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High-quality and brilliant structural colors have been successfully produced using vacuum-based deposition
and patterning technology in recent decades. Nevertheless, the major obstacles of high production costs

Received 28th December 2023, and limited scalability impede the commercialization of these vibrant color products. Solution-processed

Accepted 10th May 2024 structural colors, on the other hand, are renowned for their cost-effectiveness, scalability, and versatility. In
this review, we provide an overview of prevalent solution-based techniques for structural color synthesis,

along with their potential applications. Emphasizing the versatility of solution-processed structural colors, we
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1. Introduction

The realm of color constitutes a captivating facet of our visual
encounters, intriguing both scientists and artists throughout history.
The multitude of colors permeating our surroundings arises from
the absorption or reflection of light by pigments, dyes, or minerals.
This phenomenon is entirely contingent on the inherent optical
characteristics of the materials involved. Conversely, an alternative
avenue for color generation lies in the properties and arrangement
of the structure of, rather than the specific, constituent materials.
Visible colors that are produced through the interaction between
light and micro- or nano-structures (e.g. thin film interference,
particle resonance) are commonly referred to as structural colors.
Structural colors are prevalent in the natural world,” where they
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discuss their capabilities in both color tuning and new ways of modifying refractive indices of dielectrics.

serve pivotal roles in diverse biological functions such as mate
selection, camouflage, and communication. Notable instances
include the iridescent hues found in butterfly wings,> peacock
feathers,” beetle shells,® and bird feathers” (Fig. 1). These colors
emerge through the interference of light waves with nanostructures
inherent in these materials. In contrast to conventional organic dyes,
structural colors offer several advantages.®

Firstly, they exhibit resistance to fading over time, as their
coloration is not produced by chemical substances that could be
susceptible to environmental factors like light, heat, or moisture.
Secondly, they have the capacity to generate a broader spectrum of
colors, deriving their hues from the properties of nanostructures
rather than the material composition. Thirdly, and important to
this review, their production is feasible using environmentally
friendly materials and processes, eliminating dependence on toxic
chemicals or heavy metals.

In recent decades, fueled by inspiration drawn from nature,
researchers have crafted a myriad of artificial designs for structural
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Fig. 1 Examples of structural color in nature. (a) Morpho butterfly with
brilliant blue wings, (b) colorful peacock feather, (c) blue feather barb of a
male plum-throated coting.

15-17 and

colors. These include photonic crystals,”™* metamaterials,
plasmonics,'®>* amongst others, each showcasing a spectrum of
color effects characterized by remarkable vibrancy. From the under-
standing of the inherent physical principles, a multitude of fabrica-
tion technologies have emerged to bring these designs to fruition.
Techniques such as physical vapor deposition (PVD),>*** atomic
layer deposition (ALD),*® sputtering,””*® photolithography,>*>
nanoimprinting,*?* self-assembly*>>° have been developed to
realize these intricate designs. Readers can refer to other reviews
that cover these technologies and basic principles of colors with
respect to human perception.*® While each method boasts unique
strengths and weaknesses, a significant drawback is the reliance
on high vacuum conditions®™** for film deposition or intricate,
multi-step patterning processes>*****>¢ ysed by many of these
techniques. This limitation significantly hampers their potential
applications for large-scale and cost-effective production. In
contrast solution-processed deposition methods are immensely
desirable for their inherent simplicity, cost-effectiveness, and
scalability, thereby rendering large-scale production of structural
color coatings significantly more achievable. Moreover, the
incorporation of solutions or suspensions introduces substantial
versatility in manipulating material composition and morphol-
ogy. In this comprehensive review, our emphasis will be on the
diverse strategies developed to date for solution-based structural
color fabrication. We will undertake a thorough comparison of
their merits and limitations, accompanied by illustrative exam-
ples spanning a wide array of applications. While many photonic
structures can indeed be fabricated using traditional vacuum-
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based processes, we will explore alternative routes through
solution processes, where they offer the potential to reduce costs
and unlock new possibilities.

The structure of the paper will unfold as follows: Section 2
will present an extensive review of the most widely adopted
solution-based methods for structural color fabrication, delving
into their underlying chemistry. In Section 3, our focus will
shift to one of the most distinctive aspects of solution-
processed structural color: tunability. Many examples will be
provided to showcase how structural color derived from solu-
tions responds to various external stimuli (such as electricity,
temperature, solvent, etc.) through spatial tuning, along with
their potential applications. We will also explore the feasibility
of creating artificial optical materials through refractive index
(RI) tuning and elucidate how these novel optical properties
contribute to unique color perceptions. Section 4 will offer a
comprehensive summary of solution-processed structural color
and provide insights into the present challenges as well as
future research directions.

2. Solution-based fabrication
strategies

2.1. Structural color from self-assembly

2.1.1. Colloidal particle self-assembly. Self-assembly of
nanoscale colloidal particles into various photonic structures
allows a facile and effective way of generating structural color
from the bottom-up. Due to the close packed nature of spherical
particles, highly ordered photonic crystals (PhC) derived from
inorganic or polymer colloid self-assembly have been widely
studied in the past decades. From colloidal particle self-
assembly, an opal structure featuring the face-centered-cubic
(FCC) packing is observed””*® as a result of the most thermo-
dynamic stable state (Fig. 2a), mimicking the color appearance
from the natural gemstone, Opal. With well-defined periods,
interparticle spacing and material refractive index, photonic
bandgaps (PBG) can be generated at specific reflection
angle.*>*° Hence, a structural color can be produced when the
PBG is within the visible wavelength range. The center wave-
length A within the PBG can be simply understood with the

_ 2nd cos(0)
- N

Bragg model®" (Fig. 2b): / , where n is the average

refractive index, d is the PC period, 0; is the incident angle, and N
is an integer that characterizes the order of the bands.

With a careful tuning of the colloidal particle size and the
material composition, self-assembled PCs with various colors
can be made. Typical fabrication utilizes a convective assembly
method, where the capillary force pushes the mono-dispersed
colloidal particle to self-pack into a single-crystal film at the
front of an evaporating solution. An early example of silica
colloidal particles with sizes from 260-400 nm produces colors
in blue, yellow and red (Fig. 3a and b).*> Other methods,
including external field (i.e. electric field, gravity, etc.) induced
PhC self-assembly,>*>* spin-coating,>*>® electrospinning,” etc.
were later on developed based on the initial ideal of convective
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Fig. 2 Schematic illustration of (a) an opal structure [Reproduced from ref. 47, with permission from Springer Publishing, Copyright 2022] and (b) Bragg's
law where n is the average refractive index, d is the PC period, 0; is the incident angle, 0, is the angle of refraction (where sin0; = nsinf,) and N is an

integer that characterizes the order of the bands.

assembly, ie. balancing the rate of colloidal particle self-
arrangement and the rate of solvent evaporation becomes the
key to a highly ordered photonic structure. In addition to the opal
structure, much stronger photonic behavior can be realized if a
higher dielectric contrast within the system can be obtained, e.g.
through use of titanium oxide® to achieve higher reflectance. By
switching to a higher refractive index nanoparticle made of
synthetic melanin, Xiao et al.>® has created a self-assembled
PhC with a broader stopband. A higher color purity was also
obtained with the absorbing nature of melanin where the reflec-
tive background is greatly suppressed (Fig. 3c and d). However, the
high index PhC structure poses a challenge in the synthesis of
high index colloidal particles, namely in size, uniformity, suspen-
sion stability, etc. Hence, structural modification is employed to

[=) Y

—~
()
~

(d)

enable a universal method of getting high index material into the
PhC structure. The opal structure is treated as a template where
the air voids in the initial self-assembled opal structure are
replaced with a higher refractive index material. The original
silica or polymer template is either chemically etched away or
thermally decomposed. The resulting inverse opal structure
(Fig. 3e) now contains more spherical air void space with higher
contrast to backbone material. In an early demonstration with
TiO, backbone,* the PBG widened and gave a stronger iridescent
color appearance. Other metal oxide®® (e.g. SnO,, ZrO,, etc.)
were also demonstrated to give vivid color across the entire visible
spectrum.

While highly ordered close-packed colloidal particles gives
crystalline structure (Fig. 4a), it makes the stopband center
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Fig. 3 (a) Structural color of SiO, colloidal particle self-assembled photonic crystal. (b) SEM of photonic crystal showing the arrangement of SiO,
particles. [Reproduced from ref. 52, with permission from American Chemical Society, Copyright 1999]. (c) and (d) Reflection spectra showing the
suppression of background reflection with light absorbing synthetic melanin nanoparticles (SMNP). [Reproduced from ref. 59, with permission from
American Chemical Society, Copyright 2015]. (e) Schematic illustration of an inverse-opal structure. [Reproduced from ref. 60, with permission from
American Association for the Advancement of Science, Copyright 1998].
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Fig. 4 Schematic illustration of (a) photonic crystal (PhC) and (b) photonic glass (PhG) showing specular and diffusive reflection. [Reproduced from ref.
64, with permission from Royal Society of Chemistry, Copyright 2019]. (c) Glassy colloidal arrays in liquid crystal showing structural color and (d) their
corresponding reflection spectra. [Reproduced from ref. 65, with permission from American Chemical Society, Copyright 2009; Reproduced from ref.

66, with permission from Royal Society of Chemistry, Copyright 2009].

wavelength angle dependent as light shines upon different
crystal planes producing varied optical phases; thus, iridescent
color is always present. Though appealing, consistent color
perception is desired in many applications, which cannot be
satisfied by the self-assembly accompanied by the long-range
order. Besides, the spontaneous nature of self-assembly cannot
ensure a perfect crystalline structure throughout the macro-
scopic film, tiny assembly defects could deteriorate the local
color appearance and challenge the large-scale color unifor-
mity. Hence, another colloidal self-assembly structure featuring
short range order but long-range disorder® (Fig. 4b), in the
form of amorphous photonic crystal or photonic glass (PhG),
opens another path for non-iridescent structural color genera-
tion. With the lack of long-range ordering, PhG-based struc-
tural color appears to be more diffusive and non-iridescent. In
contrast to balancing the solvent evaporation rate and colloidal
self-assembly rate, locking/disturbing/freezing the assembly
process of colloidal particles ensures a long-range disorder in
PhG. One commonly used method utilizes a glass phase
transition of the colloidal system. As shown in Fig. 4c and d,
a polymeric gel particle underwent a phase transition, forming
a non-closed-packed state as the gel suspension concentration
increased. Distinctive color from blue to green to red can be
produced®®® with various average inter-particle distances from
differences in particle surface coverage. Another fabrication
method adopts the nature of spinodal phase separation. This
strategy has been widely adopted by nature where bird feather
barbs show a spinodal deposition phase of the keratin structure,
leading to a brilliant blue color.”*”*® A template-based synthesis
using the feather barb with sol-gel chemistry leads to an inor-
ganic replica of similar structural color®”® (Fig. 5a-c). To the
best of our knowledge, no direct bottom-up self-assembled PhG
structural color has been made with spinodal decomposition.
However, a dewetting process during thermal anneal can produce
a similar pattern but in 2D. With the dewetted pattern as a litho-
free mask, followed by a metal-assisted chemical etch process,
a colored silicon substrate can be made’ (Fig. 5d and e).
Other methods including spray coating”” or rapid thermal eva-
poration also work well by having these colloidal particles

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 |

lose their mobility before entering the thermodynamic equili-
brium state.

In addition to PhC and PhG, a transition in the assembly
ordering can be realized with the co-assembly of colloidal
particles of various size.”*”> By varying the fill fraction of the
bi-disperse particles (one small and one large in size),”* the
assembly structure gradually changes from a highly ordered
PhC to disordered PhG (Fig. 5f), thus changing from specular
color appearance to a more diffusive one. The reflection peak
wavelength is therefore a superposition of the diffraction
wavelengths for crystalline structures composed of only small
or large particles.

2.1.2. Non-spherical colloidal particle self-assembly. In
addition to spherical colloidal particles, non-spherical particles
can self-assemble to produce color. Initial attempts have been
made by stretching self-assembled poly(vinyl alcohol) (PVA)
PhC below the glass transition temperature’®(Fig. 6a). An
ellipsoidal particle shape is obtained upon cooling and the
color is preserved. Though challenging, direct self-assembly of
ellipsoidal particles is accessible with the application of exter-
nal field. Ellipsoidal y-Fe,0;-SiO, core-shell particles were
synthesized with different aspect ratios and self-assembled
under a magnetic field** (Fig. 6b). The external magnetic field
facilitates the alignment of the ellipsoidal particles, while the
positional order could be determined by the particles them-
selves. The incorporation of the SiO, shell modifies the aspect
ratio of the original y-Fe,O; particle and results in various
structural colors. Other than ellipsoids, discoidal particles
could also be synthesized and self-assembled into PhCs or
PhGs. Liu et al”’ carried out a detailed study on structure-
color response relation with discoidal polystyrene (PS) particles
(Fig. 6¢). The PS particles were fabricated with a uniaxial heat
compression method in a PVA matrix, where the PS spheres
deformed into a discoidal shape. The deformed particles with
various aspect ratios then underwent a convective assembly
process forming a series of colored films. Both experimental
investigation and Monte Carlo/FDTD simulation suggest that
larger anisotropy increases the disordering of the assembled
structure, leading to a more PhG-like behavior.
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(a) Spinodal phase of SiO, structural color using beetle elytral surface as template and its (b) SEM image and (c) reflection spectrum. [Reproduced

from ref. 66,70, with permission from Royal Society of Chemistry, Copyright 2009 and 2013]. (d) Schematic illustration of thermal dewetting followed by
metal-assisted chemical etching (MACE) for color Si fabrication. (e) Optical images and reflection spectra of color Si. [Reproduced from ref. 71, with
permission from American Chemical Society, Copyright 2023]. (f) Color transition from green to red by changing the ratio of two nanocolloids with
different sizes. The reflection spectra showing the transition from specular reflection to diffusive reflection. [Reproduced from ref. 73, with permission

from American Chemical Society, Copyright 2019].

While the assembly of high-aspect ratio particles either leads
to a disordered structure or nematic-like liquid crystal phase (not
capable of forming a well-defined stopband), a slight twist at the
particle level makes a different story. Many plants and fruits”®7”®
take advantage of the twist in their cell walls (Fig. 7a), where
cellulose fiber aligns and twists into a chiral nematic phase
(Fig. 7b), leaving a well-defined pitch in between. These helical
structures serve as chiral Bragg-reflectors, creating stopbands for
light with certain circular polarization. This leads to stunning
structural colors. This masterpiece has been replicated by artifi-
cially synthesizing a high aspect ratio (~15-20) cellulose nano-
crystal (CNC). CNCs can be derived directly from paper pulp
through sulfuric acid hydrolysis, where the amorphous region of

the cellulose fibers is decomposed while the crystalline region is
preserved.®® Fig. 7c gives an overview of the self-assembly
process of CNC.*""® A typical CNC could have a rod-like shape
with a diameter of 10-20 nm and length of 150-200 nm. The
chiral natural of the glucose unit within the cellulose backbone
gives a twist to the CNC surface and enables the self-assembly
into the chiral nematic phase. The stopband wavelength is
determined by the pitch within the assembled helix, where the
resonance wavelength A is a function of pitch length p, the film
refractive index n and the angle of incidence 6 according to the
de Vries formula® A = np cos (). The chiral nature of the film
also imposes selectivity in light polarization upon reflection,
giving around 50% reflection within the photonic stopband

3478 | Mater. Chem. Front., 2024, 8, 3474-3508 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 6 (a) SEM image of stretched PVA photonic crystal. [Reproduced from ref. 76, with permission from American Chemical Society, Copyright 2009].
(b) Schematic illustration of magnetic field induced y-Fe,Oz—SiO, particles elongation. [Reproduced from ref. 54, with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, Copyright 2009]. (c) Synthesis of heat compressed discoidal particles and their self-assembled structural color.
[Reproduced from ref. 77, with permission from American Chemical Society, Copyright 2022].

(Fig. 8a). With the addition of small molecular additives,*”*°®a  continuously by varying the CNC-additive ratio (Fig. 8b, e.g.

spectrum of the colors from violet to red can be produced adding r-arginine). Continuous roll-to-roll fabrication of the

The origin of chirality coms Twisting between two glucose units for better hydrogen bonding
from single glucose molecules (F0H=50 and 6,01~20)
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Fig. 7 (a) Photo of Pollia condensate pericarp. (b) Microscope image of the helicoidal cell walls. [Reproduced from ref. 78, with permission from National
Academy of Science, Copyright 2012; Reproduced from ref. 79, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2013]. (c)
Schematic illustration of evaporation-induced self-assembly of CNC. The chiral nature of glucose is passed all the way up to the super-molecular structure.
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CNC film under controlled solvent evaporation give brilliant
structural color pigments for future scalable production.’”

2.1.3. Polymer self-assembly. Macromolecules with size
much smaller than colloidal particles are also capable of self-
assembly into structural colors. Similar to CNC, hydroxypropyl
cellulose (HPC), a rigid polysaccharide polymer with a typical
persistence length of 6-12 nm,’® is capable of self-assemble
into a mechanochromic chiral nematic phase above the critical
concentration.””*'% A gel-like liquid crystal with brilliant
structural color can be easily obtained by simply mixing HPC
powder with water. However, maintaining the water content
inside the HPC liquid crystal is critical for to preserve the color,
where a loss of water will lead to a blue shift of color due to
reduced pitch. As the film dries, eventually only UV is reflected
and visible color is no longer observed. Therefore, good encap-
sulation of the HPC liquid crystal with water-impermeable
polymer substrate, such as polyethylene terephthalate (PET),
is necessary for large-scale production.’® On the other hand,
the lyotropic property also enables a facile method of tuning
the liquid crystal pitch by varying the HPC concentration,
leading to various colors from red to purple across the visible
spectrum (Fig. 8c). The color can also be affected by the lower
critical solution temperature (LCST) property of HPC, where it
undergoes a phase transition as the HPC gets heated.”®% The
phase segregation of between HPC polymer and water leads to
strong scattering of the light, switching the structural-colored
gel into white.

Most polymer self-assembly falls in the category of
block copolymers (BCPs), where the polymer backbone is made
of two or more units with distinctive chemical properties.

.
(=}
(=}

View Article Online
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Phase separation between these distinctive backbone segments
enables various ordered structures from lamellae, to cylinders,
to close-packed micelles'% (Fig. 9a and b) and more depending
on the relative ratio of the segments. Though the assembly
morphology as well as the BCP formulation has been widely
investigated, it’s quite challenging for these BCP assembled
domains to reach the size capable of producing structural
colors. The major difficulty lies in synthesizing sufficiently
large molecular weight polymers as well as achieving large
refractive index contrast between the domains. A commonly
used strategy to bring structural color to BCP assembly is by
expanding the domain size with external stimuli, which at the
same time modulates the refractive index of the domain.
Hence, functional chemical groups responsive to external
stimuli are frequently incorporated into the BCP backbone.
One popular candidate is 2-vinyl pyridine, where a reversible
quaternization can be made with various stimuli. In an early
attempt, the polystyrene-block-poly(2-vinyl pyridine) (PS-b-
P2VP) self-assembly lamellae, the P2VP domain was swelled
(and the domain refractive index was lowered) in reduced salt
concentrations to give a photonic stopband near the infrared
(Fig. 9¢).'”” Further modulation of the PS-P2VP system also
involved stimuli as pH,'® solvents,'"*>'™ and temperature,""*
among others. Other BCP assembly phases including gyroid'**'*?
and micelles''* are also made possible with delicate polymer
design and concentration control. Following the idea of tem-
plate synthesis, a degradable BCP template was used to achieve
large index contrast between the distinctive domains. With
the exposure to UV light, the PMMA domain undergoes
photo-degradation, which can be removed in acetic acid in a

Q
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(a) Reflection spectra of self-assembled CNC film illuminated under unpolarized light. (b) Photo of CNC/L-arginine co-assembled film showing

blue, green, and red color with increasing arginine concentration. (c) Photo of HPC liquid crystal with various concentrations.
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Publishing Group, Copyright 2007]. (d) TiO, gyroid structural color made out of BCP self-assembly template. [Reproduced from ref. 113, with permission
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polystyrene-block-poly(methyl methacrylate) (PS-b>-PMMA) assem-
bled gyroid structure.'™ A replacement is then made with the
infiltration of high refractive index oxide (e.g: TiO,) precursor under
sol-gel process to give a more brilliant blue color (Fig. 9d).

An alternative strategy for fabricating larger BCP self-
assembly domains is via brush block copolymers (BBCPs) where
various distinctive polymer side chains are grafted to a linear
polymer backbone. The increasing degree of polymerization (DP)
as well as the longer side chain significantly expand the self-
assembly domain size, and no external stimuli is needed to
further push the domain scale into visible wavelength. Grafting
through ring opening metathesis polymerization (ROMP) is a
common strategy for BBCP synthesis™® (Fig. 10a). A widely
studied w-norbornenyl based backbone is typically adopted due
to its easy accessibility and structural rigidity. Macromonomer
(MM) moieties like polystyrene, polyhydroxystyrene,"'® poly(methyl
methacrylate)''”"'® etc. are frequently used as sides chains to
enable BBCP structural colors. Yu et al. developed a graft through
method of BBCP synthesis of w-norbornenyl polystyrene (NPSt) and
o-norbornenyl poly(4-tert-butoxystyrene) (NPtBOS) via ROMP.'"’
Over 10 BBCPs with various molecular weights (MWs) have been
synthesized with lamellae domain sizes ranging from 40 nm to
200 nm. These self-assembled structures are much larger compared
to a high-DP linear BCP and can produce structural coloration from
blue to pink (Fig. 10b). Note that the alkyl spacer unit in the MMs
are the key to enable a high MW synthesis, where the bulky side
chain steric hinderance is being mitigated. However, these flexible
alkyl chains could reduce backbone rigidity and lead to an insuffi-
cient increase in domain sizing."®* One method of bypassing the
incorporation of the flexible spacer while maintaining a sufficient
domain size is by introducing a semicrystalline BBCP with
poly(ethylene oxide) (PEO). A hierarchical structure of both lamellae
and crystalized PEO domains (Fig. 10c) is formed under
annealing.” In addition, a large refractive index change from
1.46 to 1.64 has been observed upon PEO domain crystallization
hence giving a more brilliant color appearance. Shape-memory

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 |

characteristics are also observed due to well-defined PEO phase
transition temperature. Another strategy to compromise the steric
hinderance-backbone rigidity dilemma is a dendritic design of
MM side chain with BBCP. An AB;-type MM with dodecyl and
fluorobenzyl units radiates from the center benzyl ring into three
branches,"”! forming a wedge-like shape with increased steric
hinderance but less flexibility. Thus, these wedge-like units give
enough MM accessibility during ROMP for high MW BBCP synth-
esis while keeping the backbone rigidity. The bulk BBCP is then
extruded into filament for 3D printing into various geometrically
different structural colored objects (Fig. 10d). A spin-off company
named “Cypris” is now demonstrating even more promising BBCP-
based structural color paints (Fig. 10e) for industrial scale
production."®* Astonishing rainbow color from blue to red shows
up only after several minutes of paint drying.

In summary, the self-assembly of nanocolloids and polymers
presents a straightforward approach to producing large-scale
structural color. This process relies on the intermolecular
forces between particles and thus can be easily scale up for
bulk production. In addition, minimal external energy is
usually required for the assembly process compared to tradi-
tional vacuum-based deposition methods. As a result, signifi-
cant energy savings are achieved. However, structural defects
from the self-assembly process poses a big challenge in the way
of commercializing self-assembled structural color, where large
scale color uniformity can hardly be guaranteed. Therefore,
grinding self-assembled structural color into micro-pigments
provides a potential method for its real-world application.

2.2. Multilayer coating

As demonstrated in the previous section, photonic crystals
synthesized through nanoparticles or block-copolymer self-
assembly gives various colors; however, their color properties
are largely compromised when ground into micro/nano-flakes
for general coating applications. Moreover, these photonic
crystals usually take several to hundreds of micron thicknesses
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(a) Illustration of ring opening metathesis polymerization (ROMP) process. [Reproduced from ref. 115, with permission from Elsevier Publishing

Group, Copyright 2007]. (b) Self-assembly of BBCP with NPSt and NPtBOS. [Reproduced from ref. 118, with permission from American Chemical Society,
Copyright 2019]. (c) A hierarchical lamellar BBCP with crystalizing PEO for structural memory photonic crystal. [Reproduced from ref. 120, with
permission from American Chemical Society, Copyright 2020]. (d) Synthetic strategy of ABs-type BBCP for 3D structural color printing. [Reproduced
from ref. 121, with permission from American Chemical Society, Copyright 2017]. (e) Rainbow structural color produced by Cypris Materials Inc.
[Reproduced from ref. 122, with permission from Cypris Materials Inc, Copyright 2023].

(i.e. CNC or HPC films) to achieve high color brilliance, which
largely limits their application in thin film coatings. Multilayer
pearlescent pigments, on the other hand, utilize light interference
to give brilliant color with sub-micrometer film thickness. Typical
thin-film coating methods (Fig. 11)"** from solution phase
includes dip-coating,'**"** spin-coating,"*® and spray coating.
2.2.1. Layer-by-layer assembly (LbL) coated structural color
pigments. Layer-by-layer (LbL) coating utilizes the electrostatic
attraction of polyelectrolytes of opposite charges, leading to
sequential absorption of layers of alternating positive and negative
charges forming a multilayer stack. Hence, LbL coating’>"*®
provides a solid platform for creating conformal multilayer struc-
tural colors, regardless of the curvature of the substrate. As shown
in Fig. 12a, A pre-cleaned or functionalized substrate (e.g. glass) is
dipped into a solution with highly charged polyelectrolyte such as
poly(allyamine hydrochloride) (PAH, positively charged), poly(vinyl
sulfate) (PVS, negatively charged), poly(sodium 4-styrenesulfonate)

3482

(SPS, negatively charged), or poly(diallyldimethyl ammonium
chloride) (PDAC, positively charged). The substrate is rinsed
multiple times to remove loosely absorbed molecules then dipped
into a polyelectrolyte solution with the opposite charge. The
dipping process is then performed in multiple cycles until a
desired number of layers are coated on the surface.

To create a reflection stopband centered at Ay, a quarter-
wave Bragg stack with alternating high index () and low index
() satisfying nydy = nidy, = Ao is anticipated, where dy and = dj,
represent the thicknesses of the high index and low index layers
respectively. Inorganic nanoparticles like SiO, and TiO, are
commonly introduced to increase the layer index contrast,"*® as
demonstrated in Fig. 12b. A bilayer structure with a cation-
anion pair (e.g. PAH-SiO, or TiO,-PVS) is first formed by two-
step LbL coating, featuring a thickness of a few nanometers
(mainly determined by the size of nanoparticles). The resulting
bilayer coating process is then repeated multiple times to

| Mater. Chem. Front., 2024, 8, 3474-3508 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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from ref. 123, with permission from Taylor and Francis Publishing Group, Copyright 2013].

achieve desired thickness. With proper tuning of the LbL cycles
and further calcination (to remove the organic component), a
SiO,/TiO, Bragg stack is formed with a stopband centered in a
visible wavelength. As the removal of the polyelectrolyte leads
to a collapse of the nanoparticle assembly, the index of the layer
could be fine-tuned according to the particle size and the
choice of the polyelectrolyte, allowing customization of the
stack properties. Though the charged polyelectrolyte typically
results in a hydrophilic coated surface, the rich solution
chemistry enables hydrophobic polymer incorporation into
the polyelectrolyte framework and thus expands the potential
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of LbL coating. In a recent example, Yu et al."* fabricated a
hydrophobic structural color coating by introducing hydropho-
bic PMMA particles (prepared with negative charge) into PDAC
layer (Fig. 12¢). The as prepared structural colored TiO,/PMMA
stack thus becomes capable of changing its color appearance
upon organic vapor uptake.

Compared to dip-coating LbL, which takes a very long time
to complete the entire stack considering the thickness of a
single bi-layer coating, spray coating provides a more efficient
strategy for LbL stack fabrication. As shown in Fig. 12d,"*" a
spray-coated TiO,/SiO, LbL film was fabricated via multiple

Multilayer film
containing n bilayers

Ti:# PSS(4  PDACH) PMMAG)

(a) Schematic illustration of a LbL process where alternative coatings of polycation and polyanion are implemented. [Reproduced from ref. 127,

with permission from American Chemical Society, Copyright 2020]. (b) SEM and reflection spectra of PAH-SIO, or TiO,-PVS multilayers. [Reproduced
from ref. 129, with permission from Royal Society of Chemistry, Copyright 2009]. (c) Hydrophobic Bragg reflector made of PMMA particles with LbL
coating. [Reproduced from ref. 130, with permission from Elsevier Publishing Group, Copyright 2021]. (d) Spray coating LbL TiO,/SiO, Bragg stacks
featuring large area uniform structural colors. [Reproduced from ref. 131, with permission from American Chemical Society, Copyright 2011].
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cycles of cation spray-draining-rinse spray-draining-anion spray-
draining-rinse spray-draining. Compared to a similar dip-coated
structure, the spray coating method significantly reduces a
bilayer coating time from 36 min to 90 s while preserving color
uniformity and smooth interface between layers. An iridescent
11-stack green-cyan structural color film (Fig. 12d right) with
high reflectivity over 90% was demonstrated after calcining the
LbL film under 550 °C.

2.2.2. Structural colors from physically additive deposi-
tion. Considering the LbL bilayer thickness only features a
few nanometers, it would usually take a very time long to go
over hundreds of cycles in order to reach a desired layer
thickness. Instead of using electrostatic interaction between
charged layers, directing deposition of materials in an additive
way with quick solvent removal is proved to be a more efficient
way of building structural color stacks.

Spin coating provides an effective way of rapid solvent
removal through centrifugal force, leaving a thin layer of
material on surface. The thickness of the spin-coated film can
be tuned by solute concentration, solvent evaporation rate and
spin rate. Silvia et al. has demonstrated a 1-D Bragg reflector'*
with alternative SiO,/TiO, layers directly out of SiO, and TiO,
nanoparticle solutions (Fig. 13a). Methanol was chosen as a
cosolvent with water for the nanoparticle solutions to prevent
coagulation and enhance the solvent volatility during spin-
coating. The as-spun film thickness ranges from 40-200 nm
in accordance with nanoparticle solution concentration from
1-6 wt%. Subsequent layers can be coated continuously without
further stabilization. The entire Bragg stack can therefore be
built within a few minutes followed by annealing to stabilize the
layers mechanically. Infiltration of polymer materials such as
polydimethylsiloxane (PDMS) into the Bragg stack further

enables the making of a flexible structural color™® (Fig. 13b).
134

In addition to inorganic Bragg reflectors, polymeric materials
are excellent thin film candidates for direct spin-coating. Several
examples using high index polymers like hyperbranched poly-

136

135 etc. have been used in

vinyl sulfide, > poly(N-vinylcarbazole),

(a)

Reflectance

Fig. 13
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a full-polymer Bragg reflector through spin coating and feature
brilliant structural colors.

2.2.3. Structural color from sol-gel chemistry. In addition
to direct deposition of desired materials (as shown in Sections
2.2.1 and 2.2.2), thin film coating process can be coupled with
chemical reaction, which facilitates film formation during the
coating process. Compared to direct deposition methods where
desired materials are synthesized, prepared, and stabilized in
advance, incorporating film formation chemistry into the
coating process significantly reduces cost and time in material
preparation and maintenance.

For dielectric layer coatings, metal alkoxides are the most
common oxide precursors, where they can be easily dissolved in
various types of solvents and are ready to use. When water is
introduced, metal alkoxides undergo hydrolysis to form metal
hydroxides, which then condense into metal oxides. Thus, the
sol-gel process provides a universal method for film formation
from a variety of dielectrics. The coating conditions determine the
sol-gel kinetics and thus the film properties including thickness
and density, and composition can be changed accordingly. One
strategy of depositing SiO,/TiO, multilayer Bragg reflector utilizes
an electro-assisted sol-gel process (Fig. 14a), where a bias is
applied to a conductive substrate (cathode) to reduce water to
OH™ and create a basic local environment."”""*® The sol-gel
condensation reaction Kkinetics are then boosted, triggering
deposition of the oxide material onto the substrate. The deposited
layer thickness is determined by the applied bias and deposition
time. The as-deposited film, after being withdrawn from the
solution and dried, is ready for the deposition of the next
layer."*® The multilayer film shows fairly smooth interfaces as
well as a decent stop-band. Similarly, spin-coating of titanium
alkoxide is adopted in structural colored photovoltaic cell fabrica-
tion to balance the color performance and PV cell efficiency.*
Rapid spinning of the titanium alkoxide solution triggers the TiO,
condensation as solvent evaporates. The as-spun film thickness is
thus determined by the spin-rate as well as the evaporation rate.

However, due to the internal stress buildup inside the sol-
gel film with increased thickness, overall stack thickness is

PDMS infiltration

(a) Optical and SEM image of spin-on alternative SiO,/TiO, layers of Bragg stacks and their reflection spectra. [Reproduced from ref. 132, with

permission from American Chemical Society, Copyright 2008]. (b) PDMS infiltrated inorganic Bragg reflector featuring flexible structural colors.
[Reproduced from ref. 133, with permission from American Chemical Society, Copyright 2010].
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(@) Schematic illustration of electro-assisted sol—gel process. [Reproduced from ref. 137, with permission from American Chemical Society,

Copyright 2017]. (b) Cross-section SEM showing F—P type (Cu/SiO,/Cu) structural color and (c) their brilliant color appearances.*** (d) Cracked TiO/SiO,

Bragg reflector flakes due to internal sol-gel process stress.** (e)

usually limited to a few micrometers to avoid cracking or
delamination. Therefore, though sol-gel based thin film coat-
ing is very effective with oxide films tens to hundreds of
nanometers thick, it is not suitable for complicated photonic
structure fabrication. However, high-performance structural
colors can be produced with structures simpler and thinner
than photonic crystals or Bragg reflectors. The Fabry-Perot
(F-P) cavity structure has less than four layers and has been
explored as a popular candidate. A lossy cavity is required to
absorb the resonant light energy and leaves a resonance dip in
the reflection spectrum, giving subtractive colors like cyan,
magenta, and yellow. For example, we have demonstrated a
tri-layer metal-dielectric-metal (MDM)-type F-P cavity fabri-
cated using a full solution process. The fabrication method
combines electroless deposition of metal layer (Cu) with a sol-
gel coated SiO, or TiO, deposited through dip-coating.'*' Var-
ious iridescent colors from orange to cyan have been produced
with a total stack thickness under 200 nm (Fig. 14b and c).
Hence, dip-coating of the sol-gel film provides a decent amount
of control in film thicknesses by varying the precursor solution
concentration or the withdrawal rate. Notably, such full solution-
processed MDM method ensures solution compatibility across

e) MDM structural color pigments lifted off by sonication.

all dielectric and metal layers without compromising layer
quality. The coated film shows a low surface roughness of
1.8 nm across a centimeter scale sample surface. Further, we
have demonstrated that a modified F-P layer structure with the
sequence of high-RI/low-RI/Absorber (HLA) could also produce
brilliant and vivid structural color with proper balance between
the radiative and absorptive decay rate of the F-P cavity."** With
a similar sol-gel process, TiO,/SiO,/Si or ZrO,/SiO,/Si stacks can
be dip-coated from metal alkoxide solution. These HLA struc-
tural colors could easily span the entire CMY space by varying
the dielectric layer (i.e. high RI or low RI) thickness.

2.2.4. Multilayer structural color pigments. In addition to
structural color coating on bulk substrate, breaking these
multilayer stacks or films into flakes or pigments is highly
desired for incorporation into normal paints. With structural
color pigments oriented in all directions, it averages out the
angle-dependent effect of a multi-layer structure while keeping
a pearlescent visual effect, i.e. luster. Moreover, these colored
pigments could be incorporated into polymeric binders for easy
painting, allowing for application on a wide variety of surfaces.
One straightforward way of fabricating structural color pig-
ments is by directly breaking down the multilayer film

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 | 3485
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fabricated on a bulk substrate. In the case of a sol-gel TiO,/SiO,
Bragg stack obtained through spin-coating, the internal stress
could naturally cause the film to crack and break into
micrometer-scale flakes (Fig. 14d)."*> The cracked pigments
show a more lustrous diffusive color with a broader reflection
peak due to the random orientation of the flake surface. We
have also demonstrated a lift-off method for F-P type of
structural color fabrication where the MDM stack is being
fabricated on top of a sacrificial PMMA layer, followed by a
sonication of substrate in acetone. The MDM structural color
flakes can then be obtained through simple filtration and
drying (Fig. 14e).

However, the fragmentation method efficiency and yield are
insufficient for large-scale production. A more practical way of
structural color pigment fabrication involves an additive
method to coat flake substrate bottom-up. Mica, a smooth
sheet layered silicate, is widely adopted as a perfect flake
substrate. Over the past decades, various metal oxides, includ-
ing Fe,03, TiO,, Pb(OH),, PbCO3, BiOCl, (Sn,Sb)0,, etc. have all
been demonstrated as good candidates for pearlescent mica
pigment synthesis."**'*> Deposition of a metal salt precursor is
trigged under carefully chosen conditions to selectively deposit
onto the activated mica surface and avoid bulk precipitation.
The filtered pigments are then calcinated under high tempera-
ture for dehydration and crystalized into metal oxides.

Solution-processed multilayer coating offers a simple and
intuitive layer by layer method for multilayer film color produc-
tion. While it mimics the thin film deposition commonly takes
place in vacuum chambers, it allows the quick fabrication of
multilayer structure under ambient condition. With careful
engineering controls, large scale uniformly colored film can
be fabricated continuously with multiple coatings. Hence the
cost is greatly reduced by getting rid of the harsh fabrication
environment and the cost in tool maintenance. One challenge
still presents in the complexity of chemistry involved in
solution-processed multilayer coating. In addition to the inter-
nal stress caused by different material lattice matching (i.e.
usually a concern in vacuum-based deposition), chemical com-
patibility between multilayer coatings as well as their compat-
ibility with substrate is of great concern during fabrication.
Reliable and compatible chemical coating recipes are highly
desirable in future research and development.

2.3. Structural color produced from electrochemical methods

Electrochemical methods are another way to shape the struc-
ture of thin films. It is well-known that anodization of alumi-
num surfaces leads to the formation of cylindrical holes with
honeycomb structures.'® The aluminum surface is oxidized in
acidic aqueous solution under high voltage and the radial
current distribution leads to a cylindrical hole throughout the
oxidized layer. This technique has been widely adopted in
modern aluminum surface coloration where dye pigments are
encapsulated inside the anodized aluminum oxide (AAO) holes.
Since the hole size is directly proportional to the current
density across the surface, Liu et al. has designed a stack of
AAO layers with different refractive indexes,"*” mimicking a 1D

3486 |
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Bragg-type reflector. A pulsed anodization of aluminum is carried
out. By varying the current passed through the aluminum surface
with different pulse duration, AAO layers with various porosity
and thickness are formed (Fig. 15a). The refractive index of each
porous layer can be approximated with a linear combination of
the RI from Al,O; and air by the fill fraction. The resulting
multilayer stack shows brilliant color in both transmission and
reflection due to the formation of a high contrast, wide stopband
within the visible range. Furthermore, a highly ordered porous
AAO film can be obtained with a novel self-ordering electrolyte,
namely etidronic acid."*® The aluminum surface is anodized
under a self-ordering voltage (210-270 V for etidronic acid)
followed by selective dissolution of aluminum oxide in CrO;/
H;PO, solution. In contrast to the AAO Bragyg stack, the structural
color produced with self-ordering anodization comes from a 2D
photonic crystal. Large hole sizes from 500-800 nm can be
obtained, giving rainbow color from red to violet (Fig. 15b).

Other metals like platinum, titanium, silicon etc. can be
anodized as well. Due to the high refractive index of TiO,,
structural colors from anodized TiO, on Ti can be readily
produced. Fig. 15c demonstrates structural color produced via
Ti anodization under different anodization times."** The SEM
images revealed changes to the TiO, surface morphology where
indentation and protrusions inside the lamellar structure are
critical for color production. More ordered TiO, arrays
(Fig. 15d) were grown directly on top of the Ti sheet through
two-step anodization."”® A potential of 30-75 V was applied in
the first anodization step, producing a rough and irregular TiO,
honeycomb structure. The TiO, layer was then removed with a
sticky tape, leaving an array of concave cavities on the Ti sheet
surface. A second anodization step was then carried out, forming
hierarchical TiO, bowl arrays. A rainbow color can be visualized
by increasing the air cavity size inside the bowl array. The
reflection spectrum features two broad stop-bands (Fig. 15e)
where two peaks correspond to the first and second order
diffraction from the periodic TiO, bowl surface respectively.

Electrophoretic deposition (EPD), on the other hand, utilizes
electrostatic force to move charged particles towards the elec-
trode surface for deposition. Negatively charged SiO, nano-
particles pre-synthesized by sol-gel chemistry are forced to
deposit onto an ITO glass anode under applied voltage.">" A
well-ordered PhC was formed with close-packed SiO, particles
under low EPD voltage (~5 V, 25 min), while an amorphous
PhG was obtained once the EPD voltage increased to 90 V (1
min). The difference in the resulting structural color could be
clearly seen by the change in color iridescence and angle-
resolved spectra. Compared to the convective deposition
method of PhC or PhG described in Sections 2.1.1 and 2.1.2,
EPD uses a much shorter deposition time to deposit conformal
and uniform structural colors across curved surfaces (Fig. 16a).
Another example'®* uses EPD of pre-synthesized polystyrene
(PS) onto carbon fiber to give core-shell type structural color
fibers with colors in red, green and blue (Fig. 16b). The
flexibility and relative high throughput of the EPD structural
color fiber shows promising applications in developing dye-free
fabrics or textiles.

Mater. Chem. Front., 2024, 8, 3474-3508 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 15 (a) Schematic illustration of porous AAO Bragg stack with pulsed anodization of aluminum. [Reproduced from ref. 147, with permission from

Elsevier Publishing Group, Copyright 2011]. (b) Structural colored AAO photonic crystal from self-ordered anodization process. [Reproduced from ref.
148, with permission from Elsevier Publishing Group, Copyright 2015]. (c) Gradual change of color in anodized titanium film over various anodization
times. [Reproduced from ref. 149, with permission from Elsevier Publishing Group, Copyright 2023]. (d) A schematic diagram demonstrating the
fabrication of TiO, nanobowl array on titanium film and (e) their corresponding refraction spectra. [Reproduced from ref. 150, with permission from

American Chemical Society, Copyright 2016].

In contrast to the process of anodization or EPD, where a
large voltage is required to induce electrochemical responses,
electrochemical deposition uses a very small voltage to trigger a
chemical reaction at the electrode-electrolyte interface for layer
deposition. Electrodeposition of F-P cavity-type structural color
(Fig. 16¢) has been demonstrated with an Au/Cu,O/Au trilayer
stack on a heavily n-doped Si substrate."”® As a reduction
potential was applied to the cathode, the positively charged
metal ion (i.e. Au(m)) is reduced into its metallic state on the Si
substrate. Similarly, Cu,O is reduced from a copper citrate
complex by carefully controlling the solution pH and applied
potential to prevent over reduction into metallic copper. The top
Au layer is carefully deposited with a solution pH ~10-11
compatible with the Cu,O layer while applying a relative low
reduction potential to avoid aggressive hydrogen evolution,
which can peel off the underlying layers. Shiny yellow, magenta,
and cyan colors are produced (Fig. 16d) conformally on both flat

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 |

Si substrates and curved stainless steel spoon surfaces, demon-
strating promise in coating objects with complex geometries.

In brief, electrochemical methods provide new pathways
toward structural color fabrication. Chemical reactions are
triggered at the electrode-electrolyte interface with the flow of
electrons gauged through the voltage applied. With the ability
of both 2D growth thin film growth and 3D sculpting of the
surface, electrochemical methods unlock the various possible
photonic structures. Moreover, with careful control on the
surface current distribution, the film thickness can be tuned
to achieve either uniform or gradient color appearance. Thus
allowing special visual effect to be produced with one deposi-
tion. However, the limitation with electrochemical methods is
quite obvious where a conductive substrate is always required.
The process window of electrochemical methods is another
concerned due to side reaction and layer compatibility with in
the electrolyte.
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(a) Structural colored forks coated with electrophoretic deposition of SiO, nanoparticle on curved surfaces. [Reproduced from ref. 151, with

permission from Nature Publishing Group, Copyright 2017]. (b) Photonic crystal of PS particles deposited by EPD on carbon fibers. [Reproduced from ref.
152, with permission from American Chemical Society, Copyright 2013]. (c) A schematic illustration of an electrochemical deposition setup. (d)
Electrodeposited Au/Cu,O/Au structural color on curved stainless steel spoon surface and their corresponding reflection spectra. [Reproduced from ref.

153, with permission from American Chemical Society, Copyright 2019].

2.4. Structural color from particles

2.4.1. Color from plasmonic resonance. Structural color
from plasmonic nanoparticles has been widely used for coloration
for centuries before the underlying mechanism was elucidated
in recent decades. Starting from the famous 4th century Lycurgus
cup to stained glass, plasmonic nanoparticles have played
an important role in color decoration. Metal nanoparticles such
as gold, silver etc., possess strong localized surface plasmon
resonances in the visible spectrum giving various colors depending
on particle size, shape, and surface functionalization. In recent
decades, scientists have mastered every aspect of nanoparticle
synthesis, enabling a well-controlled color appearance. Common
spherical solution-based nanoparticle synthesis features a homo-
genous or heterogenous nucleation and growth process. A reduc-
tant or nanoparticle seed is added to trigger the nucleation
process, followed by a gradual color change of the solution.
The final size of the plasmonic nanoparticle depends on the
reaction time, solution concentration, reactant ratio, etc. Silver'>*
and gold nanoparticle’>"*® feature plasmonic absorption
peaks around 400 nm and 520 nm respectively, giving a bright
yellow or burgundy red color appearance. While spherical nano-
particles do not change their absorption band or color dramati-
cally with size, the addition of certain ligands can promote
anisotropic by promoting specific facet growth. Compared

3488 |

to spherical nanoparticles, anisotropic nanoparticles (typically
nanorods'>” ' and nanodisks'®"'®?) show significant shifts in
absorption peak wavelength (the longitudinal plasmonic band)
with changes to size or aspect ratio and are thus capable of
generating colors across the visible spectrum.

Though nanoparticle solutions alone show fascinating trans-
missive colors, immobilization of these nanoparticles further
expands their use in plasmonic structural colors. Over the past
five years, it has been shown that the incorporation of disordered
nanoparticles into various photonic structures can lead to very
different colors from when a continuous metal layer is used. The
optical property of the nanoparticle layer evolves with changes to
layer morphology, giving distinctive color appearances. As shown
in Fig. 17b, a discontinuous metal layer (i.e. metal nanoparticles)
rise to primary reflective peaks in a F-P type

1637166 polarizonic colors (named after electronic oscil-
167-169

gap-

170,171

gives
structure,
lation at optical frequency) on metal substrate,
plasmon-resonance color with ultrathin dielectric layer
etc. These initial attempts of nanoparticle deposition require
quite special deposition techniques including arc plasma deposi-
tion, cluster beam deposition, e-beam evaporation, etc., making
them far from practical for mass production. However, immo-
bilizing solution-based nanoparticles is a promising pathway for
cost-effective plasmonic structural color fabrication.

Mater. Chem. Front., 2024, 8, 3474-3508 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qm01340e

Open Access Article. Published on 13 September 2024. Downloaded on 1/22/2026 2:25:41 AM.

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

(cc)

Review

One straightforward solution deposition method utilizes the
electrostatic attraction of charges between nanoparticle surface
and substrate.'”*"”* As shown in Fig. 17a, gold nanoparticles of
desired size capped with negatively-charged citrate ligands were
pre-synthesized in aqueous solution. On the other hand, posi-
tive charges were functionalized onto a silica-based substrate
through silanization with (3-aminopropyl)triethoxysilane
(APTES). A gold nanoparticle monolayer was adsorbed onto
the silica surface after immersing the substrate into the nano-
particle solution. The nanoparticle surface density can be well
controlled (Fig. 17b) by immersion time, ionic strength and
nanoparticle solution concentration. In another example,
oleylamine-capped silver nanocubes were spin coated onto an
APTES-treated SiO,/Ag substrate.'”? Vivid colors were produced
with a wider absorption stopband (Fig. 17c) than a sintered or
smooth thin silver film. Another method of nanoparticle
immobilization is via direct growth of nanoparticles on sub-
strate surface. A seed layer is first required as a nucleation and
growth center. Electroless deposition of metal provides a
perfect method to implement this process. Fig. 17d records a
time-evolution of copper electroless plating in both surface
morphology and color appearance.'*" The top copper layer first
forms discrete particles (30 s), then grows into islands (1 min),
and finally overlaps with each other (2 min). A particulate
morphology is always observed even with extending deposition
time (>5 min) due to the repetitive growth pattern, i.e. particle-
island-film. Hence, the copper film reflectivity increases with
deposition time while always featuring low reflectivity in lower
wavelengths compared to a vacuum-deposited copper film.
With short electroless deposition times of copper on top of
SiO,/Cu surface (i.e. F-P type cavity), a series of additive colors
with reflective peaks can be clearly observed (Fig. 17e and f). As
in the case of gold nanoparticles, the addition of chloroauric
acid (HAuCl,) and hydroxylamine (NH,OH) facilitates the
growth of the seed layer into larger nanoparticles. Note that
the pre-deposited seed layer catalyzes the sluggish reduction
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reaction kinetics between HAuCl, and NH,OH, thus enabling
in situ growth of gold nano-domains on the surface.'”>*"®
2.4.2. Color from collective particle scattering. Light reso-
nance within dielectric particles from multipole radiation are
well understood by Mie theory.'”® In addition, structural colors
can be produced with a collective dielectric particle scattering of
light. Wu et al. has found that spherical dielectric particles larger
than 200 nm with medium refractive index (n = 1.7-3.0, such as
ZnS, ZnO etc.) strongly scatter certain visible wavelengths."®® As
these particles tend to aggregate in an ordered way, the electric
dipoles of aggregated particles approach each other and enhance
the scattering peak via dipole interference (Fig. 18a). Simulation
results indicate that a 6-9 nanoparticle aggregate shows the
most pronounced increase in scatting intensity, or namely
nanosphere-aggregation-induced reflection (NAIR). ZnS particles
were synthesize via a typical precipitation method where thioa-
cetamide is used to precipitate zinc ions under the protection of
poly(4-vinylpyridine) (PVP). The as-formed suspension was then
casted and dried through an infiltration-driven nonequilibrium
colloidal assembly method'®! where locally ordered aggregation
structure is preserved (Fig. 18b and c). Rainbow colors featuring
CMYK were produced by changing the particle size along with
appropriate mixing of particles of different sizes. Rapid inkjet
printing is demonstrated to show the potential of NAIR with its
maximum resolution of 25000 dpi. Further engineering of the
particle refractive index, size and interparticle distance allows for
separation and tuning of the multipole contribution in dielectric
particle scatting (in this case, the electric dipole ED and electric
quadrupole EQ), giving a rarely observed red color. Disordered
ZnO particle aggregates can be obtained via dip-coating, where
the surface coverage and therefore interparticle spacing can be
well controlled."®* Several potential applications of NAIR have
been demonstrated in the field of colored photovoltaic cells,*®
automobile paints,'®® anticounterfeiting®* etc. As a final note for
this section, Mie resonance induced color is only observable for
particles of relatively high refractive index. Low index particles,
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(a) Schematic illustration of gold nanoparticle synthesis and immobilization/deposition on substrate. (b) SEM image of gold nanoparticles

deposited on surface. (c) Schematic configurations, absorption and reflection of various Ag/SiO,/Ag structural color. [Reproduced from ref. 172, with
permission from American Chemical Society, Copyright 2019]. (d) SEM images showing the evolution of electroless deposited copper on substrate
surface. (e) Reflection spectra and (f) color appearance of Cu nanoparticle/SiO,/Cu structural color. [Reproduced from ref. 141, with permission from

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2013].
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(@) Schematic illustration of NAIR and their reflection spectra with various configurations. (b) Simulated reflection spectrum of aggregates

constructed of nine 310 nm dielectric spheres (red dotted line), experimental reflection (green solid line), and dark-field reflection (blue solid line)
spectrum of aggregates constructed of 310 nm ZnS spheres (green solid line). The inset is the digital image of this aggregate and their false colored SEM
image. [Reproduced from ref. 180, with permission from American Chemical Society, Copyright 2020]. (c) Schematic illustration of infiltration-driven
nonequilibrium colloidal assembly and the resulted SEM. Scale bar: 2 um. [Reproduced from ref. 181, with permission from Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim, Copyright 2018].

e.g. SiO,, only produce broad resonance that is hardly visible.
Zhou et al. reported that, after coating with a thin metal cap, the
single particle resonance becomes highly pronounced and the
resulting color strongly correlates with the particle size.'®

With confined space, nano-/micro-particle-derived structural
colors distinguish themselves from self-assembled structural
colors, where colors are produced within one single particle or
particle cluster instead of bulk assemblies. Hence, particle-
derived colors never suffer from assembly uniformity or defects.
Besides, resonance inside particles could be added to other
structural color platforms to produce richer color appearance.
However, note the scattering nature of these colored-particles
would likely lead to a more diffusive color appearance, special
treatment or preparation methods are needed to produce bright
reflective color.

3. Tunability of solution-based
structural color

3.1. Responsive structural color via spatial tuning

3.1.1. Mechanochromic structural color. Mechanical defor-
mation, e.g. strain, compression, bending, or torsion, is the most
direct way to change the spacing of color generating structures,
providing direct readout of a material’s mechanical response.
Materials used in mechanoresponsive structural color must be
able to deform and recover through their dynamic range. Peri-
odic nanostructures or photonic crystals, such as inverse opals,
are effective here when prepared from mechanically robust and
flexible polymers. Wang et al. created a structurally colored
hydrogel patch for wound management capable of releasing
drugs under electrical stimulation"®® (Fig. 19a). The color comes
from the inverse opal structure whose spacing changes under
deformation, providing a colorimetric readout to mechanical

3490 |

perturbation, thereby warning the user against putting too much
strain on a wound. Combining this effect with swelling (as
described in Section 3.1.3), Zhang et al. developed a trilayer
actuator gripper (Fig. 19b) whose open and closed states are
visualized using an incorporated inverse opal hydrogel layer."%”
Consisting of poly(acrylic acid-co-acrylamide) (PAAc-co-AAm) and
poly(N-isopropyl acrylamide) (PNIPAAm) joined by an inverse
opal scaffold, the hydrogel actuates through swelling of either
the PAAc-co-AAm or PNIPAAm layer, which changes the spacing
of the opal and therefore its color. The gripper is green in the
open state and red in the closed state, providing visual feedback
to actuation. Departing from opals, Goodling et al. microstruc-
tured an elastomer surface with repeating domes or wells from
self-assembly of glass particles at an oil-water interface'®®
(Fig. 19c). Both dome-patterned and well-patterned materials
have structural color from the total internal reflection of light
inside the domes and wells. Stretching the pattern changes the
path of the reflected light, thus changing the color. Through the
well-defined optics of photonic structures, any material with
sufficient mechanical robustness can be used to create mechan-
oresponsive structural color.

Strain can also be used to modulate the spacing of structu-
rally colored liquid crystals (LCs). Though liquid crystal-based
structural color is difficult to fabricate into free-standing mate-
rials, several efforts have been made to enable sufficient
robustness for use in mechanoresponsive sensing, such as
supporting the LC films on a more robust polymer, incorporat-
ing them directly into the polymer backbone, or encapsulation
by a more robust polymer. Kim et al. developed a system for
colorimetric pressure readout utilizing a crosslinked copolymer
elastomer incorporating a chiral nematic LC'®® (Fig. 19d). The
LC was allowed to self-assemble and stabilize, and the resulting
film was mounted to a PDMS film that was then mounted to an
air inlet. Under applied air pressure and therefore plane stress,

Mater. Chem. Front., 2024, 8, 3474-3508 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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(a) Schematic diagram of the inverse opal scaffold-based structural color ionic hydrogel patch encapsulating drugs where drug release is

triggered by electrical stimulation. [Reproduced from ref. 186, with permission from American Chemical Society, Copyright 2023]. (b) Schemes of the
bilayer structural color hydrogel with multienvironment survivability. [Reproduced from ref. 187, with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Copyright 2019]. (c) Microwells and domes with structural coloration appearance from total internal reflection. [Reproduced from ref.
188, with permission from American Chemical Society, Copyright 2020]. (d) Programmable structural coloration of membranes based on Poisson effect.
Schematic diagram showing the pixelated structural coloration platform, consisting of a base with air channels, a supporting layer and a structural color
membrane. [Reproduced from ref. 189, with permission from Nature Publishing Group, Copyright 2022]. (e) Reflectance spectra (left) of crosslinked LC
elastomers under tensile strain of 0% (solid line) and 45% (dashed line). Stress—strain curves (right) of the chiral nematic liquid crystal elastomers. (f)
Photographs of the chiral nematic liquid crystal elastomer under applied tensile strains of 0-80% and mechano-optical stability of the chiral nematic
liquid crystal elastomer film during compressive/tensile strain cycles from 0% to 50%. [Reproduced from ref. 190,191, with permission from

Multidisciplinary Digital Publishing Institute, Copyright 2021].

the LC’s pitch changed, thus changing the observed color.
Similarly, Ku et al improved the response, thermal, and
environmental stability of LC-incorporated polymer networks
by introducing noncovalent intermolecular crosslinking via a
cyanobiphenyl derivative capable of m-m and dipole-dipole
interactions.’®”'*! The resulting material exhibited fast
mechanoresponsive optical behavior and recovery under
applied and released tensile strain (Fig. 19e). Thus, the unique
spatial properties of LC structural color can be modulated
through deformation to create mechanoresponsive structural

color (Fig. 19f), provided the LC is supported in a sufficiently
robust material.

3.1.2. Thermochromic structural color. Temperature
responsive structural colors utilize materials that undergo
volume change under thermal transition to change the spacing
of the color structures. Much of the multimodal research
mentioned in this review incorporates thermal response by
using a thermally responsive polymer or initiates thermal
response using light or electrical stimuli. Due to the wide
variety of thermally responsive polymers available, thermally

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 | 3491
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Fig. 20 (a) Schematic diagram of the preparation process, SEM image and reflection spectra of the proposed asymmetric F-P-type cavity for subtractive
structural colors. [Reproduced from ref. 192, with permission from American Chemical Society, Copyright 2022]. (b) Schematic illustration of change in
diameter 2L, thickness of the shell D, refractive index n, and the structural color of SCBs composed of poly(diethylene glycol monomethyl ether
methacrylate)-co-poly(N-phenylacrylamide) (PDegMA—-PNPAM) random copolymer under several stimuli. [Reproduced from ref. 193, with permission
from American Chemical Society, Copyright 2018]. (c) Color tuning of the shape memory polymer-based PhC film through heat. SEM image showing the
morphology change during deformation/recovery cycle along with the corresponding reflection spectra. [Reproduced from ref. 194, with permission
from Royal Society of Chemistry, Copyright 2020]. (d) Illustration of thermal-triggered structural color destruction based on triggering agent-diffusion-
induced irreversible disassembly of liquid colloidal PCs for indicating the time—-temperature history of the vaccine. [Reproduced from ref. 195, with
permission from American Chemical Society, Copyright 2023].
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responsive systems are useful in realizing stimuli-responsive
structural color. Frequently used are LCST polymers like poly(N-
isopropyl acrylamide) (PNIPAAm), which undergoes deswelling
and shrinkage when heated above 32 °C. Thus, PNIPAAm is widely
used in creating thermoresponsive and multimodally responsive
structural color. Liu et al. used PNIPAAm as a dielectric cavity in a
silver/PNIPAAm/tin asymmetric Fabry-Perot cavity to create a
temperature-responsive structural color film.'*> When immersed
into warm water, the cavity shrinks, thus blue-shifting the reflec-
tion dip and observed color (Fig. 20a). This change is reversible
when the film is immersed in cold water. Using a custom
copolymer with tunable LCST, Higashiguchi et al prepared
structural color balloons'®® whose film thickness increases when
swollen below the LCST temperature and decreases when de-
swollen above the LCST temperature (Fig. 20b), thus changing the
path length of the reflected light. LCST polymers are a facile way
of adjusting space in photonic structures; therefore, they are
widely used in thermally responsive structural color.

Thermal transitions can be combined with other unique
material properties, such as freezing point or shape memory, to
trigger structural color changes. Using a thermally-triggered
shape memory transition, Wang et al. created laser-writable
photonic crystal paper using an inverse opal structured shape
memory polymer.’** The paper is held in its compressed, color-
less state due to shape memory until it is written on using an
NIR laser, upon which the shape memory is released and the
photonic crystal is allowed to expand to its native state (Fig. 20c),
which is red. The written color is controlled by the duration of
the writing, with shorter periods resulting in blue-shifted colors.
While heat can be used to recover color in thermoresponsive
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materials, it can be used to destroy color in others. To tackle the
problem of time-temperature history indication during vaccine
cold storage, Huang et al. developed a system where photonic
microcrystal arrays wrapped in glycerol are exposed to a trigger-
ing agent consisting of a frozen aqueous glycol solution.'®> The
glycerol-wrapped photonic crystals are sensitive to glycol concen-
tration, which is controlled by the triggering agent’s melting
temperature (Fig. 20d). Upon melting of the triggering agent, the
glycol mixes irreversibly with the glycerol-wrapped particles,
thereby destroying them and their color. Thermal transitions
can be applied to structurally colored materials in unique ways
outside of using LCST polymer materials.

3.1.3. Solventresponsive structural colors. Solvent-responsive
structural color materials undergo a change to either the volume or
refractive index from solvent infiltration or swelling. The sensitivity
of observed color to film thickness or refractive index can discern
solvents of similar refractive index, especially if certain solvents are
selected for by employing certain chemical moieties found in
swellable polymers. For example, hydrophilic acrylamides are
particularly sensitive to water, while poly(propylene glycol) is easily
swollen by cyclohexanone. For salt response, polyelectrolytes are
employed. To respond to cyclohexanone, Sun et al. fabricated a
cellulose nanocrystal (CNC) film blended with poly(ethylene gly-
col)-poly(propylene glycol)-poly(ethylene glycol) (PEG-PPG-PEG)
copolymers.'®® To prevent water response, hydrophobic hexadecyl-
trimethoxysilane (HDTMS) is grafted on the outside (Fig. 21a).
Cyclohexanone passes through the HDTMS layer and is absorbed
by the PPG blocks, enlarging the distance between CNC layers, and
causing a 107 nm red shift, observable as a blue-to-yellow color
change. Of particular interest is the ability to discern solvents of

Responsive color (e.g.)

Retroreflective
structural color

R

600
A (nm)

700

(a) Schematic illustration for the preparation of hydrophobic CNC nanocomposite films with structural color. [Reproduced from ref. 196, with

permission from American Chemical Society, Copyright 2020]. (b) The color of the egg-waffle film remains angle-independent when the retroreflective
structural color film responds to varied humidity and organic vapors (methanol and ethanol). [Reproduced from ref. 197, with permission from Elsevier
Publishing Group, Copyright 2021]. (c) Ni/PMDS/Al structural color demonstrating a solvent-responsive color change due to the volume change of the
PDMS layer. [Reproduced from ref. 198, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2019].
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similar refractive index, such as methanol and ethanol. Ji et al
created a poly(acrylamide) (PAAm) organogel film capable of dis-
cerning methanol, ethanol, and humidity changes through volume
swelling.'®” The film uses an “egg-waffle” pattern (Fig. 21b),
similar to an opal, to generate structural color from retroreflec-
tion, total internal reflection, and interference. Combining both
swelling and deswelling behavior, Kang et al created a 1-
dimensional photonic crystal from the self-assembly of a hydro-
philic-hydrophobic block copolymer.'®” The hydrophilic layers
are formed from a polyelectrolyte and swell in water depending
on the salt content, thus changing layer thickness, refractive
index, and therefore color (Fig. 9c). Geometric confinement by
the hydrophobic layers force the expansion in the direction of
the photonic crystal’s layer periodicity, thus creating a material
that is extremely and reversibly responsive to salt content. A
unique interpretation of this employs volume change through
cavity dissolution under solvent exposure. Rezaei et al. fabricated
a lithography-free, cheap, single-use sensor from a metal-
insulator-metal Fabry-Perot cavity made from porous nickel/
PDMS/aluminum®®® (Fig. 21c). When immersed in solvent, the
PDMS dissolves and diffuses through the porous Ni layer,
resulting in shrinkage of the PDMS layer and a blue shift in
the reflection spectrum. Rate of diffusion, dissolution, and
therefore sensitivity is controlled by the crosslinker-monomer
ratio in the PDMS layer. Careful choice of polymers and chemical
moieties allows for targeted response to specific solvents or salt
environments, allowing for solvent-responsive structural color.
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3.1.4. pH-responsive structural color. pH-responsive struc-
tural colors change spacing or refractive index in response to
PH changes, thereby providing a visual method of pH monitoring.
PH response is enabled by the chemical structure of the materials
used, often polymers with moieties that change volume when
accepting or donating H', for example, carboxylic acids, pyridines,
amides, or amines. This can cause volume changes and therefore
color changes in photonic structures when incorporated. Xue et al.
developed a pH-responsive inverse opal hydrogel film'® from
poly(acrylic acid) (PAA) capable of changing color from blue to red
as pH increased from 2-7 (Fig. 22a). At pH < 4, the carboxyl
groups of PAA are protonated and the inverse opal pore spacing is
like that of the template (~595 nm). As pH is increased, depro-
tonation of PAA causes the hydrogel to swell, increasing the
spacing to 745 nm at pH 7 and shifting the color from blue to
red. This swelling and color change is recoverable when the film is
returned to a lower pH, with some noted hysteresis. When
incorporated into a cellulose nanocrystal (CNC) system, pH and
electrostatic repulsion can be used to control the spacing of the
crystal. Through controlled oxidation, Yang et al. created CNCs of
pitches between 145-270 nm corresponding to different colors
and incorporated them into a plasticized film with colorimetric
response to vapor pH>% (Fig. 22b). When exposed to basic vapors,
the CNCs are ionized, inducing electrostatic repulsion, and
thereby increasing the pitch size and red shifting the color.
Combining acrylic acids and amino groups, Liao et al. developed
a multimodally responsive photonic crystal film from core-shell
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(a) pH-dependent color change of the 2D inverse opal hydrogel via pH modulated pore spacing. [Reproduced from ref. 199, with permission

from Royal Society of Chemistry, Copyright 2014]. (b) Schematic of the fabrication of oxidized CNC (OxCNC) films by evaporation-induced self-
assembly. PEG/OxCNC composite film undergoes reversible color change upon vapor exposure. [Reproduced from ref. 200, with permission from
Elsevier Publishing Group, Copyright 2019]. (c) Schematic illustration showing the mechanism of pH responsiveness for the films assembled by the
copolymer nanoparticles. [Reproduced from ref. 202, with permission from American Chemical Society, Copyright 2016]. (d) Color and reflection spectra
of the leaf pattern in response to solution with different pH value. [Reproduced from ref. 201, with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Copyright 2019].
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nanoparticles (NPs) coated in poly(acrylamide) (PAAm) and
PAA.””" The refractive index difference between the NP core and
shell creates a periodic photonic crystal that generates color.
Spacing between NP cores increases as the surface carboxyl and
amino groups are deprotonated under increased pH, thereby
inducing swelling and red shifting the observed color (Fig. 22d).
A copolymer with protonatable pyridine moieties were used
by Higashiguchi et al in their structural color balloons,*”
submillimeter-sized capsules whose shells are thin enough to
interfere with light and display structural color. The pyridine
moiety can be protonated in the presence of paratoluene sulfonic
acid (PTSA), upon which the polymer undergoes shrinkage,
thereby decreasing the thickness of the shell and changing the
color (Fig. 22c). There is a wide variety of well-established pH-
responsive chemistry resulting in volume changes, all of which
can be employed in unique ways to impart pH-responsive space
tuning in structural color.

3.1.5. Photochromic structural colors. Light-responsive
structural color occurs when certain wavelengths of light
induce spatial changes in the color-generating structure. This
can be combined with thermal transitions to induce a photo-
thermal effect on a bulk scale; for example, absorption and
conversion of near-infrared (NIR) light to heat can be used
to thermally trigger volume changes in LCST polymers, thereby
changing the spacing within the structure and therefore
the color. This is usually done by incorporating a thermally
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conductive NIR absorber, such as carbon nanotubes (CNTs) or
even candle soot. Xia et al. prepared a NIR-responsive structural
color film by incorporating CNTs into a thermoresponsive
poly(N-isopropyl acrylamide) (PNIPAAm) hydrogel containing
core-shell microgel particles self-assembled into a 3D photonic
crystal*®® (Fig. 23a). The CNTs absorb NIR radiation and
convert it to heat, causing the hydrogel to shrink, thereby
compressing the photonic crystal and blue-shifting the color.
Xiong et al. also utilized the photothermal effect to imbue NIR
solar light response to a thermoresponsive PNIPAAm inverse
opal hydrogel.** A top layer of candle soot was used to improve
NIR absorption and thermal conductivity (Fig. 23d). Under
increased solar intensity, the photothermal effect induced
shrinkage in the PNIPAAm and therefore shrinkage of the
inverse opal. These conditions caused the reflection peak to
shift from 640-460 nm, covering the visible light spectrum
between red and blue. When combined with thermoresponsive
polymers, the photothermal effect can be used to induce
discrete spatial changes in structural color architectures.

On a molecular scale, dyes or chemical moieties that change
shape under irradiation can be used to induce spatial changes
in light-responsive structural color. The cis-trans isomerization
of azobenzene is triggered upon changing between 365 and
450 nm light. Though the trans-isomer is 3.5 A larger than
the cis-isomer, cis-azobenzene occupies a larger volume as the
phenyl rings are not coplanar.”’® Belmonte et al. incorporated
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(a) Scheme of the photonic hydrogel responsive to the NIR light with color and volume variation. [Reproduced from ref. 203, with permission

from American Chemical Society, Copyright 2021]. (b) Scheme, SEM and polarized optical microscopy (POM) images of cholesteric liquid crystalline

(CLC) polymer particles synthesis with various CLC monomer mixing formula.

[Reproduced from ref. 205, with permission from Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim, Copyright 2020]. (c) Model of environmental stimuli (temperature, pH or light) induced longitudinal swelling of the inverse opal
hydrogel sensor. [Reproduced from ref. 206, with permission from Elsevier Publishing Group, Copyright 2018]. (d) Power-free and self-cleaning solar
light detector based on the temperature-sensitive structural color and photothermal effect. [204]. (e) Diselenide-containing shape memory material and
the controlled stress relaxation. [Reproduced from ref. 207, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2020].
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an azobenzene dye into particles of crosslinked chiral nematic
cholesteric liquid crystal (CLC) copolymer®® (Fig. 23b). The
particles contain cholesteric layers arranged in a parallel,
asymmetric configuration; interaction of light with these layers
yields visible color. Cis-trans isomerization causes spatial
changes in the CLC helical direction; elongation long the helical
axis causes the color to red-shift. These particles exhibit spot- and
arc-like reflective color from red to blue, and are independently
light- and temperature responsive. Similarly, Zhao et al. imbued
UV response to a temperature- and pH-responsive inverse opal
structural color hydrogel by incorporating UV-responsive spiro-
pyran into the copolymer.”®® Exposure to UV light causes the
hydrogel’s reflection peak to broaden and red-shift due to spatial
changes affecting the hydrogel’s refractive index caused by the
spiropyran’s response to UV light (Fig. 23c). In its native form,
spiropyrans consist of heterocyclic functional groups in orthogo-
nal planes. Under UV exposure, one of the heterocycles breaks,
thereby changing the volume occupied by the molecule. One
unique strategy to create light-responsive structural color films
uses diselenide metathesis and shape memory properties. By
applying strain, Liu et al induced birefringent transmissive
structural color in a film cast from a diselenide bond-containing
shape memory polymer*®” (Fig. 23e). The films show a strong
yellow color under polarized light. The diselenide bond is broken
under visible light irradiation, thus releasing strain and eliminat-
ing the color. By masking certain areas of the film, it is possible to
create an image, thus showing potential applications in
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counterfeit protection. Light-responsive chemical moieties are a
powerful tool that can induce spatial changes in a bulk material,
thereby allowing for multimodally responsive structural color.
3.1.6. Electrochromic structural colors. Electrically respon-
sive structural colors change color under applied voltage, but
the mechanism of electrical response can take many forms. The
electrothermal effect can be used to induce volume changes in
thermoresponsive polymers, while water splitting can be used
to swell or de-swell hydrogels. Certain oxides, such as those
from tungsten or nickel, undergo refractive index changes
when incorporated into an electrochemical system through
ion adsorption. The variety of mechanisms to induce volume
or refractive index changes under applied voltage allows for
diversity in realizing electrochromic structural color.
Electrochromic volume changes in polymers are often realized
through a combination of responses, e.g. thermal or swelling
responses. Park et al. used water splitting under 4V bias to
impart deswelling in an inverse opal photonic gel fabricated
from a charged polymer on a transparent electrode.>*® Under
deswelling, the color changed from red to green as the photonic
crystal structure was compressed (Fig. 24a). Froyen et al
employed an electrothermal effect to create electrically-
responsive structural color,”™® using a thermally conductive
silver nanowire substrate to heat a cholesteric liquid crystal
(CLC) ink deposited on top (Fig. 24b). Increasing the applied
voltage increases the heat and blue-shifts the observed color,
going from colorless to red to green to blue as the liquid crystal
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(a) Schematic illustration of the longitudinal deswelling of inverse opal photonic gel with voltage bias from the fully swollen state. [Reproduced

from ref. 209, with permission from Elsevier Publishing Group, Copyright 2020]. (b) Schematic representation of the electrochromic structural colored
foil. A flexible, transparent silver nanowire/poly(ethylene terephthalate) (AgNW/PET) heater induces reflection band shifting under electrical stimulation.
[Reproduced from ref. 210, with permission from American Chemical Society, Copyright 2022]. (c) Different color states (applied voltages of 0 V, —0.4 V
and —1 V respectively) of four electrochromic films with various tungsten oxide thicknesses containing the colors of blue, yellow, pink and green.
[Reproduced from ref. 211, with permission from World Scientific, Copyright 2021]. (d) Schematic diagram of the preparation of inverse opal NiO films.
Reflectance of photonic band gap peaks at different potentials of two different NiO films is shown. [Reproduced from ref. 212, with permission from
American Physical Society, Copyright 2021]. (e) Schematic demonstration of WOz PhC under electrochromic on-off states. [Reproduced from ref. 213,
with permission from American Chemical Society, Copyright 2023].
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transition is triggered. By using voltage to trigger volume change
through thermal or swelling mechanisms, significant color change
can be observed in electroresponsive structural color materials.

3.2. Artificial optical properties via refractive index tuning

3.2.1. Electrochromic materials. For materials that cannot
undergo significant volume changes, such as oxides, refractive
index control is used to modulate the observed color. Tungsten
oxide (WO3) or nickel oxide (NiO) are commonly used electro-
chromic oxides due to their reversibly adjustable optical con-
stants and adjustable reflection peak in the visible light regime.
Zhang et al. prepared an asymmetric Fabry-Perot resonator using
sol-gel fabricated WO; as the dielectric cavity atop a metallic
tungsten reflector,>"! which was then used as an electrochromic
electrode in a Li'-containing gel electrolyte system. Under applied
voltage, Li' is inserted into the WO, layer, changing the refractive
index and causing the color to shift from yellow to green between
0 and —1 V (Fig. 24c). Electrochromic oxides can also be employed
in photonic crystal structures and have found use as an
adjustable-index material in opals. Qu et al. fabricated a colored
inverse opal structure’’* from electrochemically-deposited NiO
(Fig. 24d) whose saturation can be varied by introducing an
external potential in an LiCl electrolyte, again through absorption
of Li'. Similarly, Ran et al. designed an opal structure of hollow
Si0, supported by WO;.2"* Since an opal structure’s color is
determined by lattice parameter and refractive index, incorpora-
tion of index-tunable WO; allows for electroresponsive color
change (Fig. 24e). Under applied voltage and in the presence of
Li", the resulting film’s reflection peaks could shift by 30-90 nm
with obvious color change, allowing for a voltage-driven writing/
erasing process with potential applications in display technology.
Electroresponsive oxides are unique in that they are not polymer
materials but capable of stimuli-responsive structural color
through changes in refractive index rather than volume, demon-
strating the diversity in strategies towards realizing electrorespon-
sive structural color.

3.2.2. Dye-doped dielectrics. The incorporation of lossy
inorganic dielectrics has been investigated in the past for
structural color generation.”'***' Due to the non-negligible
imaginary part of the RI, an ultra-thin dielectric layer is good
enough to produce decent coloration and angle-independent
color*"170222224 que to the relatively high real part of the
refractive index. Modification of the absorber layer refractive
index could also be achieved with careful design of a combi-
nation of two ultra-thin dielectrics as a meta-layer;*>>?*® how-
ever, fine-tuning the spectrum of an optically thick dielectric
layer is very challenging due to limitations from conventional
deposition methods and the intrinsic broad absorption band of
the dielectric material. Compared to lossy inorganics, organic
dyes usually show a much narrower absorption band, which
allows local fine-tuning of the absorptive property within a
specific spectrum range (i.e. within the dye absorption range).
Besides, as a small molecule, its solubility in various solvents
could be easily determined by proper chemical modification.

We chose three dye molecules—rhodamine 6G (R6G), bril-
liant green (BG), and methylene blue (MB)—due to their good

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 |
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solubility in both water and ethanol as well as their compat-
ibility with the dielectric precursors tetraethyl orthosilicate
(TEOS) and titanium(wv) tetraisopropoxide (TTIP). As shown in
Fig. 25a, the three dyes show a narrow absorption peak with
~100-150 nm bandwidth at three different wavelengths.
Hence, local modification of the refractive index becomes
possible with a dye-doped dielectric layer (dD). The dD layer
can be deposited using a typical dip-coating method. Herein,
we chose TiO, as the matrix material since it has a different real
part of the refractive index than that of the dye.**” Fig. 25b gives
the experimentally determined refractive index of the coated dD
layer from 1 wt% dye dissolved in the TiO, precursor solution.
A quick comparison between the dyes’ absorption spectra peaks
and the imaginary part k of the coated dielectric reveals that
the absorptive features of dyes have been integrated into the
dielectric refractive index (Fig. 25b and c). The real part of the
refractive index n also shows a distinctive anomalous dispersion
feature due to the Kramers-Kronig relation®*® (K-K relation)
between n and k. Further combination of the dye molecules leads
to more complex refractive index behavior (Fig. 25d and e),
where the refractive index starts to oscillate across the spectrum
due to the absorption of dyes at different wavelengths. The
magnitude of the imaginary part of the RI can also be tuned
by the dye concentration in the precursor solution. A continuous
change of the imaginary refractive index has been shown in
Fig. 25d with increasing R6G concentration.

TiO, precursor solution with 1 wt% R6G or MB was dip-
coated onto a silver layer coated substrate followed by another
15 nm silver layer deposited on top of the TiO, layer, resulting
in a typical metal-dD-metal (M-dD-M) structure. Silver is
chosen as both the top and bottom metal layer to maximize
the lightness due to its low optical loss, and absorption in the
structure is primarily governed by the dyes doped in the
dielectric layer. Compared to undoped dip-coated TiO, sam-
ples, the samples doped with either R6G or BG/MB show much
lower reflectivity when cavity resonance wavelength matches
the dye-absorbing wavelength (Fig. 26a-c), giving a high con-
trast in the reflection spectra. The off-resonance wavelengths
are only slightly affected as the dielectric layer is almost lossless
in those wavelength regions. Hence, the overall reduction of
lightness is mitigated compared to the un-doped samples
because the absorptive property is only introduced near the
resonance wavelength. Moreover, as the dyes boost their
absorption efficiency inside the resonance cavity, the color
chromaticity has been greatly improved as well (Fig. 26d-f).
We can therefore expect that, with minimum amount of dye
molecules inside the cavity, such an approach could benefit the
coloring industry with its the environmental impact by redu-
cing the use of dyes.**’

3.2.3. Ultralow index dielectrics. Structural color from
multilayered stacks (Bragg stacks or F-P cavities) often show
color iridescence, i.e. the color changes with viewing angle.
A closer look at the Bragg’s law?***>*! indicates stronger angle
dependency on the resonance wavelength when the refractive
index of the cavity medium is lower. To push the dielectric
refractive index to the limit, an aerogel film is adopted, which
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(a) UV-Vis absorption spectra of rhodamine 6G (R6G), brilliant green (BG) and methylene blue (MB). (b)-(e) Extracted refractive index of dye-

doped TiO,, with 1 wt% total dye content dissolved in the precursor solution: (b) R6G, (c) MB, (d) BG + MB, and (e) R6G + BG. (f) Refractive index of R6G
doped TiO; layer, with R6G concentration varying from 0.02 wt% to 5 wt% in the precursor solution.

possesses a refractive index barely above 1, making it an ideal
candidate for super-iridescent structural color fabrication. Aero-
gel, as the name indicates, is a highly porous structure with most
of the space filled with air. The air volume occupancy is typically
around 95%-99% but could go even higher to 99.98%.

For the first time, we introduce SiO, aerogel as an ultra-low
refractive index dielectric to the F-P cavity and demonstrate its
super-iridescent color performance. The preparation of SiO,

aerogel follows the logic of sol-gel chemistry®*>"**> and uses a

weak base (i.e. ammonia) to catalyze the condensation reac-
tions. The TEOS molecules form small SiO, nanoparticles, and
further undergo agglomeration once the nanoparticles reach a
critical size. As more SiO, nanoparticles join, a SiO, framework
forms and transforms the precursor solution into a porous gel.
For the air void to form without collapsing the framework,>*®
we incorporated a volatile solvent (e.g. hexane) to enhance the
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rate of solvent removal during spin-coating. SiO, aerogels with
different refractive indexes are prepared with different TEOS
concentrations. The resulting refractive index varies from 1.07
to 1.23 (Fig. 27a) with the increasing amount of TEOS being
added. The low refractive index variation can be attributed to
the porosity difference within the sample (Fig. 27b). The
obtained tri-layer MDM structural color consists of 15nm Al/
SiO, aerogel/Si and shows a very iridescent color (Fig. 27¢) upon
angle variation. Reflection spectra have been measured from
oblique incident angles from 0° to 60° with 15° interval. As
shown in Fig. 27d, significant blue shifts in the resonance
wavelength were observed under increased viewing angle from
normal. A change in the visual appearance is more drastic with
the lowest refractive index (n = 1.07) aerogel, where color travels
almost a closed trajectory on the CIE color space (Fig. 27¢) upon
angle variation. Such color iridescence is staggering where all
three secondary colors (cyan, magenta, yellow) are reached
within 60° angle variation. The possibility of substituting the
air void with other medium like ethanol or toluene has also
been explored where a high-order resonance can be obtained
along with a dramatic color change (Fig. 27f). The entire
process is fully reversible with the removal of solvent and thus
provides new insight into designing solvent/vapor-based colori-
metric sensors.

3.2.4. Effective medium. As described in 2.4.1, immobiliza-
tion of plasmonic nanoparticles gives unique colors compared
to bulk thin metal films. We showed that gold nanoparticle
deposition density can be controlled by immersion time in
nanoparticle solution. As observed in Fig. 28a, the surface
coverage of nanoparticles increases with extended deposition
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time and finally plateaus after 6 hours. Fig. 28b reveals an
increase in the imaginary part of the refractive index of the
nanoparticle layer with increasing nanoparticle density. One
could argue from the SEM image (Fig. 28a) that the gold
nanoparticles along with its surrounding air matrix forms an
effective composite layer. A further growth of the nanoparticle
seed layer with HAuCl, and NH,OH (as described at the end of
2.4.1) changes the fill fraction of the metal particles and hence
the effective refractive index. Compared to the refractive index
of the pristine gold nanoparticle layer (Fig. 28b), we notice an
increase in both the real and imaginary part of the refractive
index (Fig. 28c) in the longer wavelength regime (>500 nm),
owing to the growth of the gold domains resembling the optical
property of bulk gold.

A three-layer particle/dielectric/metal structure with various
dielectric layer thicknesses were fabricated from dip-coating of
SiO, on Si substrate followed by gold nanoparticle immobiliza-
tion. Prominent reflection peaks appear (Fig. 29a) when the
SiO, layer is thick (>100 nm), while interestingly, a broadband
absorber is seen when the layer is thin (<80 nm), matching
with the transfer-matrix method (TMM) simulation (Fig. 29b)
using the effective refractive index of the gold nanoparticle
layer. Various colors are therefore produced (Fig. 29c). Mao
et al.*®® has provided a detailed explanation of such spectrum
behavior where the disordered nanoparticles serve as a broad-
band absorber and the absorptive decay rate is equally parti-
tioned into each wavelength.”*” No resonance mode is built up
when the dielectric layer is thin (i.e. broadband absorber), while
in a thicker dielectric layer, a mismatch shows up between the
absorption decay rates and the radiation decay rates at the
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(a) Spin-coated aerogels with different refractive indices by changing TEOS concentration. (b) Cross-section SEM image of aerogels with a

refractive index of 1.07, 1.14 and 1.23 (from left to right). (c) Photos, (d) angle-resolved reflection spectra, and (e) corresponding CIE diagram of 15 nm Al/
Aerogel (n = 1.07)/Si film at various angles showing a large color change. (f) Reflection spectra of 15 nm Al/Aerogel (n = 1.07)/Si immersed in solvents (i.e.

ethanol and toluene) and upon solvent removal.
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and (b) corresponding refractive index. Scale bar: 500 nm. (c) Measured refractive index of the top gold nanoparticle layer with various growth time.

resonance wavelength, leading to a strong reflection peak. The
non-continuous particulate metal layer thus enables new ways
of tuning the optical property of broadband lossy dielectric
across the visible spectrum.

4. Summary and future outlook

4.1. Merits of solution-processed structural color

Overall, solution-processed structural color offers a cost-effective,
scalable, and flexible approach to generating color through nano-
scale manipulation of light. The simplicity and cost-effectiveness
of solution processing methods, such as self-assembly, dip-
coating, spray coating, electrochemical and electrostatic-based
deposition, enable large-scale production, making it economically
viable for applications like displays and sensors. Many of these
approaches also allow for easy integration with flexible substrates,
facilitating the development of bendable and stretchable devices.
Additionally, the potential for energy efficiency makes solution-
processed structural color versatile in design and environmentally
friendly. Table 1 presents a comparison of commonly employed
methods for structural color coating. Each method offers a niche

application regarding material choice, achievable film thickness
and application scenarios.

Moreover, solution-processed structural colors stand out
for their exceptional tunability in responding to external sti-
muli and altering optical properties, which would be challen-
ging to achieve through vacuum-deposited materials. A range of
solution-processable materials is employed to tune the size,
refractive index, and spacing in producing the structural colors.
Polymers undergoing volume changes in response to strain,
temperature, or solvent swelling, at the bulk and macromole-
cular scale, can be integrated into photonic crystals or Fabry-
Perot cavities, altering their spacing and resulting color. At the
molecular and atomic scale, polymers and sol-gel oxides
responsive to light, electricity, or pH can modulate their volume
or refractive index, affecting the optical path length within
incorporated photonic structures. Solution methods also facil-
itate the effortless mixing and formulation of material compo-
nents, offering versatility in creating and modulating effective
refractive index properties. The artificial synthesis of optical
materials, in turn, imparts distinctive color perceptions,
thereby enhancing the appeal for decorations, sensing, and
anti-counterfeiting, amongst other applications.
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Table 1 A comparison of solution-based structural color fabrication methods

Unit film
Methods Material choice thickness  Advantage Disadvantage
Self-assembly Polymers, colloids >10° nm  Facile, scalable Low-throughput, non-uniform
Layer-by-layer coating (LbL) Polyelectrolytes ~10° nm  Conformal, precise Very low-throughput
thickness control
Dip coating Polymers, particles, dielectrics 10'-10> nm Facile, scalable, no pre-syntheis Edge effect, non-conformal

Spin coating Polymers, particles, dielectrics

10'-10> nm

Facile, rapid Edge effect, non-conformal, non-

scalable

Spray coating Particles, polymers >10> nm Facile, rapid, scalable, conformal Nozzle clogging

Electroless deposition (ELD) Metals >10° nm  Facile, rapid, scalable, conformal Require fresh solution

Electrodeposition (ED) Metals, dielectrics >10° nm  Facile, rapid, scalable, conformal Require conductive substrate,
secondary reaction possible

Electrophoretic deposition (EPD) Charged particles Depend on Facile, conformal Require conductive substrate

particle size

4.2. Future perspectives

Solution processes leverage solution chemistry to enable
versatile and facile material and photonic structure design.
Compared to mature vacuum-based deposition technology,
solution-processed methods for fabricating structural color still
encounter significant challenges before achieving commercial
viability: (1) color uniformity over large area. Solution process,
being a bottom-up fabrication method, faces limitations in
achieving uniformity across the entire film. Molecules or
nano-/micro-particles cannot perceive the global environment
outside their entirety. This can result in non-uniformity or
defects at the macro-scale, such as edge effects. Rigorous
engineering control is essential to maintain a consistent
micro-environment across the substrate. (2) Encapsulation.
Structural color films produced through solution processing
tend to be less compact and more fragile, making them prone
to scratching and environmental damage. While their suscepti-
bility to environmental changes makes them suitable for sensor
applications, it also compromises color stability when consis-
tent color perception is required. Therefore, applying a protec-
tive layer atop the colored film becomes crucial to prevent
external molecule infiltration and mitigate scratching. Com-
mon strategies involve additional coating layers of materials
like acrylic polymer or hard dielectrics such as ZrO, onto the
colored structure. (3) Compatibility. Ensuring compatibility
between each layer coating in terms of structure and recipe is
paramount in solution-processed structures. Materials with
different properties, such as metals and dielectrics, must not
only adhere closely to each other without inducing excessive
internal stress but also remain intact under various fabrication
conditions. Further research efforts are necessary to develop
reliable and compatible coating recipes for future advance-
ments in this field. Hence, we emphasize the significance of
future interdisciplinary research, with ample opportunity for
collaboration between the chemistry, nanofabrication, materi-
als science, and photonics communities.

Engineering novel optical materials through solution-based
synthesis remains an emerging area of research. Similar to doping
dye into dielectrics, active components like fluorescent molecules
can also be doped into the dielectric and further incorporated into
resonant cavities. Potential applications in the field of emissive

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3474-3508 |

large voltage and pre-synthesis

devices, sensors and even lasers could be possible. On the other
hand, solution-synthesized particles can have various shapes such
as  nanorods,’®” 1?8?3239 nanodisks'®?1%*"  and  even
nanopolyhedrons and components with absorption/reso-
nance wavelength varying across the visible spectrum. A careful
study and control on nanoparticle geometry, arrangements, order
could further revolutionize the field of optical metasurface or
metamaterial fabrication, where large scale production and cost-
effective devices could be made possible.
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