelengths, anti-photobleaching, and environment-friendly
properties will have wide applications in various fields, involving car painting, iridescent packages, ink-free printing, low-power displays, rewritable papers,
soft robotics, photonic noses, artificial smart skins, multilevel anticounterfeiting, fluorescence regulation, smart windows, and 3D printing. We believe that the
design principle concluded in this review will provide a significant basis for exploring next-generation NPCs.

1. Introduction

Colors commonly originate from pigments and dyes that
strongly absorb certain wavelengths of visible light. These
colors depend on the chemical composition of materials;

however, they suffer from color fading by photobleaching and
serious environmental pollution. Unlike these chemical colors,
physical structural colors based on the selective reflection of
visible light by periodic structures possess various character-
istics in antiphotobleaching and low toxicity. In fact, structural
colors have been widely found in nature. For example, morpho
butterflies can show brilliant blue color due to the diffraction of
light by a layered one-dimensional (1D) structure composed of
chitin on the scales.1 (Fig. 1a) Antifogging mosquito eyes
composed of a nonclose-packed two-dimensional (2D) array
display a bright structural color and show potential applica-
tions for antireflection and self-cleaning (Fig. 1b).2,3 The
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chameleon uses periodically nonclose-packed three-
dimensional (3D) structures of guanine nanocrystals in the iris
cells of the epidermis to develop colors (Fig. 1c).4 More

interestingly, chameleons can regulate their skin colors by
altering the distance between neighboring guanine nanocrys-
tals by stretching their skins. Such unique characteristics can
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be attributed to their dynamic nonclose-packing structures.
These structural colors based on ordered structures with peri-
odic refractive indexes also can be achieved by colloidal photo-
nic crystals (PCs). Except for the structural colors, PCs have
unique photonic bandgaps (PBGs), angle-dependent colors,
slow-photon effects, fluorescence enhancement, etc. The PBG
position of PCs follows Bragg’s law and depends on the
effective refractive index, lattice distance, and orientations.5–7

These unique optical properties make PCs show potential
applications in color displays,8–14 printings,15–24 sensors,25–37

solar cells,38,39 pigments,40–42 anticounterfeiting,43–56 and opti-
cal devices.57–61

Inspired by creature structure characteristics, PCs with
nonclosely packed structures capable of mimicking creatures’
functions have been developed. According to the structure
periodicity, these nonclose-packed PCs (NPCs) can be divided
into three categories: 1D, 2D, and 3D NPCs (Fig. 1d). In general,
NPCs with colloidal particles nonclosely packed in solvents,
gels, or polymer matrix were fabricated based on assembling
colloidal particles in dispersion since this strategy is simple,
facile, and cost-effective without the requirements of micro-
machining or holographic lithography.7,62–64 Colloidal particles
assemble into highly ordered structures in the matrix by
balancing the electrostatic interactions between each other in
the presence of shear forces as well as electric and magnetic
fields. Compared to traditional close-packed ones, NPCs have
the advantage of a flexible and tunable structure due to their
high polymer volume fraction.65–69 These merits offer new
functions and specific applications of NPCs in sensing, dis-
plays, printing, anticounterfeiting, and optical devices.

Although PCs have been well-reviewed recently,7,35,62,66,69–73

most PCs possess closely packed structures. The preparation
strategies, functionalities, and applications of NPCs have
hardly been well-summarized.

In this review, we will discuss the progress of NPCs in the
aspect of fabrications, structures, functions, and applications.
In the following sections, a brief overview of the strategies for
fabricating nonclose-packed PCs is presented first, including
magnetic assembly for 1D NPCs, reactive ion etching for 2D NPCs,
electrostatic self-assembly, and two-step filling for 3D NPCs. Then,
the NPCs are summarized according to their unique functions of
mechanochromic, thermochromic, magnetochromic, electrochro-
mic, chemical-chromic, and biochromic optical performances.
Based on their unique stimulus-responsive properties, the
potential applications of NPCs are also discussed in detail. Finally,
a summary and some perspectives on the remaining challenges of
this research field are proposed.

2. Classification, principles, and
fabrications

The NPCs are first divided into 1D, 2D, and 3D NPCs based on
their differences in periodicity. Then, their optical principles
(Bragg’s law), color tunability, and fabrications are presented
and discussed.

2.1 1D NPCs

1D PCs are composed of two materials with different refractive
indices arranged alternately along one direction, and most of

Fig. 1 (a) Digital photo of a butterfly and its SEM and TEM images. Reproduced with permission.1 Copyright 2003, Springer Nature. (b) Digital photo and
SEM images of antifogging mosquito eyes. Reproduced with permission.2 Copyright 2007, Wiley-VCH. (c) Digital photos of a chameleon and the TEM
images of the lattice of guanine nanocrystals in S-iridophores from the same individual in a relaxed and excited state. Reproduced with permission.4

Copyright 2015, Springer Nature. (d) Schematic illustration of the structures of three types of NPCs.
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them resemble the laminar structure of the butterfly wings.74–77

Herein, we only discuss the 1D colloidal PCs with nonclose-
packed structures. 1D NPCs require magnetic colloidal particles
including Fe3O4,78 Fe3O4@SiO2,79 and Fe3O4@carbon80 parti-
cles as building blocks. By applying a magnetic field, these
particles assemble into ordered structures only along the
magnetic direction, and nonclosely packed structures are
achieved by balancing the magnetic attraction forces and
electrostatic repulsions between particles.78,81–84 When super-
paramagnetic particles dispersed in solution are exposed to the
external magnetic field, they will be subjected to two types of
magnetic force. One is the dipole–dipole force of the magnetic
field interaction between one dipole and another, and the other
is the stacking force caused by the gradient of the applied
magnetic field.85 As shown in Fig. 2a–d, applying an external
magnetic field induces a magnetic dipole moment m, a mag-
netic field H in the direction of the magnetic field in the
superparamagnetic particle, a magnetic attractive force Fma =
6(m2/d4) between two adjacent particles arranged along the
magnetic field, and a repulsive force Fmr = 3(m2/d4) between
two particles arranged perpendicular to the magnetic field,
where d is the center–center distance. The magnetic packing
force Fp =r(mH) can drive superparamagnetic particles toward
the region of maximum magnetic field strength.82,86,87 The
highly charged surface of colloidal particles usually generates

electrostatic repulsion, which is also essential for the assembly
of magnetic colloidal particles into ordered arrays. Under the
external magnetic field, superparamagnetic colloidal particles
form chains in solution. The electrostatic repulsion between
charged colloids in each chain increases with the closer colloi-
dal particles and eventually forms 1D NPCs as the attractive and
repulsive forces of colloidal particles reach a balance.

The diffraction wavelength of the 1D NPCs can be described
by Bragg’s law (eqn (1)), where m, d, and l are the diffraction
order, lattice distance, and reflection wavelength, respectively.
y is the angle between the reflected beam and the diffraction
crystal plane. According to Bragg’s law, the l of 1D NPCs can be
adjusted by n, d, and y. In fact, due to the low content of
magnetic particles (o1%), n is usually determined by disper-
sions. Hence, in most cases, d and y determined by magnetic
field strength and orientation, respectively, are two effective
and widely used parameters to alter the l.88 The reflectance of
NPCs is dependent on the refractive index contrast (Dn) and the
order degree. The Dn between magnetic colloid (n = 1.7–2.42)
and matrices (n = 1.3–1.5) can be calculated by eqn (2), where nc

and nm are the colloidal particles and the matrices, respectively.
The large Dn is considered as an important reason contributing
to the high reflectance of 1D NPCs even at low-volume fractions
of particles (o1%). When the magnetic field strength is
enhanced, the surface-to-surface distance (ds–s) of neighboring

Fig. 2 (a) Magnetic field distribution around a superparamagnetic particle with a dipole moment in the same direction as the external magnetic field. The
repulsive (b) and attractive (c) dipole–dipole forces in different particle configurations drive the formation of particle chains along the magnetic field (d).
The color bar on the right shows the relative strength of the local magnetic field. Reproduced with permission.85 Copyright 2012, American Chemical
Society. (e) Photographs of colloidal crystals formed in response to an external magnetic field. (f) Dependence of the reflection spectra at normal
incidence of the colloidal crystals on the distance of the sample from the magnet. Reproduced with permission.78 Copyright 2007, Wiley-VCH. (g)
Schematic illustrations showing the creation of negative charges on the surface of superparamagnetic colloids in nonpolar solvents. Reproduced with
permission.91 Copyright 2009, American Chemical Society.

Review Materials Horizons

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

14
/2

02
5 

1:
13

:1
8 

PM
. 

View Article Online

https://doi.org/10.1039/d3mh00877k


This journal is © The Royal Society of Chemistry 2023 Mater. Horiz., 2023, 10, 3895–3928 |  3899

particles of the same nanochain decreases, which can be
calculated by eqn (3), where dc is the diameter of colloidal
particles. Therefore, only nonclosely packed structures can
realize the dynamic regulation of l and colors under magnetic
fields.63

ml = 2nd sin y (1)

Dn = nc � nm (2)

ds–s = d � dc (3)

Magnetic attraction and electrostatic repulsion provide favor-
able conditions for the assembly of colloidal particles.89 There-
fore, uniform colloids with superparamagnetic properties,
adjustable sizes, and highly-charged surfaces are ideal candi-
dates for constructing 1D NPCs. Yin and coworkers synthesized
nearly monodisperse superparamagnetic ‘‘colloidal nanocrystal
clusters’’ (CNCs) of polyelectrolyte-covered magnetite (Fe3O4)
with controllable sizes of 30–200 nm by a high-temperature
polyol process.90 Each Fe3O4 CNC is composed of a large
number of interconnected Fe3O4 nanocrystals with a diameter
of approximately 10 nm. Such unique polycrystalline structures
render the CNC exhibiting superparamagnetic properties and
high saturation magnetization strength beyond the critical size
(30 nm), over which single crystal particles show ferromagnetic
properties. Due to the grafting of negatively charged polyelec-
trolytes on their surfaces, these Fe3O4 CNCs are highly charged
and well dispersed in water. The strong electrostatic repulsion
can balance the magnetic attractions, allowing the self-
assembly of Fe3O4 CNCs at a large ds–s (154 nm) under a
magnetic field and excellent color tunability. As shown in
Fig. 2e and f, Fe3O4 CNCs-based 1D NPCs show brilliant
structural colors and high reflectance. The structural color
and reflection wavelength covering all the visible ranges (Dl
4 300 nm) can be precisely modulated by the magnetic field
strength.78,91

Unfortunately, these Fe3O4 CNCs cannot assemble into 1D
NPCs in organic solvents due to the charge-screening effect of
polyelectrolytes in solvents, restricting their practical applica-
tions. To address this issue, Yin and coworkers coated a uni-
form layer of silica shell on the surface of Fe3O4 CNC by a sol-
gel process.79,92 The Si–OH on the surface of Fe3O4@SiO2

generates charge separation in most polar solvents (silica–OH
- silica–O� + H+), resulting in strong electrostatic repulsion
among particles and the packing of Fe3O4@SiO2 particles
in polar solvents into 1D NPCs. However, it is exceedingly
difficult to realize strong electrostatic repulsion among parti-
cles in less polar or nonpolar solvents due to the high energy
potential barriers for surface charge in these solvents.93,94

The same group has prepared n-octadecyltrimethoxysilane
(ODTMS)-capped Fe3O4@SiO2 particles to disperse these
particles in 1,2-dichlorobenzene (DCB) (Fig. 2g). The charge
separation is greatly enhanced by introducing sodium bis
(2-ethylhexyl)sulfosuccinate (AOT) as a charge control agent.
The AOT in DCB can form giant reverse micelles dissolving
counterions, promoting surface charge separation of particles.
Therefore, Fe3O4@SiO2-ODTMS can form 1D NPCs in less polar

DCB, similar to the results in the water.91 In addition, replacing
the solvent with a polymerizable monomer such as polyethy-
lene glycol diacrylate (PEGDA) and combining with UV curing
can fix the ordered structures 1D NPCs and facilitate their
applications.15,95

2.2 2D NPCs

2D NPCs are of wide interest due to their potential applications
in ordered array masks,96–99 surface patterning,100,101 super-
hydrophobic substrates,102–105 and biosensors.1,106,107 How-
ever, 2D PCs with hexagonal or square closely packed rather
than nonclosely packed structures were prepared mostly
because of their stable mechanical stability and the thermo-
dynamically lowest state.100,108,109 To date, the fabrication of 2D
NPCs remains a big challenge. The early strategy for construct-
ing 2D NPCs was mainly based on the reactive ion etching (RIE)
of 2D close-packed PCs.110–112 For example, 2D PCs with close-
packed arrays of polystyrene (PS) microspheres on silicon
substrates were fabricated by a self-assembly approach. 2D
NPCs were then obtained by exposing 2D PCs to RIE with
oxygen plasma that can thin the PS spheres.113 Reactive ion
etching using pure oxygen plasma tends to result in a rough
surface of PS spheres, while RIE mixing with a high percentage
of CF4 gas can obtain relatively smooth PS particles.111 2D NPCs
can also be prepared directly by the self-assembly of colloidal
particles. Wang et al. prepared 2D NPCs from CaCO3-
impregnated coated hydrogel spheres formed by in situ
biomineralization.108 The ds–s can be well regulated by control-
ling the dip-coating speed and the concentration of colloidal
particles. In addition to the preparation of 2D NPCs by RIE and
self-assembly, a soft lithography technique for the preparation
of 2D NPCs was reported by Yang et al.114–117 As shown in
Fig. 3a, a layer of close-packed 2D PCs was transferred to the
surface of PDMS stamps, and the solvent was used to swell the
PDMS to increase the lattice distance to obtain nonclosely
packed structures. A modified microcontact printing (mCP)
transfer technique can transfer the 2D NPCs to arbitrary solid
substrate surfaces.118 However, these methods require time-
consuming processes and complex equipment, thus limiting
their applications. In 2004, Jiang et al. developed a spin coating
strategy to prepare 2D NPCs (Fig. 3b). According to their
methods, silica particles were first concentrated in ethoxylated
trimethylolpropane triacrylate (ETPTA) to form a silica/ETPTA
precursor solution with nonclosely packed structures. Taking
advantage of the spin coating technique, the precursor solution
can be nonclosely packed with only one layer with large areas
(Fig. 3c and d).101,119–121

2.3 3D NPCs

Typically, 3D NPCs with a low filling fraction (o0.5) and face-
center-cubic (fcc) lattice are fabricated by assembling colloidal
particles into polymers or solvents. Similar to conventional
PCs, colloidal particles are size-tunable, highly charged, and
monodisperse. To date, a variety of building blocks including
PS,122,123 PNIPAM,124–126 SiO2,127,128 Fe3O4@SiO2,129,130

CeO2@SiO2,131 and ZnS132,133 have been successfully used to
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prepare 3D NPCs. For matrices, most polar solvents and acrylates-
based polymers with high boiling points and low viscosity are
ideal candidates. The 3D NPCs display diverse functions through
the rational design of their components and structures. For
example, 3D NPCs show a unique metastable property when
nonclosely packed silica particles are wrapped by ethylene
glycol.134 The polymeric matrices not only play the role of fixing
the nonclosely packed structure128,135,136 but also endow 3D NPCs
to possess smart and unique functionalities.28,123,137 For instance,
inspired by chameleons’ color regulation mechanism, mechan-
ochromic 3D NPCs show force-dependent colors based on the
variation of the surface-to-surface distance (ds–s) between neigh-
boring particles thanks to the nonclose-packing structures, which
cannot be realized by PCs with closely packed structures. The ds–s

of the neighboring particles of 3D NPCs can be calculated by
Bragg’s law (eqn (4) and (5)).138–140 m and l are the diffraction
order and the reflection wavelength, ni and fi are the refractive
index and volume fraction of each component of 3D NPCs, Did

and Dc are the interparticle distance and diameter of colloidal
particles, respectively, and y is the angle between the reflected
beam and the normal.

ml ¼ 1:633Did

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ni2fi � sin2y

p
(4)

ds–s = Did � Dc (5)

Indeed, colloidal particles will experience different interactions
(electrostatic force, long-range attractive force, solvation force,
magnetic force, and shear force) during the assembling process,
depending on their fabrication strategies. Basically, the self-
assembly strategies used for constructing 3D NPCs can be divided
into three categories: (1) electrostatic self-assembly, (2) magnetic
field-induced assembly, and (3) shear-induced assembly. In addi-
tion, micromachining the 3D CPCs can also obtain 3D NPCs.141–147

2.3.1 Electrostatic self-assembly. Traditionally, three dif-
ferent interactions between particles have been regarded as the

major reasons for driving the self-assembly of particles into
nonclose-packed structures: (1) electrostatic repulsion,122,123,148–151

(2) the interaction balance between long-range attraction and
electrostatic repulsion,134,152 and (3) solvation forces.153,154 Asher
et al. reported that sulfate groups-modified PS particles can spon-
taneously self-assemble into NPCs in an aqueous solution by
electrostatic repulsion.122 The particles are negatively charged so
that PS spheres can self-assemble into ordered arrangements even
with the interparticle distance over one mm under low ionic
strengths. Subsequently, they introduced highly purified nonionic
polymerizable monomers into the surrounding PS colloidal crystals
and fixed the ordered structures by forming a hydrogel network
with UV irradiation.123 They also demonstrated that the nonclose
structure of such NPCs could be fixed when the water medium was
replaced by polymerizable monomers. However, this method
usually involves a time-consuming process and elaborate proce-
dures, which may restrict their applications.

Ge et al. suggested that the self-assembly of silica particles
into NPCs is caused by the balance between long-range attrac-
tion and electrostatic repulsion.134 They developed a method of
evaporation-induced supersaturation precipitation to prepare
NPCs (Fig. 4a). Briefly, silica particles were dispersed in the
mixture of ethanol and a target solvent with a high boiling
point. After evaporating ethanol at 90 1C, silica particles will
spontaneously self-assemble into a liquid ‘‘metastable’’ 3D NPC
(Fig. 4b). They divided the formation of metastable CCAs into
two processes. First, as the volume fraction of silica rises to a
supersaturated value (12–20%) due to the evaporation of etha-
nol, the concentration of counterions and ionic strength
increases, diminishing the electrostatic repulsion and leading
to silica precipitation. Second, these precipitated particles
quickly self-assemble into nonclosely packed structures by
balancing the strong electrostatic repulsions and long-range
attractions among particles.155 The long-range attraction
between particles was induced by a charged glass wall.

Fig. 3 (a) A schematic illustration of the procedure for the fabrication of a 2D NPC array of spheres with a tunable lattice structure. Reproduced with
permission.114 Copyright 2005, American Chemical Society. (b) Schematic illustration of the experimental procedures for making periodic polymer
microvial arrays using 2D nonclose-packed colloidal crystal-polymer nanocomposites as templates. Reproduced with permission.120 Copyright 2005,
The Royal Society of Chemistry. (c) Photograph of a sample on a four in. silicon wafer illuminated with white light, (d) typical SEM image of the sample
shown in (c). The top inset shows a magnified SEM image, and the bottom inset shows a Fourier transform. Reproduced with permission.101 Copyright
2007, American Chemical Society.
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Although the long-range order is only effective with a few
numbers of periodic structures, the newly formed ordered
structures can act in a manner comparable to that of the glass
wall and result in the unexpected long-range order.

The assembly behavior of particles in acrylates seems more
complex in solvents. Kim et al. fabricated silica-based 3D NPC
through a similar strategy developed by Ge’s group, except that
the target solvents were replaced by poly(ethylene glycol)phenyl
ether acrylate (PEGPEA). Unlike the electrostatic repulsion
between silica particles in solvents, they point out that the
solvation repulsion based on the thick solvation layer coated on
silica particles is the key to the ordered structure.153 When the
critical concentration is reached, and the solvation layers
between the particles start to overlap and the particles repel
each other due to the disjoining pressure, thus inducing the
assembly of the particles into the ordered structure. The dense
solvation layer, formed by the formation of hydrogen bonds
between the acrylate group of PEGPEA and the silanol group of

particles, stabilizes the colloidal suspension for several
months. However, the van der Waals attraction and electro-
static repulsion among particles may also have a great influ-
ence on the silica/PEGPEA system and cannot be repelled due
to the very limited interparticle distances.

Very recently, our group demonstrated that the self-
assembly of silica particles is mainly driven by electrostatic
repulsion rather than the solvation layers and van der Waals
attraction.156 We prepared silica/di(ethylene glycol)ethyl ether
acrylate (DEGEEA) 3D NPCs through a similar strategy to that
created by Ge et al. Interestingly, it was found that silica
particles can form long-range order with a relatively low volume
fraction (15%) in DEGEEA (Fig. 4c–e) due to the less polar
properties of DEGEEA. Further experimental results proved that
a trace amount of ethanol (6%) existing in the PC suspension
after ethanol evaporation acts as a charge control agent to
dissolve counterions. This leads to the long-range packing of
silica particles with quite a large ds–s of 132 nm, which exceeds

Fig. 4 (a) Schematic illustration of the fabrication of SiO2-PEGMA photonic paper through the self-assembly of silica particles in the PEGMA and
subsequently fixed through photopolymerization. (b) Photos of metastable CCAs formed in different solvents. Reproduced with permission.134 Copyright
2013, American Chemical Society. (c) Schematic illustration of the repulsion force induced the self-assembly of silica particles into highly-ordered
structures. (d) Reflection spectra and (e) SEM images of MPCs were fabricated through evaporation and sonication strategies. (f) Schematic illustration of
the assembly behavior of silica particles when the solvation force dominates repulsion. (g) Reflection spectra and (h) corresponding SEM images of MPCs
fabricated with different concentrations of EMBTF. Reproduced with permission.156 Copyright 2022, Elsevier.
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the effective distance caused by either solvation layers (10–
40 nm) or van der Waals attraction (o20 nm). To further
manifest the critical role of electrostatic repulsions, we intro-
duce ionic liquids to selectively screen the electrostatic forces
since the electrostatic force is extremely sensitive to ionic
strength while the solvation force is not (Fig. 4f–h).94 As
expected, the reflectance of silica/acrylates PCs is highly sensi-
tive to the ionic strength and inversely proportional to the
concentration of ionic concentration, firmly verifying that the
electrostatic is the key that drives the nonclose-assembling of
silica particles. Moreover, the silica/acrylates PCs show out-
standing stability in the presence of ionic liquid, strongly
suggesting that solvation repulsion only can protect particles
from aggregation. All these results vividly demonstrate that the
electrostatic repulsion rather than the solvation repulsion
drives the self-assembly of silica particles in acrylates.

2.3.2 Magnetically-induced assembly. 3D NPCs with non-
magnetic colloidal particles, magnetic colloidal particles, and
magnetic nanorods as structural blocks can be fabricated by the
magnetic field-induced assembly.83,157 Yin et al. reported the
nonclose-packed ordered structures of nonmagnetic colloidal

particles in magnetic fluids induced by external magnetic
fields.158 Based on the magnetic hole effect, the photonic
structure evolved from a 1D nonclose-packed structure to a
3D nonclose-packed structure as the external magnetic field
strength and gradient were enhanced. 3D NPCs with reflectance
(83%) were produced within minutes in strong magnetic fields
with large magnetic field gradients (Fig. 5a).

External magnetic fields usually have two effects in inducing
the assembly of magnetic colloidal particles into 3D-ordered
structures. On the one hand, magnetic stacking forces driven by
magnetic field gradients induce the local concentration of
particles and thus trigger the crystallization of colloidal parti-
cles; on the other hand, interparticle dipole–dipole interactions
can be controlled by the magnetic field strength, which leads to
3D photonic structure transitions between different phases.84

He et al. reported the reversible transition of superparamag-
netic colloidal particles from polycrystalline face-centered cubic
to single-crystal-like hexagonal packing structures under the
control of an external magnetic field (Fig. 5b and c).129 Due to
its nonclose-packed structure, the polydispersity of colloidal
particles over 7% crystallization is also allowed.

Fig. 5 (a) Optical microscope images showing the assembly of 185 nm PS beads (volume fraction of 3%) dispersed in the ferrofluid (volume fraction of
2%). Reproduced with permission.158 Copyright 2010, American Chemical Society. (b) At low concentrations, the structural color results from the
collective Bragg diffraction of individual chain assemblies. (c) The single-crystalline-like 3D structures diffract light as a whole unit. Reproduced with
permission.129 Copyright 2012, The Royal Society of Chemistry. (d) Digital pictures showing the self-assembly of Fe3O4@SiO2 nanorods in the mixture of
water and ethanol under a vertical magnetic field. Scale bar: 2 mm. (e) Dark-field optical microscopy images. (f) 3D rendering of the TEM tomography of a
photonic crystal. (g) 3D rendering of the same crystal with two different exposed facets as indicated, leading to two typical projection patterns. (h) A
horizontal cross-section of the reconstructed photonic crystal with exposed (001) facets. (i) Schematic illustrations of the projections of the photonic
crystal with exposed (100), (110), and (001) facets, respectively. Reproduced with permission.159 Copyright 2022, Wiley-VCH.
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Recently, Li et al. reported the magnetically-induced assem-
bly of monodisperse Fe3O4@SiO2 nanorods into body-centered-
tetragonal (bct) NPCs (Fig. 5d and e).130,159 At the nanoscale,
magnetic nanorods are assembled along a size-dependent
critical angle. Shape-induced anisotropic interactions generate
two domains of attraction separated by a central domain of
magnetic repulsion. It guides the nanorods to assemble into
bct crystals along the critical axis rather than tending to attach
laterally in entropy-dominated assemblies or endwise in
magnet-to-pole attraction. As shown in Fig. 5f–i, the bct NPCs
contain large pores due to their nonclose-packed structure,
which can allow for a fast and sensitive colorimetric response
to surrounding dielectric changes.

2.3.3 Shear-induced assembly. The hard core-soft shell
colloidal spheres can be self-assembled under shear-induced
into large area NPCs with the core as the building block and the
soft shell as the matrix.160–164 For example, Zhao et al.
assembled PS-PMMA-PEA core–shell particles into NPC flexible
films by bending-induced oscillatory shear (BIOS) technique.165

The PEA shell layer softened and filled the interstices between
the spheres as they were heated. The PMMA interlayer
covalently grafted the PEA chain to the PS core, thus contribut-
ing to the stress resistance of the PS core. During the BIOS
process, the PS-PMMA-PEA particles gradually formed an
ordered structure under the shear force and reached equili-
brium after 40 shear oscillations. To prepare large-area NPC
films at room temperature, Wang et al. introduced poly(2-
ethylhexyl acrylate) with a lower glass transition temperature
(Tg) into the shell layer and used an industrial roll-to-roll
process to achieve the large-scale production of NPC films.166

2.3.4 Self-assembly combined with micromachining. Com-
pared to 3D CPCs with filling fractions limited to the range of
0.74–1, 3D NPCs could have higher porosity, stronger optical
scattering, and more intense reflections.143 Meseguer and
Fenollosa prepared silica opal with nonclose-packed structures
through a combination of silica self-assembly, thermal sinter-
ing, and etching techniques (Fig. 6a).141 The silica particles in
this structure are connected by a tubular neck. However, the
instability of the structures may restrict their practical applica-
tion. Yang et al. reported a strategy for the preparation of 3D
NPCs based on 2D nonclose-packed colloidal crystals in combi-
nation with photopolymerization techniques (Fig. 6b).167 Spe-
cifically, the photoresist monomer was rotated with 2D NPCs
on the silicon wafer and polymerized by UV irradiation. The
above operation was then repeated by stacking another layer of
2D NPCs until 3D NPCs with the desired number of layers and
spacing were obtained. Recently, Wu et al. prepared 3D NPCs
composed of ZnS particles and polymers using a two-step filling
strategy (Fig. 6c).133 3D CPCs templates were firstly prepared
by the self-assembly of ZnS@SiO2 particles, and then the
gaps were filled with the polymer. The 3D NPCs were created
by filling the polymer a second time after the silica shell of
the colloidal particles was etched with HF solution. In addi-
tion, the ds–s of the 3D NPCs could be flexibly controlled by
the silica shell thickness. Despite the large Dn (0.4–0.6), the
reflectance of the NPC (45%) is not as high as expected,

which may be due to the interference of the etching process
on the order degree.

To achieve brilliant structural colors, very recently, our
group fabricated NPCs with high color saturation and adjus-
table structural colors by self-assembling the nonclosely packed
ZnS–silica particles in trimethylolpropane ethoxylate triacrylate
(ETPTA).168 Due to the large Dn (0.142–0.230), the ZnS–silica
NPCs show intense reflectance (maximal: 90%), wide photonic
bandgaps, and large peak areas, 2.6–7.6, 1.6, and 4.0 times
higher than those of silica NPCs, respectively. Benefiting from
the nonclose-packing structure, the colors of NPCs can simply
adjust the volume fraction of particles with the same size,
which is more convenient than the conventional way of
altering particle sizes. Furthermore, thanks to the core–shell
structure of ZnS–silica particles, diverse derived photonic
superstructures were fabricated by co-assembling ZnS–silica
and silica particles into NPCs or by selectively etching silica
or ZnS of ZnS–silica/silica and ZnS–silica NPCs (Fig. 6d and
e). A new information encryption technique was developed
based on the unique reversible ‘‘disorder–order’’ switch of
water-responsive photonic superstructures. In addition, ZnS–
silica NPCs are ideal candidates for enhancing the fluores-
cence (approximately 10 times), approximately 6 times higher
than that of silica NPC.

2.3.5 Opto-thermoelectric and DNA self-assembly. Nonclo-
sely packed metal micro and nanostructures will generate
plasmonic resonance and are widely used for plasmonic sen-
sing, surface enhanced Raman scattering, photovoltaic devices,
and circular dichroism.169 The resonant responses of such
NPCs rely on the orders of the position and orientation and
density of the particles, which can be manipulated by the self-
assembly, such as opto-thermoelectric and DNA self-assembly.
For instance, Zheng’s group developed an opto-thermoelectric
nanotweezers technique with low power to manipulate the
diverse sizes and shapes of metal nanoparticles by optically
heating a thermal-plasmonic substrate (Fig. 7a–c).170 The spa-
tial separation of dissolved ions in the heated laser spot creates
the light-directed thermoelectric field that allows opto-
thermoelectric nanotweezers to manipulate the transfer and
assembly of a single particle to form the desired structures. An
alternative approach to construct complex plasmonic metama-
terials is DNA self-assembly. Kuzyk et al. fabricated the recon-
figurable 3D plasmonic metamolecules via DNA self-
assembly, which can execute DNA-regulated conformational
changes at the nanoscale.171 As shown in Fig. 7d and e, two
gold nanorods (AuNRs) are hosted on a reconfigurable DNA
template and excite the plasmons due to the proximity. The
two crossed AuNRs constitute a 3D plasmonic chiral object
that can convert its in situ conformational changes into
circular dichroism changes in the visible wavelength range.
Based on the combination of lithographic techniques with
DNA self-assembly, Litt et al. developed a responsive plas-
monic metamaterial that can precisely control the intensity
of the electromagnetically-induced transparency-like effect
(Fig. 7f).172 The conformation of the DNA linkers is sensitive
to the external stimuli (such as NaCl concentration),
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resulting in the coupling distance between the DNA-linked
nanorods and the resonant strength that can be modulated.

3. Functionalities of NPCs

NPCs with smart functionalities can change their reflection
signals and structural colors through variations in order
degree, orientation, refractive index, or lattice distance in
response to physical or chemical stimuli. The smart function-
alities are realized using responsive building blocks and
matrices.173,174 For example, magnetic field-responsive 1D
NPCs can be prepared through the self-assembly of superpar-
amagnetic colloidal particles in water.78 These 1D NPCs will
alter their colors and reflection wavelengths in response to
different magnetic field strengths due to the unique capability

of nonclosely packed structures with adjustable ds–s. Another
well-known example is mechanochromic 3D NPCs, inspired by
the dynamic nonclosely packed structures from chameleon
skins, which were fabricated by fixing nonclosely packed struc-
tures into elastic polymers. External forces-induced deforma-
tion will cause a change in the color of mechanochromic 3D
NPCs owing to their specific deformable lattices. By a rational
combination of responsive building blocks and matrices, a
variety of smart NPCs with mechanochromic, thermochromic,
magnetochromic, electrochromic, chemical-chromic, and bio-
chromic functions have been fabricated.

3.1 Mechanochromic NPCs

Due to the nonclosely packed structures, mechanochromic
NPCs are capable of modulating their reflection wavelengths

Fig. 6 (a) (111) and (100) faces were observed on the outer surface of an opal after sintering at 960 1C, followed by acid etching for 20 min. Reproduced
with permission.141 Copyright 2003, Wiley-VCH. (b) Schematic illustration of the procedure used to fabricate 3D NPC colloidal crystals with tunable
sphere interstices via the LBLP technology. Reproduced with permission.167 Copyright 2008, The Royal Society of Chemistry. (c) Schematic illustration of
the scenario based on the two-step filling strategy. The cyan circles represent ZnS nanospheres, the purple rings represent parts of the silica shell, the
cyan blocks represent the filled PEGDA-based polymers, and the white areas represent the air. Reproduced with permission.133 Copyright 2021, American
Chemical Society. (d) Schematic illustration of the fabrication of the derived photonic superstructures. (e) SEM images and reflection spectra and photos
of the ZnS–silica/silica PC, corresponding HCl etched PC, and HF etched PC. Reproduced with permission.168 Copyright 2023, Wiley-VCH.
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and structural colors in response to external forces or strain by
varying their lattice distances.154,175–190 For practical usage, a
superior mechanochromic NPC should possess a large tuning
range of reflection wavelength (Dl), high sensitivity, fast
responsive speed, excellent reversibility, and outstanding sta-
bility. The sensitivity of mechanochromic NPCs is characterized
by Ss (Dl/De, nm/%) and Sp (Dl/P, nm kPa�1), the change of
maxima reflection wavelength relative to the mechanical strain
and pressure, respectively. Apparently, a larger ds–s inversely
proportional to the volume fraction of particles will leave more
space for deformation, thereby significantly increasing the Dl,
sensitivity, and responsiveness. On the other hand, a higher
content of the elastic matrix will endow MPCs with better
reversibility and smaller stress during deformation. Therefore,
nonclosely packed structures, a large ds–s, and a high-content

elastic matrix are important and urgently desired for outstand-
ing mechanochromic NPCs.

3.1.1 Mechanochromic NPC hydrogels. The fabrication stra-
tegies for mechanochromic NPCs include electrostatic self-
assembly,123,149,191 swelling the closely packed structures,137,180,192

dialysis-based assembly,175,180 magnetically induced assem-
bly,80,178,193–196 and shear-induced assembly.162,179,197 In 1994,
Asher et al. first reported the fabrication of mechanochromic
NPCs by the electrostatic self-assembly of PS particles into
N-vinylpyrrolidone and methyl acrylate (MA) monomer, fol-
lowed by polymerization.123 The mechanochromic NPC shows
a small Dl (35 nm) under a uniaxial strain. Fudouzi et al.
obtained PS/PDMS NPC elastomers by filling pre-cured PDMS
elastomers into the gaps of close-packed PS colloidal crystal
arrays and then swelling the PDMS network with silicone oil

Fig. 7 (a) Surface charge modification of a metal nanoparticle by CTAC adsorption. Formation of CTAC micelles. Schematic view of a Cl� ion. (b)
Dispersion of a single metal particle and multiple ions in the solution without optical heating. Thermophoretic migration of the ions under optical heating.
Steady ionic distribution under optical heating generates a thermoelectric field ET for trapping the metal nanoparticle. (c) Simulated in-plane temperature
gradient rTr and direction of the corresponding trapping force. Simulated out-of-plane temperature gradient rTz and direction of the corresponding
trapping force. Reproduced with permission.170 Copyright 2018, Springer Nature. (d) Schematic diagram. Two gold nanorods (AuNRs) are hosted on a
switchable DNA origami template consisting of two connected bundles, which subtends a tunable angle. (e) Switching mechanism. The four arms of the
two DNA locks are labelled a, b, c, and d. Reproduced with permission.171 Copyright 2014, Springer Nature. (f) Symmetry control of inorganic–organic
hybrid EIT-like structures. Reproduced with permission.172 Copyright 2018, American Chemical Society.
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(Fig. 8a).137 Unfortunately, the low volume fraction of PDMS
(26%) of closely packed structures leads to a small ds–s and

limited Dl of 30 nm and Ss of 1.50 nm/%, respectively. A low
volume fraction of building blocks and a high-volume fraction

Fig. 8 (a) Schematic illustration of the reversible tuning lattice distance. Reproduced with permission.137 Copyright 2006, American Chemical Society.
(b) Reflection microscope images of single grains in the gelled photonic crystal under compression. Reproduced with permission.175 Copyright 2003,
American Chemical Society. (c) Optical microscope images of mechanochromic photonic crystals and illustration of their structural change under
deformation. Reproduced with permission.199 Copyright 2014, Wiley-VCH. (d) Schematic illustration of the locking and releasing of hydrogen bonds
between HEA and silica. (e) SEM images, reflection spectra, and microscope images of PC, PCG, and MPC, respectively. Reproduced with permission.200

Copyright 2023, Elsevier. (f) Digital photos and (g) reflection spectra of MPC under different pressures. (h) The reflection wavelength and shift of reflection
wavelength of MPC as a function of pressure. Reproduced with permission.156 Copyright 2022, Elsevier. (i) Digital photographs, corresponding reflection
spectra, and (j) CIE coordination of MPSs prepared by silica particles with sizes of 142, 153, 166, 178, and 197 nm. Reproduced with permission.201

Copyright 2022, American Chemical Society. (k) Schematic illustration of the structure of MPC and digital photos of the as-fabricated MPCs with silica-
PDA particles on substrates with different materials and colors. Reproduced with permission.203 Copyright 2022, Wiley-VCH.
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of elastic or soft matrix are favorable for improving Dl and Ss of
NPCs.198 Sensitive NPC hydrogels reported by Yamanaka
et al.175 were achieved by embedding nonclosely packed PS
colloidal crystals into a poly(acrylamide) gel matrix based on a
dialysis process. Due to the high-volume fraction of the hydro-
gel (96.7%), the NPC hydrogel possesses a large Dl of 350 nm
(810 to 460 nm) and a large Ss of 7.95 nm/% by compression
(Fig. 8b). By combining swelling and dialysis processes, Hong
et al. also prepared highly mechanochromic NPC hydrogels
showing a large Dl of 460 nm and SP of 36 nm kPa�1 under a
12.7 kPa stress.180 However, these NPC hydrogels require a
time-consuming dialysis process and easily lose their mechan-
ochromic properties under dry conditions, which limits their
practical applications.

3.1.2 Mechanochromic NPC organic gels. Compared to
hydrogels, mechanochromic NPCs organic gels show better
stability. For example, Ge et al. fabricated mechanochromic
photonic gels by the self-assembly of silica colloidal crystal
arrays in a mixture of ethylene glycol (EG) and polyethylene
glycol methacrylate (PEGMA) through photopolymerization
(Fig. 8c).199 Due to the high boiling point of EG, the mechan-
ochromic photonic gel can be stored for at least 20 days without
losing its large Dl (150 nm), high Sp (0.7 nm kPa�1), Ss (3.16 nm
kPa�1), and fast response speed (0.7 nm ms�1). Mechanochro-
mic NPC with excellent stability that can mimic chameleon
skin4 was fabricated by Kim’s group based on the self-assembly
of silica particles in PEGPEA.153 The mechanochromic NPCs
not only exhibit long-term stability (4180 days) due to their
nonvolatility but also show color change from red to blue
corresponding to the strain from 0 to 68%. Nevertheless, their
Dl and Ss are limited to 133 nm and 1.93 nm/%, respectively,
due to their insufficient ds–s.

3.1.3 Mechanochromic NPC films. It is still a big challenge
to fabricate mechanochromic NPCs with broad Dl, large Ss or
Sp, fast responsiveness, outstanding stability, and good rever-
sibility. Recently, our group developed a simple and efficient
method to significantly improve the ds–s for fabricating mechan-
ochromic NPCs with ultrahigh sensitivity (106.9 nm kPa�1, 3.7 nm/
% by stretching, and 7.6 nm/% by pressing) fast response speed
(11.3 nm ms�1), broad Dl (340 nm), and good reversibility
(4100 times) by the two-step swelling of nonclosely packed
structures.200 The extremely sensitive SiO2/H2O-hydroxyethyl
acrylate (HEA) mechanochromic NPCs with large ds–s in this
work were fabricated by swelling the nonclosely packed struc-
ture combined with a unique interface etching-induced swel-
ling mechanism (Fig. 8d). This strategy can precisely and
efficiently increase the ds–s, displaying a maximum enhance-
ment factor that is 12 times higher than that of photonic
crystals, which is crucial for outstanding mechanochromic
performances (Fig. 8e). Based on the high sensitivity and fast
responsiveness of mechanochromic NPC, it can dynamically,
instantly, and visually monitor the relatively low jumping
pressure of small frogs and the distribution of pressure in each
toe, which is helpful to understand the jumping behavior of
frogs. For balancing the high sensitivity and long-term stability
of mechanochromic NPCs, we fabricated extremely sensitive

mechanochromic NPCs by nonclose-assembling silica particles
(15% vt) into DEGEEA (85% vt) (Fig. 8f–h).156 Compared to
other NPCs, the as-fabricated NPCs possess super-large ds–s

(156–258 nm) due to the low crystallization threshold of silica
in DEGEEA (7–9%). Therefore, the NPCs exhibit extraordinary
mechanochromic performances, involving a large Dl (362 nm),
high SP (7.55 nm kPa�1), fast responsiveness (7.0 nm ms�1),
excellent stability (42 months), and good reversibility (41000
cycles). Nevertheless, because of the matching of refractive
index (Dn E 0.01) between silica particles and the DEGEEA,
the reflectance of the NPCs is low (30–40%), which may restrict
their practical applications. To address this issue, we developed
a refractive index mismatching strategy to prepare mechano-
chromic NPCs with high reflectance (70%) and brilliant colors
by the self-assembly of silica particles into acrylates with large
refractive indexes (Fig. 8i and j).201 The mechanochromic NPC
has a large maximal (Dl = 205 nm) and S (3.68 nm/%) due to the
large ds–s (77 nm) and exhibits bright structural colors owing to
their high reflectance (70%) during stretching processes.

Like other PCs, mechanochromic NPCs also show substrate-
dependent colors, which is not favorable in reality. Generally,
NPCs exhibit bright reflective colors on black substrates but
dull, complex, or white colors on substrates with different
colors due to the incoherent scattering of light from both NPCs
and substrates (Fig. 8k).202 To suppress the incoherent scatter-
ing of light, black particles such as carbon and Fe3O4 particles
are usually introduced into the PCs. However, the co-assembly
of black particles and building blocks may break their long-
range order and lead to nonuniform colors due to the different
sizes and surface properties between them. We prepared MPCs
with substrate-independent bright structural colors, long-range
order, and excellent mechanochromic properties based on the
co-assembly of the same size silica and silica-polydopamine
(PDA) in acrylates.203 The silica-PDA effectively absorbs the
incoherent scattering of light without interrupting the order
degree of NPCs. As a result, the NPCs show vivid mechano-
chromic colors even on a white background, which is exceed-
ingly difficult for other mechanochromic NPCs.

3.2 Thermochromic NPCs

Most thermochromic NPCs capable of constantly switching the
reflected signal were prepared based on the combination of the
thermally responsive PNIPAM and its derivatives.124,125,204–211

PNIPAM has a low critical dissolution temperature of PNIPAM
(LCST: B32 1C). When the temperature is below the LCST, the
NIPAM-based PC hydrogels are hydrophilic and can absorb
water into the polymer network. In contrast, as the temperature
is higher than the LCST, it becomes hydrophobic, leading to the
expulsion of water molecules and shrinkage of volume. There-
fore, PNIPAM-based NPCs can change their reflection wave-
lengths and reflectance in response to temperature when
PNIPAM serves as either a building block or a matrix. The
thermochromic performances are typically characterized by the
range of tunable wavelength (Dl) and reflectance (DR%), tem-
perature sensing range (DT), and sensitivity.

Materials Horizons Review

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

14
/2

02
5 

1:
13

:1
8 

PM
. 

View Article Online

https://doi.org/10.1039/d3mh00877k


3908 |  Mater. Horiz., 2023, 10, 3895–3928 This journal is © The Royal Society of Chemistry 2023

3.2.1 Thermochromic NPCs based on variable ds–s. The
first thermochromic NPC hydrogel, first reported by Asher
et al., was prepared by embedding PS colloidal crystals into
PNIPAM hydrogels (Fig. 9a).124 As the temperature increased
from 10 to 35 1C (DT = 25 1C), the lattice distance of the NPC
gels decreased, resulting in a blue shift of the reflection
wavelength from 704 to 460 nm, almost covering the entire
visible range (Dl = 244 nm). The nonclosely packed structure
should be attributed to the high sensitivity and large Dl.
Meanwhile, they also prepared another type of thermochromic
NPCs using PNIPAM particles as building blocks. Unlike the
previous one, this NPC changes its reflection intensity rather
than wavelength due to the temperature-dependent scattering
efficiency of the NIPAM particles. By combining the inverse
opal template and PNIPAM, Watanabe et al. developed two
types of thermochromic PC hydrogels by interconnecting and
trapping gel particle arrays (Fig. 9b).212 One type of thermo-
chromic photonic hydrogel was fabricated by soaking the
inverse opal template with interconnecting porous structure
in the pre-gel NIPA solution and then polymerizing and remov-
ing the template. The wavelength changes at different tempera-
tures due to the variation in their lattice distances. The
fabrication of another type of thermochromic photonic hydro-
gel is similar to the above steps except for retaining the
template to make each PNIPAM particle movable in the inverse

opal structure. Such a unique structure allows the gradual
breaking of long-range order of colloidal arrays by increasing
temperature due to the random distribution of collapsed
PNIPAM gel particles. Thus, its reflectance decreases as the
temperature increases. Unfortunately, the ordered structure of
the microgel colloidal crystals is fragile. To address this pro-
blem, Zhang’s group developed a co-polymerization strategy to
fabricate NIPAM-HEMA microgels and assemble them into
thermochromic NPC hydrogels.206 As shown in Fig. 9c, these
thermochromic samples possess not only a large Dl of 298 nm
but also good mechanical resistance. For NIPAM-based NPC
hydrogels, the major drawback is that their DT are usually
smaller than 30 1C due to the narrow response window of
NIPAM. In addition, these thermochromic NPCs may change
their peak positions when they are deformed, which is incon-
venient in practical applications.

3.2.2 Thermochromic NPCs based on variable Dn. Our
group recently reported a new type of liquid, transparent, and
antideformable thermochromic NPC that can sense much
larger DT based on a unique mechanism. This new thermo-
chromic NPC was prepared by nonclosely assembling silica
particles into the mixture of ethanol and PEGDA as the matrix.
Due to the matching of the refractive index (Dn = 0), this NPC
shows high transparency at room temperature (Fig. 9d).213

When the temperature increases, the refractive index of silica

Fig. 9 (a) Temperature tuning of Bragg diffraction from a 125 mm-thick PCCA film of 99 nm PS spheres embedded in a PNIPAM gel and diffraction from a
CCA of PNIPAM spheres at 10 and 40 1C. Reproduced with permission.124 Copyright 1996, American Association for the Advancement of Science. (b)
Preparation of an ‘‘interconnected’’ gel particle array and a ‘‘trapped’’ gel particle array using a closest-packing silica colloidal crystal as a template.
Reproduced with permission.212 Copyright 2006, American Chemical Society. (c) Photographs of a freestanding PMCC film taken when the temperature
rises from 1 to 27 1C and reflection spectra of the PMCC film measured at various temperatures. Reproduced with permission.206 Copyright 2013, Wiley-
VCH. (d) Digital photos of the TPC filled into a bottle and PDMS mold at 20 1C and the reflection and transmittance spectra of the TPC. (e) Schematic
illustration of the variation of structural color of the TPC at 20 and 100 1C. (f) The refractive index of silica, PEGDA, and EtOH as a function of temperature.
(g) The Dn of the TPC is a function of temperature. (h) The reflectance of the TPC as a function of Dn. (i) Reflection spectra of the TPC at diverse
temperatures (20–120 1C). Reproduced with permission.213 Copyright 2022, Wiley-VCH.
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is constant, while that of the liquid part decreases (Fig. 9e and
f), leading to an increase in Dn and thus the reflectance (Fig. 9g
and h). Interestingly, it is found that reflectance is linearly
proportional to temperature (Fig. 9i). Compared with other
thermochromic NPCs, it shows (1) a unique ‘‘off/on’’ character-
istic at refractive index matching/mismatching state; (2) robust,
shapeable, and antideformable properties; and (3) excellent
thermochromic performances, including a large DT (80 1C),
high sensitivity (0.46% 1C�1), fast response speed (E4.75% s�1),
and good reversibility (430 times). This work provides a
general principle for constructing sensitive thermochromic
NPCs and enriches the understanding of the thermochromic
mechanism.

Unlike the above thermochromic NPCs that can continu-
ously modulate their reflected signals with temperature, Wang
et al. developed a kind of thermochromic NPC by integrating
NPC and heat-sensitive pigments.214 The thermochromic NPCs
can reversibly change their mixed colors at the specific phase
change temperature.

3.3 Magnetochromic NPCs

In the magnetochromic NPC system, where superparamagnetic
colloidal particles are dispersed in solvents, their lattice dis-
tance and orientation can be tuned by the magnetic field,

leading to the variation of their reflection signals.88,195,215–223

Specifically, the nonclosely packed structure is essential to such
unique functions.

3.3.1 Adjustable structural color by magnetic field inten-
sity. For instance, Asher et al. synthesized PS microspheres
containing superparamagnetic nanoparticles and prepared
magnetochromic NPCs by the electrostatic self-assembly of
these particles.81 As shown in Fig. 10a, the wavelength blue-
shifts from 560 to 428 nm (Dl = 132 nm) when the magnetic
field gradient increases from 1.5 to 5.4 kOe cm�1. Due to the
low content of magnetic material in the colloidal particles, the
magnetochromic NPCs show a limited wavelength shift, long
response times, and consequently limited practical applica-
tions. Yin et al. reported sensitive magnetochromic NPCs by
the self-assembly of superparamagnetic Fe3O4 colloidal nano-
crystal clusters (CNCs) in water. These magnetochromic NPCs
shift a broad Dl (4 300 nm) in a short time (o1 s) as the
applied magnetic field increases from 87.8 to 352 G due to the
extremely low content of superparamagnetic colloidal particles
(o1%).78 However, these magnetochromic NPCs suffer from
instability under the large gradients of the magnetic field. Hu
et al. reported a strategy to stabilize magnetochromic NPCs
against packing forces exerted by magnetic fields using agarose
hydrogels as polymer matrices.217 The steric hindrance and

Fig. 10 (a) Influence of the average magnetic field gradient dH/dL on the lattice constant of a thick CCA composed of 134 nm superparamagnetic
particles in deionized water. Reproduced with permission.81 Copyright 2001, Wiley-VCH. (b) Synthetic procedures for the magnetochromatic micro-
spheres, SEM images of Fe3O4@SiO2 particle chains embedded in a PEGDA matrix, schematic illustrations, and optical microscopy images for the
magnetochromatic effect caused by rotating the chain-like photonic structures in magnetic fields. Reproduced with permission.215 Copyright 2009,
American Chemical Society. (c) Schematic representation of the spontaneous alignment of nanoellipsoids under magnetic fields, reflection spectra of
photonic structures under magnetic fields with varying directions with respect to the direction of light, and digital photo showing the photonic response
of NE-B encapsulated in a flat glass tube under a nonideal linear Halbach array. Reproduced with permission.226 Copyright 2015, Wiley-VCH. (d) Optical
images of a colloidal dispersion of Fe3O4@SiO2 nanocubes in a capillary without and with a magnetic field under different viewing angles (left) and
directions (b) of magnetic fields (right). The corresponding normalized reflection spectra were measured by varying the directions of the external
magnetic field and qualitative ray-optic model predicting the difference of the light pathway. Reproduced with permission.228 Copyright 2019, American
Chemical Society. (e) OM images show a round tip of the chameleon tail under the upward (top) field. Reproduced with permission.235 Copyright 2020,
American Chemical Society.
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hydrogen bonding of the agarose hydrogel network is the key to
restricting the migration of Fe3O4@SiO2 particles and stabiliz-
ing the magnetochromic NPCs under large gradients of the
magnetic field.

3.3.2 Adjustable structural color by magnetic field inten-
sity direction. The hiding-showing switch of the structural color
of 1D magnetochromic NPCs can be regulated by the magnetic
field direction due to the orientation of 1D magnetochromic
NPCs tending to align along the orientation of the magnetic
field direction.224–226 For example, Ge et al. prepared magneto-
chromic microspheres by self-assembling Fe3O4@SiO2 particles
in a photocurable resin to fix the ordered structure through
photopolymerization (Fig. 10b).215 The nanochains comprised
of Fe3O4@SiO2 particles tend to align along the magnetic field
so that the photonic microspheres will rotate as the magnetic
field direction changes, changing the direction of the lattice
relative to the incident light and thus controlling the structural
color of the photonic microspheres. Except for the isotropic
magnetic colloidal particles, the introduction of anisotropic
magnetic colloidal particles as the building blocks can obtain
abundant structural colors related to the magnetic field orien-
tation due to the anisotropic building blocks that favor com-
plicated photonic structures.130,226–229

For example, Yin’s group reported that the magnetochromic
NPCs formed by the self-assembly of ellipsoidal colloidal
particles with anisotropic morphology and magnetic properties
strongly depend on the magnetic field orientation for their
structural color (Fig. 10c).226 The reflection wavelength is
minimized when the magnetic field direction is perpendicular
to the angle of incidence and maximized when the magnetic
field direction is parallel to the angle of incidence (Dl E
200 nm, 0–901). The reflectance reaches the maximum when
the magnetic field direction is perpendicular or parallel to the
incident angle and decreases gradually as the magnetic field
direction deviates from the angle. Similarly, their group used
Fe3O4@SiO2 nanocubes as building blocks and assembled
them into one-dimensional magnetochromic NPCs in an
edge-to-edge manner by a magnetic field.228 This unique
assembly behavior is driven by the minimization of the compet-
ing dipole–dipole and Zeeman coupling energies from the
shape anisotropy and allows wavelength and structural colors
over the entire visible range (DlE 400 nm) by magnetochromic
NPCs to be tuned by varying the magnetic field orientation
(�101–551). In addition, due to their cube shape, they can
display bright structural colors at wide viewing angles
(Fig. 10d).

3.3.3 Magnetochromic NPCs with nonmagnetic colloidal
particles. Besides the magnetic building blocks, magnetochro-
mic NPCs with nonmagnetic colloidal particles as building
blocks can rapidly and reversibly respond to the magnetic field,
and their reflectance can be tuned by magnetic fields to enable
the on/off switching of structural colors.158,230 Ge et al. reported
that PS particles self-assemble into magnetochromic NPCs
in a ferrofluid.230 PS particles can be reversibly assembled
into NPCs under a magnetic field due to the dipole–dipole
interactions of ‘‘magnetic holes’’. However, the low reflectance

(o15%) of magnetochromic NPCs may restrict their applica-
tions. The construction of anisotropic Janus balls with mag-
netic and NPCs properties can be realized with magneto-
chromic NPCs with high reflectance and brilliant structural
colors.231–234 Kim et al. prepared programmable structured
color-switched magnetochromic NPCs with controllable mag-
netic moments by combining magnetic materials with NPCs by
microfluidic techniques (Fig. 10e).235 The magnetic moments
are distributed by applying an external magnetic field and fixed
by light curing. The silica in the heavier compartments sponta-
neously forms NPCs under repulsive forces, producing a
structural color. In the absence of a magnetic field, the magne-
tochromic NPCs filled with carbon black compartments face
upward and appear black; in the presence of an external
magnetic field, the magnetochromic NPCs align their magnetic
moments with the magnetic field and display the structural
color. These magnetochromic NPCs with the advantage of
bright structural colors can be fabricated on a large scale.
Unfortunately, they exhibit indistinguishable structural colors
at a wide viewing angle due to their Janus structure.

3.4 Electrochromic NPCs

Most electrochromic NPCs were prepared based on the self-
assembly of highly charged colloidal particles in a low-viscosity
liquid medium.236–241 Their reflection peaks and structural
colors can be precisely modulated by voltage. When they are
exposed to an electric field, charged particles move to oppo-
sitely charged electrodes resulting from the electrophoretic
motions. This leads to the can shrinkage of lattice distance
and, thus the blueshift of the reflection wavelength. Upon
removal of the electric field, the colloidal particles and the
reflection wavelength return to their original state.

3.4.1 Adjustable structural color and saturation. For exam-
ple, Yang et al. first reported that electrochromic NPCs with fast
response and low voltage self-assembled by nonclosely packed
PS particles (Fig. 11a).236 In the absence of an electric field, the
colloidal particles with a volume fraction of 22% were self-
assembled into NPCs with a reflection peak at 605 nm and red
structural color due to electrostatic repulsion. Once an electric
field was applied (�1.8 V), the negatively charged silica parti-
cles were subjected to coulombic forces and migrated to the
anode, leading to a blueshift of the reflection peak from 605 to
500 nm (Dl = 105 nm, Fig. 11b). However, the limited tuning
range of structural colors may restrict their electrochromic
properties. Chen et al. reported sensitive electrochromic NPCs
by the self-assembly of silica in a mixture of propylene carbo-
nate and ETPTA.242 Due to the low volume fraction of silica
(20%) and the conductive environment offered by propylene
carbonate, the NPCs display a large tuning range of reflection
wavelengths (Dl = 208 nm, from 620 to 412 nm) under a voltage
of 3.3 V (Fig. 11c).

Except for the color tunability, the color saturation of
electrochromic NPCs requires extra attention, which is crucial
to practical application. SiO2 or PS-based electrochromic NPCs
show unsatisfactory reflectance and dim colors due to the small
Dn between the particles and solvents. One can enhance the
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color saturation and reflectance of electrochromic NPCs by a
large Dn using high refractive index materials as building
blocks. To date, colloidal particles with high refractive indexes
(n) such as Cu2O (n = 2.7), CdS (n = 2.52), ZnS (n = 2.35), CeO2

(n = 2.2), and Fe3O4 (n = 2.42) have been fabricated. However,
most of them are not ideal candidates for preparing electro-
chromic NPCs due to the lack of strong surface charge and the
intense light absorption by these materials. Han et al. success-
fully prepared highly charged ZnS@SiO2 particles (�48 mV) by
coating silica on the surface of ZnS particles and self-
assembled them into NPCs in deionized water.243 Due to the
high surface potential and high refractive index of ZnS@SiO2

particles, ZnS@SiO2 NPCs show brilliant colors (reflectance:
B90%) even with a low volume fraction (5.4%). The large
particle spacing enables the NPCs to shift the reflection wave-
length from 650 to 450 nm (Dl = 200 nm) at a voltage of 3.2 V
(Fig. 11d). Similarly, Fu et al. synthesized CeO2@SiO2 colloidal
particles and assembled them in a propylene carbonate
solution to prepare electrochromic NPCs.131 As shown in
Fig. 11e and f, the large Dn between CeO2@SiO2 particles and
propylene carbonate renders NPCs with a wide photonic band

gap, high reflectance (490%), and highly saturated structural
colors. Compared to electrochromic NPCs with a crystalline
structure, electrochromic NPCs with amorphous structures
show greater potential in display applications due to their
angle-independent structural colors. Kang et al. reported elec-
trochromic NPCs with angle-independent structural colors
prepared by a moderate polydispersity of Fe3O4@SiO2.10 The
electrochromic NPCs display a large Dl (165 nm) due to their
low concentrations of Fe3O4@SiO2 (25 wt%) under a voltage of
4 V. In addition, the polydispersity of the particles was regu-
lated to be moderately high (dcore = 14%, dcore+shell = 9%) to
inhibit the crystalline nature; thus, their structural colors are
angle-independent (Fig. 11g).

3.4.2 Low-power electrochromic NPCs. In addition, the low
power consumption of electrochromic NPCs is highly desired
and important in practical applications. Recently, Ge’s group
developed low-power electrochromic NPCs based on weak-polar
and bistable-state colloidal systems.244,245 The weak-polar elec-
trochromic NPCs were prepared by hydrophobic SiO2 particles,
1,2-dichlorobenzene (DCB), and dioctyl sulfosuccinate sodium
salt (AOT) as reversed micelles. The weak-polar solvent DCB

Fig. 11 (a) Schematic of bandgap engineering of crystalline colloidal arrays (CCAs) using an electric field. (b) Reflectance spectra of CCAs and the
corresponding optical microscope images for various magnitudes of the DC electric field. Reproduced with permission.236 Copyright 2010, Wiley-VCH.
(c) Blueshift of the reflection peak for photonic crystal E-ink with the increase in the electric field. Reproduced with permission.242 Copyright 2017, Wiley-
VCH. (d) The peak reflectance and the peak FWHM as a function of the peak wavelength. The simulated value of FWHM is included as a reference (dotted
line). Relationship between applied voltage vs. reflectance (J) and peak position (K). Reproduced with permission.243 Copyright 2012, Wiley-VCH.
(e) Reflection spectra of CeO2@SiO2/propylene-carbonate liquid PC in different electric fields. CIE chromaticity diagram showing the color changes in a
different electric field. (f) Optical microscope images for liquid PC at 3.5, 2.5, 2.0, and 0 V, respectively. Reproduced with permission.131 Copyright 2018,
Wiley-VCH. (g) Schematic structure of photonic display pixel, photographs were taken at 2.5 V, and the reflection spectra of a photonic display pixel
exhibiting green color at 3 V. Reproduced with permission.10 Copyright 2010, Wiley-VCH. (h) Structural change of the SiO2/PCb-PEG-EGERPC (30/60/5/
5 vol%) as it was switched between the colored state and the colorless state by an electric field. Reproduced with permission.245 Copyright 2022, Springer
Nature. (i) Digital photos of the display unit at different temperatures and voltages. Reproduced with permission.246 Copyright 2022, Elsevier. (j) OM
images show a collective change in the orientation of Janus microspheres in a square array under an alternating current electric field, where the
plasmonic faces (left) and photonic faces (right) are alternately up. Reproduced with permission.248 Copyright 2022, Wiley-VCH.
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acts as a dielectric medium with less screening effect, thus
achieving strong coulombic interactions between the particles
and the electrode. The electrochromic NPCs exhibited a large
Dl (180 nm) under voltage in the range from 0.5 to 1.7 V due to
the strong coulombic interaction and the low fraction of silica
(17%). Moreover, they reported electrochromic NPCs with
bistable and switchable properties by introducing polyethylene
glycol (PEG) (Fig. 11h). The electrochromic NPCs display a
colored state at the pristine state due to the order packing of
silica particles. After applying a short time of voltage, the order
structure is broken, leading to color transformation from a
colored to a colorless state. PEG is used to increase the viscosity
of the colloidal dispersion to hold the two states, which can be
reversibly switched. Based on these characteristics, these elec-
trochromic NPCs can easily switch their colors from ‘‘on’’ to
‘‘off’’ states with a relatively low consumption of electric power.
However, it is difficult for this kind of electrochromic NPCs to
display multiple colors in one unit under an electric field, and
materials and techniques that can address this problem are
practically required.

3.4.3 Electrochromic NPCs based on electrical anisotropy.
Unlike the electrochromic NPCs based on liquid colloidal
NPCs, Huang et al. reported an electrochromic system by co-
assembling viologens with core–interlayer–shell (CIS) particles
via a shear-induced assembly technique.246 In this electrochro-
mic system, the color brightness can be actively tuned by the
voltage because of the different absorption of visible light at 0
and 1.5 V by viologens as chromophores (Fig. 11i). In addition,
electrochromic NPCs can be realized by designing two-color
Janus microspheres with electrical anisotropy on photonic
microspheres.135,247 For example, Kim et al. reported an elec-
trically responsive Janus photonic microsphere that can display
both structural and plasmonic colors (Fig. 11j).248 Photonic
microspheres were prepared by the self-assembly of silica in
emulsion droplets of a photocurable resin and the selective
removal of silica. The directional deposition of gold or alumi-
num on photonic microspheres produces plasmonic color in
the upper hemisphere while maintaining the structural color in
the lower hemisphere. When an electric field was applied, an
electric dipole was generated in each Janus microsphere due to
the different electrical properties of the two hemispheres.249

Therefore, the Janus microspheres rotate with the change in the
electric field direction, thereby achieving switching between the
structural and plasma colors under electric field modulation.
Unlike others, these electrochromic NPCs cannot generate
continuous color change in response to the electric field.

3.5 Chemical-chromic NPCs

Chemical-chromic NPCs are complex response systems that can
change their structural colors in response to ions, solvents,
and biomolecules through variations in their lattice distance
and refractive index.250–255

3.5.1 Ions-responsive NPCs. For instance, chemical-
chromic NPCs that can selectively sense Pb2+, Ba2+, and K+

were first reported by Asher et al. through the introduction of a
molecular recognition group (crown ether) into the polymer

network of hydrogel NPCs (Fig. 12a).256 Crown ethers can be
complex with these cations and anchor the charge in the
polymer network. The Donnan potential generated by the
mobile counterion to the crown ether-bound cation leads to
an increase in the osmotic pressure within the gel, which
results in the swelling of the gel and the red shift of the
reflection wavelength. The swelling degree of the hydrogel is
related to the number of covalently-linked charged groups.
Thus, chemical-chromic NPCs can detect Pb2+ in the concen-
tration range of 0.1 mM to 10 mM. Similarly, grafting 8-
hydroxyquinolinyl257 and benzo-9-crown-3258 to the hydrogel
network can be used to detect Cu2+ (also Ni2+, Co2+, and Zn2+)
and Be2+, respectively. Zhang et al. reported a PAIPAM gel-based
chemical-chromic, which is stable and sensitive to ionic
strength. As shown in Fig. 12b and c, the diffraction peak shifts
over 450 nm as the [NaCl] increases from 10 to 667 mM. The
variation in the reflection wavelength can be explained by the
ion-induced deswelling of PNIPAM microgels, which results in
the shrinkage of lattice distances.

3.5.2 pH-responsive NPCs. pH-responsive NPCs have been
well developed, usually based on the interactions between H+

and the –COO� or –NH2 from NPC hydrogels.259–262 Lee et al.
first reported a polyacrylamide NPCs hydrogel embedded with
an array of nonclose-packed PS colloids that can be used to
sense pH and ionic strength.263 The pH-response NPCs showed
a redshift of the reflection peak at pH values from 2.0 to 9.6 and
a blue shift of the reflection peak at pH values from 9.6 to 11.
The dependence of the reflection wavelength of NPCs on pH is
derived from the response of ionic gels to changes in protona-
tion and ionic strength. When polyacrylamide hydrogels hydro-
lyze, some of the amide groups hydrolyze to carboxyl groups
and fix the counterions in the gel by ionization, leading to
osmotic pressure generation and gel swelling. Thus, ionization
increases with increase in pH and leads to gel swelling and
reflection wavelength redshift. Upon completion of ionization
(pH = 9), a further increase in pH increases the ionic strength,
leading to a decrease in osmotic pressure and gel shrinkage.
They also prepared pH sensors even with high ionic strength by
introducing carboxyl groups into hydroxyethyl methacrylate
colloidal arrays to form interpenetrating networks through
secondary polymerization.264 Zhang et al. prepared pH-
responsive NPCs with defective states by the co-assembly of
PNIPAM microgels and P(NIPAM-AA) microgels of the same
size.265,266 P(NIPAM-AA) microgels swell to larger sizes with
increasing pH and induce defect formation and optical signal
changes in NPCs. Guan et al. prepared pH-responsive 1D NPCs
of poly(HEA-co-AA)-coated Fe3O4 particles.267 As the pH
increased from 3.6 to 7.2, the reflection peak of 1D NPCs was
redshifted by 210 nm (Fig. 12d). Meanwhile, 1D NPCs have high
resolution (2 mm) and fast response speed (40 ms).

3.5.3 Biomolecular-responsive NPCs. NPCs for biomolecu-
lar detection have been widely studied for their potential
application in clinical diagnosis.268–270 For example, Sharma
et al. prepared NPC hydrogels for detecting creatinine levels by
functionalizing polyacrylamide NPC with creatinine deiminase
(CD) enzyme and 2-nitrophenol (2NPh) titration groups.271 The

Review Materials Horizons

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

14
/2

02
5 

1:
13

:1
8 

PM
. 

View Article Online

https://doi.org/10.1039/d3mh00877k


This journal is © The Royal Society of Chemistry 2023 Mater. Horiz., 2023, 10, 3895–3928 |  3913

limit for its detection of creatinine at the physiological pH and
salinity is 6 mM. When the hydrogel is exposed to the creatinine
environment, creatinine is hydrolyzed by the CD enzyme and
then releases OH�. The increased pH causes 2NPh deprotona-
tion, resulting in hydrogel swelling and the redshift of the
reflection peak. Walker et al. reported an NPC hydrogel for the
detection of ultratrace amounts of sulfur phosphorus (4.26 fM)
in a water solution.272 The acetylcholinesterase (AChE) intro-
duced in the hydrogel binds organophosphates to generate
anion and dowsing potentials, which leads to hydrogel swelling
and reflection wavelength redshift. Alexeev et al. first prepared
glucose-sensing NPC hydrogels by grafting borate derivatives
into a polyacrylamide-PEG polymer network.273,274 The bis-
bidentate complexes between glucose and borate lead to
volume contraction of the hydrogel and the blueshift of the
reflection peak position. Similarly, Zhang et al. prepared

hydrogel NPCs with linear and rapid responses to glucose
concentration under simulated physiological conditions by
introducing volume resetting agents into phenylboronic acid-
modified hydrogel NPCs.275 The volume resetting agent caused
glucose to form a 1 : 1 complex mainly with PBA, resulting in
hydrogel volume dissolution and a redshift of the NPC reflec-
tion peak (Fig. 12e).

3.5.4 Solvatochromic NPCs. For solvatochromic NPCs,
their reflection signal and colors change in solvents based on
the swelling of the polymer. In such a system, the difference in
affinity, solubility parameter, polarity, and refractive index
between solvents and the polymer matrix of the NPCs is crucial
to the detection of solvent species.179,267,276–281 In general, it is
a great challenge for conventional solvatochromic PCs to
distinguish solvents with similar refractive indexes because
their reflection wavelengths only depend on the refractive

Fig. 12 (a) Dependence of the diffracted wavelength of the PCCA sensor on the concentration of cations bound by the crown ether. Reproduced with
permission.28 Copyright 1997, Springer Nature. (b) Photographs of a freestanding PMCC film taken with [NaCl] increasing from 0 to 750 mM.
(c) Reflection spectra of the PMCC film measured at various [NaCl] values. Reproduced with permission.206 Copyright 2013, Wiley-VCH. (d) Dark-field
optical microscopy images of the as-obtained Fe3O4@PVP@poly(HEA-co-AA) photonic nanochains of the same batch in different pH buffer solutions.
Reproduced with permission.267 Copyright 2020, American Chemical Society. (e) Synthetic steps for forming the glucose-responsive polymerized
crystalline colloidal array (PCCA). Reproduced with permission.275 Copyright 2014, Wiley-VCH. (f) The working mechanism of the photonic paper in
detecting the solvent. (g) 3D color counter map and (h) the microscopy images of the color change of the photonic paper used to detect ethanol.
Reproduced with permission.282 Copyright 2020, American Chemical Society. (i) Digital images of photonic crystals in a pristine state and immersed in
the mixture of HAc and ethanol. The fPEGDA of CHEM, IS, T, and RY is 5%, 1%, 12.5%, and 100%, respectively. (j) Reflection spectra of photonic crystals
under dried state and immersed in mixed solvents with different fethanol: 60%, 50%, 30%, 0%. Reproduced with permission.286 Copyright 2021, Elsevier.
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indexes of solvents. Ge et al. proposed a method to distinguish
solvents by recording the dynamic reflection spectrum (DRS)
of NPC gels interacting with solvents and converting them
into geometric patterns.276 Based on the complex interaction
between the solvents and the NPC gels, solvents (partial iso-
mers) with similar refractive indices can be distinguished to
some extent. However, the poor stability and nonrecyclability of
NPC gels will limit their availability. Therefore, NPCs with good
stability, recyclability, and accurate identification of solvents
(homologues, isomers, similar refractive indexes, and struc-
tures) are highly desired. Our group established a dynamic
swelling reflection spectrum (DSRS) to distinguish homolo-
gues, isomers, and other solvents with similar refractive indices
based on the swelling interactions between the swellable NPC
paper and the solvent.282 When the top layer of the NPC paper
is in contact with the solvent to be detected, the initial reflec-
tion wavelength of the swellable NPC will immediately split into
two reflection signals due to the different swelling degrees
between the top and bottom of the NPC paper, and these two
reflection signals tend to merge in the swelling process
(Fig. 12f–h). The variations in reflection signals and merging
times are highly sensitive to the polarity and refractive index of
the solvent, and this difference can be significantly amplified in
DSRS, leading to the distinction of the solvent from its unique
geometric pattern. Therefore, various isomers (alcohols, acids,
bases, esters, and aromatics), isomers (propanol, butanol,
dichlorobenzene, and trimethylbenzene), and other solvents
with similar refractive index and structures can be accurately
distinguished. Compared to DRS, the NPC paper for DSRS is
stable and reusable. The working mechanism of DSRS is quite
different from the DRS, where the NPC gel undergoes a
complex swelling or extraction process and a complex diffusion
behavior of the solvent in the NPC gel. In addition, DSRS can
explain the trend of reflection intensity, which is important for
understanding the working mechanism and identifying sol-
vents with similar refractive indices. Based on a similar prin-
ciple, the NPCs that can be swelled by water vapor can detect
environmental humidity.283 Besides opal structures that detect
solvents, collapsed inverse opal structures can also sense
solvents.284 Kim et al. prepared a nonclose-packed macropor-
ous hydrogel that can respond to a water–ethanol mixture.281

The reflection peaks of NPC hydrogels changed with the
concentration of ethanol, and this variation was due to the
higher affinity of PEG chains for water than ethanol and
the higher affinity of acrylate crosslinked junctions for ethanol
than water in the acrylate matrix hydrogels.

Our group developed solvatochromic NPCs that can detect
the concentration of solvent (ethanol and acetic acid) by con-
trolling the crosslinking degree of swellable NPCs. There are
two strategies to control the crosslinking degree of NPC, one of
which is to swell NPC with a crosslinker. For example, NPC
prints that can change their structural colors in response to
the mixture of the ethanol–water were fabricated by the
region-selective swelling of the premade NPC paper with
2-hydroxyethyl methacrylate (HEMA) and fixing the swelled
region through photopolymerization.285 The NPC paper with

nonclose-packing structures was fabricated by the self-
assembly of silica particles into poly(propylene glycol)acrylate
(PPGA). The background can change its reflection wavelength
and color (blue, clear, green, yellow, and red) depending on the
volume fraction of ethanol. In contrast, the pattern will keep its
reflection wavelength and structural color regardless of the
solvent. Another is to mix different proportions of crosslinker
into the NPC precursor solution. We prepared NPCs that can
respond to different concentrations of acetic acid (a mixture of
acetic acid and ethanol) by fixing nonclose-packed colloidal
arrays with PEGPEA and PEGDA (Fig. 12i and j).286 The cross-
linking degree determined the maximum shift of the reflection
wavelength, and the reflection peak position was tuned using
the volume fraction of ethanol accordingly.

4. Applications of NPCs

Compared with CPCs, NPCs typically exhibit a larger tunable
wavelength range, faster response, and higher sensitivity under
similar stimuli due to the larger interparticle distances allowing
for better responsive capability and speed. NPCs’ unique cap-
abilities in mechanochromic, chemical-chromic, thermochro-
mic, magnetochromic, and electrochromic properties make
them applicable in new applications in sensors, printing, antic-
ounterfeiting, display, and fluorescence modulation.

4.1 Sensors

NPCs are highly attractive because of their capability of con-
verting physical, chemical, and biological stimuli into visual
readout colors. Hence, NPCs have been widely used for force/
strain sensors, chemical sensors, biological sensors, and tem-
perature sensors.287

4.1.1 Force/strain sensors. Mechanochromic NPCs can be
used as visual force/strain sensors since they can change their
structural colors by shrinking or expanding their lattice dis-
tances in response to mechanical forces. A good force sensor is
considered to require a wide detection range, fast sensing
speed, high sensitivity, and long-term stability. Hong et al.
reported a method for preparing elastic PC hydrogel by the
physical crosslinking of colloidal arrays.180 The hydrogel PC
has high deformability with a tensile deformation of over
2800% and a compressive deformation of over 98%. Zhu
et al. introduced ionic liquids into mechanochromic NPCs to
prepare photonic ionogels, which can sense strain by output-
ting optical and electrical signals (Fig. 13a).188 Very recently,
our group prepared extremely sensitive artificial chameleon
skin NPCs by the simple self-assembly of silica particles into
acrylates.156,201,203,288 Compared to others, these artificial cha-
meleon skins, showing high sensitivity, fast responsiveness,
long-term stability, and good reversibility, are excellent candi-
dates for self-reporting strains of earthworms instantly by out-
putting different colors during peristalsis.201 As shown in
Fig. 13b, the artificial chameleon skin can be directly covered
on the skin of an earthworm and shows a bright red color when
the earthworm is in a relaxed state. As the earthworm moves
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forward, its segments increase and the length of the artificial
chameleon skin increases accordingly, thereby changing the
color of the artificial chameleon skin from red to green and
blue. These artificial chameleon skins may be applicable for
visually reporting the strains of other annelids and animals,
such as leeches, lobworms, and snakes.

Mechanochromic NPCs are an ideal platform for construct-
ing biochips and detecting cellular microscopic forces.289,290

Sun et al. prepared hydrogels with conductive and anisotropic
structural colors by polymerizing NPCs on thin sheets of super-
aligned carbon nanotube sheets (SACNTs).289 The hydrogel
consists of a hydrogel layer with a nonclose-packed structure
and a conductive methacrylate gelatin/SACNTs film. Anisotro-
pic SACNTs can induce cardiomyocyte alignment, and their
conductivity promotes the synchronized beating of cardiomyo-
cytes. The consistent beating of cardiomyocytes leads to the
deformation of the hydrogel of NPCs and causes changes in the
reflection wavelength and structural color. Fig. 13c–e shows the
heart-on-a-chip with a conductive NPC hydrogel as the platform
and the structural color change of the NPC hydrogel driven by
the beating of cardiomyocytes.

4.1.2 Temperature sensors. Thermochromic NPCs are pro-
mising for temperature sensors because they can sensitively
change their structural colors in response to thermal
stimuli.124,208,291,292 For example, Wu et al. prepared NPC films

by filling PNIPAM hydrogels into the gaps of ZnS nonclose-
packed array by a two-step filling method and used these films
to sense temperature. The structural color of thermochromic
sensors was blueshifted from red to orange, yellow, green, cyan,
and blue as the temperature increased from 30 to 55 1C
(Fig. 13f). In addition to the temperature sensor in the form
of a film, microenvironmental temperature sensors have been
developed based on the NPC temperature capsule, which can be
used as an individual temperature sensor unit.67,205,293 Weitz
et al. reported the preparation of thermochromic microcap-
sules by immobilizing nonclose-packed colloidal crystals in
NIPAM hydrogels by microfluidic techniques.205 When the
NPC microcapsules were heated from 22 to 40 1C, PNIPAm
gel shrinkage resulted in a blueshift of the structural colors of
the microcapsules from deep red to green. Due to the small
diameter of NPC microcapsules (100 mm) and their ability to
work independently, they can output different structural colors
to report the variations in microenvironmental temperature.
Similarly, Choi et al. assembled the core–shell particles into
colloidal crystals by depletion attraction and encapsulated
them into microcapsule cores.292 The p(NIPAm-co-AAc) shell
of the colloidal particles enabled the colloidal crystals to
quickly tune the structural color in response to temperature
changes. The spherical symmetry of the microcapsules caused
the colloidal crystals to display an angle-independent structural

Fig. 13 (a) Real-time detection of various human motions recorded by the visual I-skin attached to the wrist. Reproduced with permission.188 Copyright
2021, Wiley-VCH. (b) Digital photographs of the mechanochromic photonic skin of different strains attached to an earthworm. Reproduced with
permission.201 Copyright 2022, American Chemical Society. (c) Schematic diagram of the fabrication and assembly of heart-on-a-chip for drug
evaluation. (d) Optical photograph showing the derived heart-on-a-chip. (e) Microscopy photographs showing the structural color variation in the
functional hydrogel. Reproduced with permission.289 Copyright 2022, Wiley-VCH. (f) Digital photographs of the thermochromic NCP PC film under
different temperatures. Reproduced with permission.133 Copyright 2022, American Chemical Society. (g) Photograph of a convection cell containing
microcapsules in an aqueous medium. Reproduced with permission.292 Copyright 2018, Wiley-VCH. (h) Digital photographs during the cyclic sweep of
varying [glucose]. Reproduced with permission.299 Copyright 2022, Wiley-VCH. (i) Porous material with a larger pore volume induces greater lattice
shrinkage. Reflection peak blueshifts with the addition of mesoporous silica standards with known pore diameters. Reproduced with permission.36

Copyright 2018, Wiley-VCH.
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color. The structural color of microcapsules shifted from red to
green when the temperature was heated from 25 to 38 1C. The
spatial distribution of temperature information can be
obtained by observing the structural color of microcapsules
dispersed in water (Fig. 13g). In addition, Furumi et al. demon-
strated the application of NIPAM gel particles-based liquid
NPCs for temperature sensing.294 The NPCs show bright struc-
tural colors at 28 1C. When a finger attaches to the liquid NPC
and its temperature is increased to 29.5 1C, the structural color
of the attached region disappears due to the shrinkage of the
gel particles.

4.1.3 Chemical and biological sensors. NPC sensors that can
visually sense pH,261,263–267 ions,28,255–258 solvents,179,264,276,277,283,295

biomolecules,271–273,275 and microorganisms261,296,297 are sig-
nificant for daily life. For example, Kong et al. reported the real-
time and in situ detection of microenvironmental pH and
adaptive fluids by self-adaptive magnetic photonic nanochain
cilia arrays (SMPNCAs).262 SMPNCAs were prepared by the
magnetic assembly and UV-assisted hydrogen bonding-guided
template polymerization techniques printed on a glass sub-
strate. SMPNCAs tuned the interparticle distance and exhibited
different structural colors in response to changes in the pH
value of the environment through reversible volume changes of
the hydrogel shell. The structural color of SMPNCAs is blue-
shifted from red to green when the pH value is decreased from
6.2 to 4.3. NPC-based hydrofluoric acid (HF) sensors can
visually and precisely detect 0–10 mM HF.295 Our group
reported an HF sensor by self-assembling the nonclose-
packed silica particles into hydroxyethyl acrylate (HEA) and
subsequently swelling in water. When the NPC hydrogel was
immersed in HF aqueous solution, the silica particles were
slightly etched by HF, causing a further swelling of the NPC
hydrogel and a redshift of the structural colors. This HF sensor
is customizable, portable, easy to use, and low cost (o0.01$$
per sensor), which offers highly practical value and mass
production potential. Most NPC sensors for the quantitative
analysis of solvents are based on the recording of the reflection
wavelength shift caused by the variations of lattice distance
and refractive index during the swelling process. Wang et al.
reported an NPC sensor by the shear-induced assembly of core–
interlayer–shell particles into diethylene glycol dimethacrylate
(DEGMEMA) to detect the solution of ethanol/water or ethanol/
octane.279 The as-prepared NPC film was tailored as a test strip
to detect ethanol concentration by immersion in the ethanol/
octane solutions. With the ethanol concentration increasing
from 0% to 9%, the structural color of test strips redshift from
green to orange. NPC sensors for sensing biomolecules such as
glucose have been widely studied for their advantages of visual
readout and noninvasive detection of diabetes.269,270,275,298 Cai
et al. prepared glucose-sensing NPC probes with response times
in the seconds range by the selective concentration polymeriza-
tion of monomers in microheterogeneous solutions of dimethyl
sulfoxide and water.299 The NPC probe consists of one-
dimensional nonclosely-packed magnetic nanochains wrapped
in poly(3-acrylamido phenylboronic acid-co-N-2-hydroxyethyl acry-
lamide) (poly(AAPBA-co-HEAAm)). As the glucose concentration

varied from 0 to 20 mM, the structural color of the NPC probe
redshifts from green to orange (Fig. 13h).

Biological sensors based on NPCs can detect microorgan-
isms in a simple, efficient, low-cost, and visual way. For
instance, Asher et al. reported a 2D NPC to selectively detect
Candida albicans.296 The biological sensor consists of a Con-
canavalin A (Con A) protein hydrogel embedded in a 2D
NPC, and their detection limit for Candida albicans is about
32 CFU mL�1. When the concentration of Candida albicans
increases from 0 to 6 � 105 CFU mL�1, the structural color of
the biological sensor blueshifts from green to blue due to the
crosslinking of the cell-surface mannan and hydrogel Con A
sites and the reduction of Con A hydrogel volume.

4.1.4 Other sensors. Magnetochromic NPCs can be used to
detect the magnetic field strength.219,300,301 For example, He
et al. developed a general and mild approach for the fabrication
of highly dispersive anisotropic magnetic colloids by the low-
temperature conversion of nonmagnetic templates and their
application for the naked-eye detection of extremely weak
magnetic fields.219 Due to the high sensitivity of the ferromag-
netic Fe3O4@p-SiO2 particles, the magnetic sensor changes its
colors from yellow to green as the field strength increases from
7 to 239 Gauss. Ge et al. reported a liquid NPC-based mesopore
detection technique by the measurement of the reflection
wavelength changes.36 The liquid NPCs were prepared by the
self-assembly of silica particles into an ethylene glycol/ethanol
solution. When the liquid NPCs are mixed with mesoporous
materials, part of the solvents will be irreversibly absorbed into
the mesopore, leading to a decrease in the lattice distance and
blueshifts of reflection wavelength. As shown in Fig. 13i, the
pore volume is positively correlated with the changes in reflec-
tion wavelength caused by the unit mass of the porous material.
In addition, they found that the pore diameter is negatively
related to the average absorption temperature of the meso-
pores. Based on the relationship between the volume and
diameter of the mesopore and the reflection wavelength, the
pore volume and diameter of mesoporous material can be
measured in about 2 hours.

4.2 Printing

NPC-based printing techniques can create patterns with
iridescent and photobleaching-resistant structural colors.
NPCs are usually used as ink for the direct printing of
patterns.15,95,302–307 NPC inks consisting of polymerizable
monomers and colloidal particles form NPCs by repulsive
forces between colloidal particles after printing into patterns
and fixing the ordered structure by light curing. Multicolor
patterns are realized by the regulation of the diameter and
volume fraction of the building blocks. For example, Kim et al.
reported a strategy to realize structural color printing by the
direct writing of NPC inks.154 NPC inks were configured by
dispersing silica particles in a light-curing resin at a volume
fraction suitable for the printing and crystallization of colloidal
particles. The printing of the pattern was accomplished by a
dispenser following a pre-programmed pattern trajectory and
controlling the writing speed (Fig. 14a). Multicolor patterns can
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be written directly on various substrates as well as peeled from
the substrate to form self-supporting NPC films. Furthermore,
inks can also be used for 3D printing.308 Song et al. first
reported the fabrication of 3D NPC structures by a continuous
digital light processing (DLP) 3D printing strategy and hydro-
gen bonding-assisted NPC inks.309 Uniform dispersion induced
by hydrogen bonding and suction force induced by continuous
curing mode enable simultaneous colloidal assembly and
printing. As shown in Fig. 14b, the koi fish model with four
structural colors has been fabricated by controlling the ink
volume and the diameter of the PS particles to print in
segments. Gu et al. developed a sacrificial scaffold-mediated
two-photon lithography (TPL) strategy that combines a bottom-
up nanoparticle self-assembly process with a top-down TPL
process to fabricate 3D NPC microstructures.310 Fig. 14c illus-
trates the simple geometry and complex lotus-like 3D micro-
structure with brilliant structural colors.

The structural color of the printing patterns can also be
modulated by the magnetic field and electrical field. Kwon et al.
demonstrated a high-resolution pattern with multiple struc-
tural colors using a single NPC material.15 This material, M-ink,
was developed by self-assembly into 1D NPCs via magnetically

attractive and repulsive forces in a photocurable resin. During
the printing process, a magnetic field was used to modulate the
structural color and fix the preset pattern by masking and
lithography (Fig. 14d). Chen et al. reported electrochromic
NPCs for electric field-assisted multicolor printing, which was
self-assembled by silica particles into a mixture of propylene
carbonate and ETPTA (Fig. 14e).242 The prepared NPCs, as E-
ink, have an electrochromic, sub-stable, reversible assembly,
and polymerizable properties, thus leading to the preparation
of structurally color-tunable, grayscale controllable, and instan-
taneously immobilized patterns.

Generally, patterns printed directly using NPC as ink are
fixed by chemical crosslinking and cannot be reconfigured. To
address this issue, Ge et al. reported a rewritable NPC paper
using hygroscopic salts as inks.95 The NPC paper was prepared
by the magnetic assembly of Fe3O4@SiO2 colloidal particles in
PEGDA, followed by UV curing to fix the structures. An aqueous
solution of salt chloride was used to swell the polymer matrix,
causing an increase in the lattice distance and redshift of
reflection wavelength. The pattern can be retained for a long
time because of the hygroscopic properties of chloride salts.
The NPC paper can be rinsed with distilled water to dissolve the

Fig. 14 (a) A rose and leaves are direct-written using EA and UA inks. The inset is an off-normal observation. Mickey Mouse printed using EA and UA inks.
Reproduced with permission.154 Copyright 2021, American Association for the Advancement of Science. (b) Optical image of the multistructural color koi
fish continuously printed with four different PS latex particle diameters. Reproduced with permission.309 Copyright 2022, Springer Nature. (c) 2D colloidal
crystal microstructures with different geometries and colors. Reproduced with permission.310 Copyright 2022, Springer Nature. (d) High-resolution
multicolor patterns are produced using magnetic ink. Reproduced with permission.85 Copyright 2012, American Chemical Society. (e) Mechanism of
multicolor printing via repeated electric tuning and UV curing. Lithographic printing of multicolor flowers by periodical photomask covering, electric field
tuning, and UV curing. Reproduced with permission.242 Copyright 2017, Wiley-VCH. (f) Schematic illustration of the reconfiguration process. (g) Digital
photos of PC paper and patterns of each reconfiguration. Reproduced with permission.288 Copyright 2022, American Association for the Advancement
of Science. (h) Selected images of a photonic paper sequentially demonstrating digits 0–9. Reproduced with permission.311 Copyright 2018, Wiley-VCH.
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residual salt and return to its original state after drying; thus,
the photonic paper can be written repeatedly. Our group
reported a reconfigurable printing strategy through the combi-
nation of swellable NPC paper and phase change material
(PCM).288 The patterns can be printed by region-selective swel-
ling NPC paper using PCM as ink and erased by soaking the
print in ethanol to remove the PCM (Fig. 14f). As illustrated in
Fig. 14g, the patterns with diverse color contrasts have been
printed by controlling the swelling time and can be reconfi-
gured repeatedly. Full-color and high-resolution patterns can
be reconfigured in a green and low-cost manner and exhibit
long-term stability and recordable properties under normal
conditions. In addition, the patterns show different mechan-
ochromic properties relying on the initial wavelength and
structural colors after swelling. Based on their unique charac-
teristics, the as-prepared patterns can be used for a novel
pressure-based anticounterfeiting mode with programmable
color changes of patterns under pressure. Pei et al. combined
1D NPCs, shape memory polymers, and electroactive polymers
to develop an ink-free rewritable NPC paper.311 NPC papers
were prepared by embedding Fe3O4@C particle-assembled 1D
NPCs into bistable electroactive polymers. The electric actua-
tion caused the deformation of the electroactive polymer,
leading to a reduction of the interparticle spacing and a blue-
shift of the structural color in the driven region (Fig. 14h).
The pattern printed by the electric drive can be permanently
retained by the shape memory property of NPC paper until it is
heated back to its initial state. The pattern can be rewritten over
500 times on photonic paper without noticeable degradation.

4.3 Anticounterfeiting

Anticounterfeiting technology has gained much attention for
its wide application on banknotes, identification documents,
stamps, and luxury goods.312–315 Among the various anticoun-
terfeiting materials, NPCs show potential for anticounterfeiting
applications due to their resistance to photobleaching, angle-
dependence, and tunable structural colors. The optical
properties of NPCs arise from their periodic structure and
corresponding materials, rendering them difficult to replicate
or simulate.316,317 Anticounterfeiting based on NPCs can be
divided into two types. The first type is nonresponsive NPCs
based on anticounterfeiting technology, which mainly utilize
the angular correlation of their structural colors, ultranarrow
optical forbidden bands, and high optical transparency.318 Lee
et al. reported a strategy to prepare highly transparent NPCs
and multilayer structures by light-curing colloidal crystal
suspensions.47 An optical palette of structural colors was rea-
lized by overlapping multiple layers of NPCs. In addition,
multicolor NPCs micropatterns were prepared by a photolitho-
graphy process. The NPC micropatterns presented rich struc-
tural color during the angle change. Our group combined
near-infrared photonic crystals (NIRPCs) of different reflection
wavelengths with their spatial reflection spectra (SRS) to build a
new coding–decoding system.51 NIRPC films were obtained by
the self-assembly of silica particles in PEGPEA. The coding
information of NIRPCs was hidden under ambient conditions

due to their similar structural color but can be revealed by the
SRS patterns. More complex coding can be realized by over-
laying multiple layers of films (Fig. 15a and b).

The other anticounterfeit strategy is to use responsive NPCs
to create structural color changes in their anticounterfeit
patterns under corresponding stimuli.195,228,280,319,320 Our
group prepared responsive photonic prints (RPPs) by the selec-
tive swelling of swellable photonic paper with HEMA as the
ink.285 The RPPs can rapidly and reversibly display five struc-
tural colors in different concentrations of alcohol solutions,
benefiting from the asymmetric solvation behavior between the
patterns of RPPs and the background. Inspired by chameleons
and insect wings, we designed the NPC gels that can reversibly
switch their colors based on the matching/mismatching of the
refractive index.56 The NPC gels were prepared by fixing the
nonclose-packed silica particles in the mixture of HEA and
PEGPEA through photopolymerization and swelling in solvents.
Due to the matching of the refractive index (D = 0), these NPC
gels are highly transparent with the off state in water but show
iridescent colors with the on state in other solvents because of
Dn a 0. As shown in Fig. 15c, the as-prepared NPC patterns
were invisible in water and exhibited a brilliant multicolor in
acetonitrile. In addition, we reported a dual-mode anticounter-
feit photonic pattern based on photoluminescent (PL) and
responsive NPCs.321 Responsive NPCs were prepared by assem-
bling dye-doped silica in non/swellable polymers. Under nor-
mal conditions, the prepared photonic patterns had uniform
structural color due to similar particle size, lattice constants,
and refractive index. When the photonic patterns are exposed
to UV irradiation or immersed in water, the hidden patterns
based on PL and structural colors can be displayed immediately
and reversibly (Fig. 15d). Li et al. developed a novel multiangle
photochromic NPCs.322 The photochromic NPCs were prepared
by mixing spiropyran powder with CIS particles through BIOT-
induced self-assembly. The patterns of NPCs exhibited different
color-switching indoors and outdoors due to the photochromic
molecules turning fuchsia under UV irradiation (Fig. 15e).

NPCs-based ‘‘invisible photonic prints’’ have patterns that
are invisible under normal conditions and can only be recog-
nized when stimulated by force,323 magnetic fields,324,325 or
solvents.303,305,326 Ge et al. reported an invisible print based on
water-responsive 1D NPCs, which was prepared using photo-
lithography to create different crosslinking or degrees of hydro-
phobicity on photonic paper containing siloxane.303 Upon
inking of the invisible pattern in water, the different dissolu-
tion rates of the pattern and the background caused different
reflection wavelengths and structural colors between them.
Thus, the pattern was revealed (Fig. 15f). Subsequently, they
developed an invisible print based on mechanochromic NPCs.
The invisible print was prepared by soaking photonic paper in a
crosslinking agent (PEGDA) and selectively UV-curing the pat-
terned parts.323 The crosslinked patterns were close to the
photonic structure of the background but with different
mechanochromic abilities so that the patterns were invisible
in the relaxed state but revealed under photonic paper defor-
mation (Fig. 15g). Our group reported a simple and rapid
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strategy for preparing invisible photonic prints with a reconfi-
gurable pattern that involves selectively coating a layer
of oleylamine (OAm) on hydrophilic photonic paper
(Fig. 15h).326 Owing to the different swelling abilities of the
pattern and the background area, the pattern was invisible
under normal conditions, and once it was soaked with water,
the pattern was revealed in a short time (2 s) with a large color
contrast. Moreover, the invisible pattern can be reconfigured
without losing its properties on a macro/microscopic scale
(Fig. 15i and j).

4.4 Display

NPCs are promising materials for next-generation display devices
due to their nonphotobleaching structural colors, high contrast,
and low energy consumption. Displays are mainly based on
electrochromic NPCs displays,131,135,230,236,239–241,243,247,327 magne-
tochromic NPC displays,159,215,216,222,226,235,328,329 and mechano-
chromic NPCs. Shim et al. reported electrochromic NPCs formed
by nonclose-packed and highly charged PS particles.236 On
being exposed to an electric field, the lattice of NPCs was

compressed along the [111] direction, and the structural color
blueshifted due to the electrical packing force applied to the
particles. The color of the pattern can be changed quickly and
reversibly by applying a localized electric field and regulating
the voltage (Fig. 16a). Fu et al. developed an electrochromic
NPC display with a wide tuning range, high saturation struc-
tured color, fast electrical response, good reversibility, and
better operating stability.131 CeO2@SiO2 has a high refractive
index, forming a large refractive index contrast with propylene
carbonate, resulting in NPC with a wide bandgap and high
saturation structural color. The dynamic pixel patterns dis-
played by 3 � 3 cell arrays fabricated from NPCs under
programmed electric fields reveal their great potential for
applications in the display (Fig. 16b and c).

The structural color of the magnetochromic NPC display can
be actively tuned by the magnetic field. Fang et al. reported a
magnetochromic NPC ink that can be used for optical
displays.222 The NPC ink was prepared by dispersing Fe3O4

particles in ethylene glycol and forming an emulsion in silicone
rubber. The Fe3O4 particles can be well preserved within the

Fig. 15 (a) Digital photographs, schematics, and corresponding (b) SRS patterns of line codings with combinations of dual layers. Reproduced with
permission.51 Copyright 2021, The Royal Society of Chemistry. (c) Digital photos of the PC gel with a butterfly pattern in water and acetonitrile on the
leaves. Digital photos of the PC gel with a butterfly pattern in water and acetonitrile on the leaves. Reproduced with permission.56 Copyright 2022, Wiley-
VCH. (d) Digital photo invisible photonic crystal prints in a pristine state under UV illumination and soaked in water. Reproduced with permission.321

Copyright 2021, Wiley-VCH. (e) Multiangle photochromism (outdoors) effect of the functional PC films with different patterns on the phone case.
Reproduced with permission.322 Copyright 2022, American Chemical Society. (f) Photos of invisible prints prepared by crosslinking (I, II) and modification
(III) methods, respectively, where the corresponding samples are soaked in water for 5 min. Reproduced with permission.303 Copyright 2012, The Royal
Society of Chemistry. (g) Invisible photonic prints of sunlight and a rabbit hidden in a relaxed state and shown by deformation. Reproduced with
permission.323 Copyright 2014, Wiley-VCH. (h) Reconfigurable construction of an invisible photonic pattern. (i) Invisible photonic print with various high-
resolution patterns. (j) Digital photos of the invisible photonic print with reconfigurable patterns that can be hidden and shown in a dried state and in
water, respectively. The diameter of the circle is 1 cm. Reproduced with permission.326 Copyright 2020, Wiley-VCH.
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emulsion droplets of the ink and result in a structured color
change from red to blue with the increase in the applied
magnetic field strength (Fig. 16d and e). Magnetochromic
NPC inks can be 3D printed to form custom patterns
(Fig. 16f). Li et al. reported the magnetic assembly of tetragonal
colloidal crystals from magnetic nanorods and demonstrated
the assembly of magnetic nanorods along a size-dependent
critical angle. The morphological anisotropy and magnetic
anisotropy of magnetic nanorods lead to the nonclose-packed
and hard-contact phase. The tetragonal colloidal crystals with
nonclose-packed structures exhibited bright structural colors
that could be actively tuned by magnetic field orientation
(Fig. 16g–i). Photonic Janus spheres with programmable struc-
tural color switching with magnetic field response were
designed by Kim et al.235 The resin on the lighter side of the
Janus ball contains carbon black and magnetic nanoparticles,

and the heavier resin was the NPC self-assembled from silica.
The direction of the magnetic moment of the Janus ball was
determined by the direction of the external magnetic field
during the UV curing process. As shown in Fig. 16j, the butterfly
pattern consisting of two green and red Janus balls with
opposite magnetic moment directions presented structural
color switching under different external magnetic field
directions.

Ge et al. demonstrated the potential of mechanochromic
NPCs for display applications by selectively pressing mechan-
ochromic NPCs gels embedded in PDMS through coaxially-
fitted cylinders or hollow cylinder pins to generate red,
green, and blue pixels.199 NPCs with high sensitivity and wide
tunable wavelength range are essential for high-resolution and
multicolor displays.153,180,187 Our group used the as-prepared
mechanochromic NPCs for multicolor and high-resolution

Fig. 16 (a) 1: Optical microscope image of CCAs without an electric field. 2 and 3: Optical microscope images showing ‘‘A’’ taken at reversely tuned
states. The scale bar is 1 mm. Reproduced with permission.236 Copyright 2010, Wiley-VCH. (b) PC-based display unit composed of a 3� 3-pixel cell array.
Programmed potentials on three channels. (c) Digital photos of the PC display unit at the denoted times. Reproduced with permission.131 Copyright 2018,
Wiley-VCH. Photos of the MRPC emulsion ink made using (d) MNCs-400 and (e) MNCs-300 for 3D printing under EMF, displaying their main jade green
and brownish-red colors. (f) Photos of the 5� 5 cm QR codes printed using the MRPC ink made with MNCs-400, showing its grey color in the absence of
EMF and blueshifting structural color with increasing EMF strength. Reproduced with permission.222 Copyright 2021, The Royal Society of Chemistry.
(g) Optical microscopy images of a bct crystal under different orientations. (h) Optical microscopy images of the bct crystals under different magnetic
field directions: blue at 01, green at 201, and red at 451. (i) Structural colors of rod dispersion under different magnetic fields. Reproduced with
permission.130 Copyright 2021, American Association for the Advancement of Science. (j) Sets of schematics and the optical image showing
regioselective color switching in a butterfly pattern under four different field conditions. Reproduced with permission.235 Copyright 2020, American
Chemical Society. (k) Multicolor and high-resolution patterns at the microscale. Reproduced with permission.156 Copyright 2022, Elsevier. (l) Schematic
illustration of the display array consisting of 9 TPC-based pixels. (m) Digital photos of any desired patterns by controlling the temperature of each pixel.
Reproduced with permission.213 Copyright 2022, Wiley-VCH.
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displays based on their high sensitivity, fast response time, and
good reversibility.156 The micropatterns of the structural iso-
mers of anthracene, letters, and circular arrays were prepared
by pressing mechanochromic NPCs onto finely patterned
stamps (Fig. 16k). In addition, we developed display applica-
tions based on the unique and attractive ‘‘off/on’’ characteris-
tics of thermochromic photonic crystals (TPCs).213 As shown in
Fig. 16l, the prepared liquid TPC was injected into a mold as
the display units. The initial liquid TPC at room temperature
shows the black color of the background due to the refractive
index matching. When the heating plate selectively heats the
display unit, the liquid TPC increases in reflectance and
structural colors appear as a result of the increased refractive
index contrast (Fig. 16m).

4.5 Optical devices

The photonic bandgap of NPCs has attracted much attention
for their potential applications in lasers,57,177,294,330

filters,331,332 and fluorescence modulation.333 Foulger et al.
reported the dynamic tuning of the emission spectrum of
thin-film organic lasers by mechanochromic NPCs.57 The
reflection peaks of NPCs not only coincided with the photo-
luminescence peaks of rhodamine B (RhB) dyes but were also
able to reflect most of the fluorescence into the cavity to
promote stimulated emission. Ge et al. prepared an NPC film
with an ultranarrow band gap.331 The high crystallinity of the
microcrystals in the NPCs, uniform crystal orientation, and very
close refractive indices between silica and PEGDA resulted in
an ultranarrow photonic forbidden band (FWHM: 6 nm). NPCs
films combined with commercial optical filters can produce
monochromatic transmitted light. Zhu et al. demonstrated the
dynamic modulation of fluorescence luminescence by mechan-
ochromic NPCs.333 During the stretching of mechanochromic
NPC, the PL strength of the film surface increased by 1.8 times
when PBG was matched with the PL peak, while the PL strength
of RhB doped into the film decreased by 40%. The above results
indicate the potential of mechanochromic NPC as a platform
for the dynamic regulation of PL.

5. Conclusion

Given their unique nonclosely packed structures and tunable
optical signals in response to external stimulus, NPCs are
considered to be promising materials for intelligent color
change. This review summarizes the recent advances in the
fabrication strategies, stimuli-responsive functions, and emer-
ging applications of NPCs. A series of fabrication strategies for
1–3D NPCs are described, including magnetic assembly for 1D
NPCs, reactive ion etching for 2D NPCs, and electrostatic self-
assembly, magnetic field-induced assembly, shear-induced
assembly, a combination of self-assembly, and micromachin-
ing for 3D NPCs. NPCs with mechanochromic, chemical-
chromic, magnetochromic, and electrochromic properties are
classified according to their different functions, and their
working mechanisms are delineated. In addition, various

applications of NPCs are discussed in detail, such as highly
sensitive sensors employed for sensing force/strain, biochem-
ical stimuli, and temperatures; NPC-based multicolor, high-
resolution, reconfigurable pattern printing technology; antic-
ounterfeiting labels based on NPC’s angle-dependent structural
color and stimuli-responsive functions; NPC displays based on
the electric field, magnetic field, force, and temperature regula-
tion; and optical devices based on the PBG of NPCs.

Although NPCs have made significant progress in recent
years, challenges still remain in their fabrication, optical prop-
erties, and functionalities. First, 1D NPCs can be prepared
simply and rapidly by the magnetic assembly, but the area of
the magnetic field limits their large-scale assembly. The fabri-
cation of 2D NPCs is high-cost and typically requires a time-
consuming and complex process. 3D NPCs can be simply and
rapidly fabricated by assembling colloidal particles into poly-
mers or solvents. However, there are still some challenges. For
example, the high crystallization threshold of colloidal particles
leads to a low volume fraction of polymers of 3D NPCs, which
limits their response speed and sensitivity. Second, the refrac-
tive index values of polymeric matrices are usually in the range
of 1.3–1.5, close to those of the most widely used colloidal
particles such as silica (n = 1.46) and polystyrene (n = 1.59). The
small Dn between building blocks and polymeric matrices leads
to a weak reflectance and color saturation of NPCs. Ideal NPCs
with high sensitivity and high reflectance usually require a low
crystalline threshold of building blocks and a large Dn. Third,
large-scale fabrication, long-term stability, reversibility, and
usability are critical for practical applications. Finally, single-
functional NPCs can no longer meet the diverse needs of
people, and the development of multifunctional NPCs is highly
desirable. We believe that the combination of novel functional
polymers and building blocks may offer new possibilities to
prepare multifunctional NPCs and facilitate their all-round
applications.
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