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ABSTRACT: Electrically responsive photonic crystals, capable of transforming
crystal structures and changing intrinsic structural colors in response to external
electrical energies, can serve as optically active components for promising
technological applications. Unfortunately, the deformation of inverse opal
photonic crystals generally weakens the structural stability and leads to poor
color tuning repeatability, while most color-tunable colloidal photonic crystals
suffer from low color saturation as a result of small refractive index difference
between the colloids and matrices. Inspired by cephalopod skins, nanometer-sized
hollow silica sphere/poly(3,4-ethylenedioxythiophene)—polystyrene sulfonate
photonic crystals are self-assembled using a scalable coating technique. The as-
engineered photonic crystals exhibit a conspicuous structural color that is tunable
on demand by applying varied voltages. Importantly, their appearance and
expanded crystalline lattice can be maintained without any electric field under
ambient conditions and simultaneously recovered by applying an oxidation potential. The reversibility and the dependence of hollow
sphere size and thickness on electrochromic behaviors are also investigated in this study.

KEYWORDS: cephalopod skins, hollow spheres, photonic crystals, self-assembly, reversibility

B INTRODUCTION colloidal suspensions.'”~"® Charged monodisperse colloids
are spontaneously organized into photonic structures owing to
the electrostatic repulsions among the colloids. Upon
introducing an electric field, the charged colloids tend to

Photonic crystals, materials with a periodic variation in the
refractive index, possess an energy gap to forbid the
propagation of electromagnetic waves with a certain energy."”

The photonic band gap materials thereby reflect incident light move toward the oppositely charged electrode, and thus their
within narrow bands of wavelengths, making them a fecund intercolloid distances decrease along a single direction near this
test-bed for manipulating light flow. In contrast to the visual electrode. As a result, the compression of the colloidal lattice
appearance of common colorants, such as pigments and dyes, triggered by the electrokinetic forces leads to a blue shift of its
the nonbleachable structural colors arising from Bragg optical photonic band gap and a corresponding color change. The
diffraction can be tuned throughout the entire visible spectrum optimized reflection wavelength shift can therefore be
by adjusting the spatial arrangement and effective refractive determined by varying the electric field intensity. Nevertheless,
index of photonic crystals. To tune the structural colors on the reflection intensity falls seriously under a high voltage,
demand, diverse stimuli-responsive mechanisms are coupled resulting from the absence of long-range lattice periodicity."”*’
with the photonic structures to convert external stimuli into For that reason, the electrophoretic force-induced colloidal

optical responses either permanently or reversibly.’ ™ Among
these stimuli, the electrical stimulus has drawn plenty of
interest due to its low operational current/voltage, high
electrical tunability, and rapid response time. Accordingly,
electrically responsive photonic crystals can be a promising
candidate for various practical applications, including displays, A
anticounterfeiting materials, army camouflage, security devices, Received:  September 16, 2022
optical filters, chemical/biological sensors, and interactive Accepted:  September 22, 2022 1
wearable devices.” ™ Published: October 7, 2022
Given such flamboyant potential applications, electro-
phoretic forces have been adopted to modify the photonic
band gaps of crystalline colloidal arrays in concentrated

arrays suffer from incomplete photonic band gaps and low
optical saturation performances. Other common drawbacks
concern their inevitable hysteresis and low cycle rates,
. o S 21
restricting their implementation in real applications.
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To tackle these challenges, a variety of electrically responsive
polymers accompanied by appropriate conductive electrolytes
have been extensively exploited to develop color-tunable
photonic crystals, which are triggered by reversible reduc-
tion/oxidation processes.n_25 External electrical stimuli, such
as electric field, can be applied to induce localized charge
variations on the active moieties of polymer chains by changing
their oxidation states. To minimize electrostatic repulsions
between the ionized moieties, the polymer chains undergo
structural reorganizations, and hence electrolyte molecules are
driven into the polymeric matrix to neutralize their charges. In
addition to a change of effective refractive index, the process
brings about a larger crystalline lattice spacing and a shift of the
photonic band gap as well. Although these electrically
responsive colloidal photonic crystals present reversible and
stable color changes with high response speeds, only low
reflection intensities are allowed due to the small refractive
index contrasts between colloids and polymers.”® In addition,
restricted by the intrinsic cross-linking degree and porosity of
the polymeric matrix, the color transform range is confined. By
contrast, inverse opal photonic crystals express less resistance
against anisotropic expansion/contraction of the photonic
lattice, thereby delivering a color transform across the entire
visible spectrum.”” In spite of that, the deformation of inverse
opal photonic crystals weakens the structure stability and leads
to poor color tuning repeatability. Moreover, their color
saturations are not significantly enhanced in view of the small
refractive index contrasts between electrolytes and polymers.
Alternatively, electrically responsive hydrogels are presented
and progosed to improve the cyclic stability in repeated
usage.”*”” The inverse opal hydrogels exhibit switchable colors
in the visible region in response to external electrical stimuli.
Unfortunately, the system possesses a pH gradient perpendic-
ular to the electrode, generating a nonuniform volume change
of the macroporous hydrogel.’® Different regions of the
hydrogel therefore feature different colors, accompanied by a
very long switching time. As a consequence, electrochromic
photonic crystals allowing fast, uniform, and reversible color
tuning over a wide range with low voltages remain an unmet
yet urgent need.

Over more than 400 million years of natural selection, living
organisms have evolved diverse features and favorable lifestyles
to adapt to their current environments. For instance, banded
demoiselles, jewel beetles, gold beetles, blue morpho
butterflies, Madagascan sunset moths, and orchid bees have
brought forward a wide variety of photonic structures to reflect
incident light.*"*> Body colorations allow the insects to
provide camouflage against predators on the hunt, warn
predators of toxicity, increase visibility to potential mates, or
create a dynamic form of information. Some specific
cephalopods, as the most intelligent invertebrate, can even
tune structural colors across the entire visible spectrum
without the loss of color fidelity.”*~** The adaptive coloration
is enabled by modulating the geometry and extracellular
spacing of Bragg stack hollow architectures within dermal
iridophores in their soft and fixable skins. The next generation
of electrically responsive color-changing materials can benefit
from the lessons through using nanometer-sized hollow
particles to fabricate photonic crystals.

Apart from that, large-scale manufacturing of photonic
crystals still remains a technical challenge. In spite of the fact
that a large variety of lithography-based technologies have been
developed to overcome the challenge, the methodologies are

restricted to complex operating processes, hi%h operating costs,
and requirements for sophistical equipment.”® Compared with
the top-down approaches, spontaneous crystallization of
monodisperse nanometer-sized colloids renders a relatively
simple and inexpensive strategy to self-assemble large-scale
photonic crystals. Unfortunately, most of the current bottom-
up approaches, including magnetic/electric-field-assisted as-
sembly, physical confinement, capillary-force-induced self-
assembly, and gravitational sedimentation, are time-consuming
and only favorable for laboratory-scale production.””*® To
address the scale-up challenge, a roll-to-roll compatible shear-
force-induced assembly technique has recently been developed
to doctor-blade-coat three-dimensional colloidal crystals over
large areas.”” On account of its high-throughput coating rate,
low coating material wastage, and wide range of coating
materials, this approach can be suitable for industrial-scale
mass production. In the following, the doctor-blade coating
technique is utilized to self-assemble electrochromic photonic
films composed of close-packed nanometer-sized hollow
spherical colloids embedded in electrically responsive poly-
meric matrices inspired by the iridophore structure of
cephalopods. The structural color of the as-designed photonic
crystals has high color saturation, and the color can be real-
time altered on demand by applying required voltages. The
novel electrochromic photonic crystals are easily scalable,
highly reversible, and mechanically robust, realizing perceivable
monitoring by legible optical signals.

B EXPERIMERTAL SECTION

Materials. The chemicals employed to synthesize silica
hollow spheres, including styrene monomers (99%) (Thermo
Fisher Scientific Co.), sodium dodecyl sulfate (>97%) (Merck
KGaA Co., Germany), potassium persulfate (>99%) (Thermo
Fisher Scientific Co.), absolute ethanol (>99%) (ECHO
Chemical Co., Ltd., Taiwan), tetraethyl orthosilicate (>98%)
(Merck KGaA Co., Germany), and ammonium hydroxide
(>28%) (Thermo Fisher Scientific Co.) are used as received,
except styrene monomers. The styrene monomers are purified
by distillation under vacuum before use. Deionized water with
a resistivity of >18.4 MQ cm is obtained from a Milli-Q IQ
7003 ultrapure water system (Merck KGaA Co., Germany).
Commercial poly(3,4-ethylenedioxythiophene)-poly-
(styrenesulfonate) aqueous solution (PEDOT:PSS, 1.3 wt %,
conductive grade) (Merck KGaA Co. Germany), lithium
perchlorate (>99%) (Merck KGaA Co. Germany), and
propylene carbonate (>99%) (Merck KGaA Co., Germany)
are of reagent grade and used without any purification.

Preparation of Silica Hollow Sphere Suspensions.
Silica hollow spheres with tunable size and thickness are
prepared using spherical polystyrene particles as templates.*>*!
First, monodisperse polystyrene spheres are synthesized via an
emulsion polymerization method.*” Droplets of the purified
styrene monomer are emulsified with anionic sodium dodecyl
sulfate in deionized water, in which negatively charged
emulsions repel each other electrostatically from coagulating.
The polymerization of the styrene monomer is carried out by
adding potassium persulfate as an initiator at 80 °C under a
nitrogen atmosphere. After 24 h, the resulting polystyrene
spheres are washed with absolute ethanol thrice by repeating
dispersion/centrifugation cycles to eliminate any undesired
chemicals and byproducts, where the rotational speed is set at
8000 rpm. Thereafter, the purified polystyrene spheres are
coated with silica through a modified Stéber method.*** In
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Figure 1. Schematic for the fabrication of a silica hollow sphere/PEDOT:PSS photonic crystal-based electrochromic device.
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Figure 2. Silica hollow sphere/PEDOT:PSS photonic crystals fabricated by the doctor-blade coating technique. (a) Photographic image of the
photonic crystals composed of close-packed 240 nm silica hollow spheres embedded in a PEDOT:PSS matrix. (b) Top-view SEM image, (c) cross-
sectional SEM image, and (d) magnified cross-sectional SEM image of the sample in (a).

the sol—gel process, polystyrene spheres are dispersed in a
mixture of tetraethyl orthosilicate, absolute ethanol, and
deionized water under vigorous stirring, followed by rapidly
injecting ammonium hydroxide into the mixture. The reaction
is performed with a constant stirring speed of 500 rpm at SO
°C for 12 h. The as-synthesized polystyrene core/silica shell
spheres are cleansed with absolute ethanol for another three
dispersion/centrifugation cycles and then calcined at 550 °C in
a furnace for 4 h. The polystyrene cores are with a thermal
decomposition temperature ranging from 500 to 600 °C,
suggesting that the templates cannot be completely removed
under lower calcination temperatures.”>*® By contrast, the as-
fabricated silica hollow spheres are collapsed and even cannot
remain mainly intact under higher calcination temperatures,
resulting from the increase of Young’s modulus. Finally, silica
hollow spheres are collected and redispersed in a commercial

15857

poly(3,4-ethylenedioxythiophene) —polystyrene sulfonate (PE-
DOT:PSS) solution.

Fabrication of an Electrically Responsive Photonic
Crystal-Based Electrochromic Device. Silica hollow
sphere/PEDOT:PSS photonic crystals are created by doctor-
blade-coating the as-prepared silica colloidal suspension onto
an indium tin oxide (ITO)-coated glass slide (Ruilong
Optoelectronics Co., Ltd., Taiwan), which has been coated
with a PEDOT:PSS wetting layer. The coating speed is
maintained at 4 mm/min using a PFA-2010 automatic film
applicator (Proyes International Co., Taiwan). In the coating
procedure, a doctor blade is utilized to uniformly spread the
suspension and to offer a unidirectional shear force for aligning
the silica hollow spheres. The self-assembled composite is then
solidified by complete evaporation of residual water at 40 °C
for 3 h in a conventional oven. Afterward, a gel electrolyte

https://doi.org/10.1021/acsanm.2c03931
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Figure 3. Color change of an electrochromic device composed of the 240 nm silica hollow sphere/PEDOT:PSS photonic crystals. Sequential
images of the photonic crystals show the expression of varied voltages, (a) 0.0 V, (b) —0.3 V, (c) —=0.7 V, and (d) —1.0 V, into visible color
changes. (e) Normal-incidence reflection spectra of the photonic crystals under varied voltages. (f) Reflection peak position shift of the photonic

crystals versus the applied voltage.

(lithium perchlorate/propylene carbonate = 1:100 by weight)
is brush-coated on the photonic crystals, followed by placing
another ITO coating glass on the top to build an electro-
chromic device."” For the device, a 25 um Surlyn hot-melt
sealing spacer (The Dow Chemical Co.) is adopted to ensure
perfect confinement of the electrolyte after hot press
lamination. The electrical actuation of the photonic crystals
is enabled by a DPS-10005 DC power supply (Hila
International Inc., Taiwan).

Characterizations. Digital photographs of the photonic
crystals and the electrochromic device are obtained with a
Canon SX720 camera (Canon Inc., Japan). Surface morphol-
ogies of the specimens are determined using a JEOL 6335F
scanning electron microscope (JEOL Ltd., Japan) after sputter-
coating with platinum. Normal-incidence reflection spectra of
the specimens are acquired by an Ocean Optics HR4000 fiber-
coupled UV—vis—NIR spectrometer equipped with an Ocean
Optics DT-MINI-2 power source and recorded through Ocean
Optics Spectroscopy Software (Ocean Optics Inc.).

15858

B RESULTS AND DISCUSSION

Inspired by the natural responsive photonic crystals of
cephalopods, electrically responsive silica hollow sphere/
PEDOT:PSS photonic crystals are engineered in a scalable
doctor-blade coating process (Figure 1). First, monodisperse
silica hollow spheres with a diameter of 240 nm and an average
wall thickness of 18 nm are fabricated and dispersed in a
commercial PEDOT:PSS solution, where the volume ratio of
silica spheres to PEDOT:PSS copolymer is adjusted to 74:26
(Figure S1). The as-prepared suspension is then deposited and
doctor-blade-coated onto an ITO-coated glass, during which
the blade renders one-dimensional shear force for aligning the
silica hollow spheres. The shear-induced colloidal crystalliza-
tion is attributed to the shear-thinning behavior of the silica
sphere dispersion.”*” As a critical shear rate is reached, silica
hollow spheres are arranged into layers and glided over each
other to reduce their relative viscosity. This further leads to the
formation of close-packed colloidal crystals. It is also worth
noting that the thickness of doctor-blade-coated photonic
crystals is dependent on the rheological properties of

https://doi.org/10.1021/acsanm.2c03931
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Figure 4. Illustration of the concept of cephalopod-inspired color
change enabled by electrically responsive photonic crystals. Reversible
reflection peak position shift of the electrically responsive photonic
crystals between the oxidized state (blue squares) and the reduced
state (—1.0 V; red squares) for 100 cycles.

dispersion, the coating speed, the gap size, and the wetting
behavior of the substrate.””>" After evaporation of any residual
water, the self-assembled silica hollow spheres are embedded in

a PEDOT:PSS matrix, which is eventually applied to assemble
an electrochromic device.

The resulting 240 nm silica hollow sphere/PEDOT:PSS
photonic crystals display a uniform cyan color under white
light illumination (Figure 2a). Although a few point vacancies
can be found, long-range close-packed silica hollow spheres
surrounded by THE PEDOT:PSS matrix are apparent (Figure
2b—d). This sticking color originates from Bragg’s diffraction
of incident light from the three-dimensional hexagonal
crystalline lattice. The crystalline structure and the correspond-
ing optical performance are further evaluated using a fiber-
coupled UV—vis—NIR spectrometer. It is noticeable that the
measured normal-incidence reflection peak position (499 nm)
agrees well with the theoretical one (498 nm) estimated
according to Bragg’s equation

A

peak = 2 X (g X f+n

X f;ilica +
) X d X sin 90°

air silica NPEDOT:PSS

X JeEpOT PSS
where n,, f,, and d denote the refractive index, volume fraction,
and lattice spacing, respectively (Figure $2).>* The remarkable
agreement once again demonstrates the highly crystalline
quality of the doctor-blade-coated photonic crystals. Impor-
tantly, in comparison to silica solid sphere/polymer
composites, a larger refractive index difference between
Msilica hollow sphere (117) and MPEDOT:PSS (15) leads to a hlgher
reflection intensity.”

To characterize electrochromic characteristics of silica
hollow sphere/PEDOT:PSS photonic crystals, the as-engi-
neered photonic crystals are coated with a transparent lithium
perchlorate/propylene carbonate electrolyte and then con-
nected to a DC power supply. As would be expected, the
corresponding structural color rapidly turns green due to
electrolyte swelling (Figure 3a). Electrolyte influx into the
PEDOT:PSS copolymer matrix creates an expansion in the
crystal lattice and hence leads to a color change. Importantly,
the lattice increase takes place primarily perpendicular to the

(b) 0.3V

Figure 5. Photographic images of the 240 nm silica hollow sphere/PEDOT:PSS photonic crystals after withdrawing from the devices for 24 h.
Varied voltages, (a) 0.0 V, (b) —0.3 V, (c) —0.7 V, and (d) —1.0 V, are applied on the devices.
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Figure 6. Color change of an electrochromic device composed of the 280 nm silica hollow sphere/PEDOT:PSS photonic crystals. Sequential
images of the photonic crystals show the expression of varied voltages, (a) 0.0 V, (b) —0.3 V, (c) —=0.7 V, and (d) —1.0 V, into visible color
changes. (e) Normal-incidence reflection spectra of the photonic crystals under varied voltages. (f) Reflection peak position shift of the photonic

crystals versus the applied voltage.

glass substrate on account of the covalent anchoring of the
copolymer.”* Once reduction potentials are applied, electrons
are driven into the photonic crystals, while lithium cations
accompanied by the electrolyte penetrate into the copolymer
matrix to neutralize its negative charge buildup. Further
electrolyte swelling pushes apart the silica hollow sphere layers,
increasing the interlayer lattice spacing (d) and hence red-
shifting the resulting band gap position. As a result, the
structural color can be easily changed between green (0 V),
yellow (—0.3 V), orange (—0.7 V), and red (—1.0 V) by
applying various voltages (Figure 3a—d). Importantly, the
photonic crystals exhibit uniform colors with high color
saturation. Even though unpatterned PEDOT:PSS copolymer
films (~10 gm in thickness) are light blue in different electric
fields, their low reflectances (~5%) cannot significantly affect
the appearances of silica hollow sphere/PEDOT:PSS photonic
crystals (Figure S2a). To further comprehend the color
changes, normal-incidence reflection spectra of the photonic
crystals under varied voltages are compared in Figure 3e. It is
worth mentioning that the color change is completed within 1

15860

s after application of a particular voltage, and yet, the spectra
are recorded after maintaining the applied voltage for 2 min to
ensure that the system reaches an equilibrium. Clearly, the
reflection peak incrementally red-shifts when the voltage is
gradually varied from 0 to —1.0 V. Although the reflection is
slightly reduced due to medium refractive index matching, its
intensity can be improved by increasing the silica hollow
sphere layers of the photonic crystals. Interestingly, the
thickness expansion of the PEDOT:PSS copolymer film is
proportional to the voltages on electrolyte swelling (Figure
S2b). Owing to the effective refractive index of the photonic
crystals almost keeping consistent as the electrolyte influx into
the copolymer matrix, the reflection peak position shift is in a
nearly linear relationship with the applied voltage (Figure 3f).
Notwithstanding the fact that the wavelength shift remains
unchanged under an even higher voltage, the ultimate range of
dynamic electrochromic tunability can be determined through
controlling the interlayer lattice spacing of photonic crystals.
The coloration and patterning on cephalopod skins can be
converted on demand to provide a unique camouflage

https://doi.org/10.1021/acsanm.2c03931
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Figure 7. Photographic images of the 280 nm silica hollow sphere/PEDOT:PSS photonic crystals after withdrawing from the devices for 24 h.
Varied voltages, (a) 0.0 V, (b) —0.3V, (c) —=0.7 V, and (d) —1.0 V, are applied on the devices. (¢) Reversible reflection peak position shift of the
electrically responsive photonic crystals between the oxidized state (blue squares) and the reduced state (—1.0 V; red squares) for 100 cycles.

capability. Such an extraordinary feature is enabled by
repeatedly alternating the geometries and extracellular spaces
of innervated protein layers. Similarly, electrochemically driven
PEDOT:PSS copolymer matrix swelling and shrinking actively
mediate the interlayer lattice spacing of the photonic crystals
(Figure 4). The process runs in reverse once applying an
oxidation potential, during which electrons and the electrolyte
are drawn out of the matrix. Consequently, the photonic
crystals recover their original crystalline lattice and intrinsic
color. As recognized, the reflection peak position of the
recovered photonic crystals matches well with that of the initial
one, disclosing that the original lattice spacing is fully
recovered. The cycling stability of the electrically responsive
photonic crystals is assessed as well in this study. It is found
that the reflection peak position reversibly shifts between 563
and 623 nm after each voltage application for a series of 100
reduction/oxidation cycles without any failure. Importantly,
the electrically responsive photonic crystals can keep their
temporary structures even without any electric field under
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ambient conditions. Thanks to the low vapor pressure of the
electrolyte, the photonic crystals are capable of maintaining
their striking colors for at least 24 h after withdrawing from the
devices (Figure 5).> It is worth noting that the structural color
can be preserved, while the reflectance is decreased by less
than 5% after 100 reduction/oxidation cycles (Figure S4). The
highly reversible and stable electrochromism for a wide range
of colors is even comparable with most electrochromic
materials.*® >

The accessible color tuning range of the electrically
responsive photonic crystals majorly depends on the starting
particle size. To gain a better understanding, 280 nm silica
hollow spheres with an average wall thickness of 15 nm are
produced and employed to engineer silica hollow sphere/
PEDOT:PSS photonic crystals (Figure SS). The as-fabricated
photonic crystals display a brilliant green color with high color
saturation, which is derived from Bragg’s diffraction of visible
light by the three-dimensionally close-packed silica hollow
spheres (Figure S6). The highly ordered crystalline lattice is
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further evidenced via a great consistency between its reflection
peak position (567 nm) and a theoretical one (566 nm)
(Figure S7). As mentioned above, the structural color turns to
scarlet and then gradually to red upon applying reduction
potentials as a result of electrolyte swelling (Figure 6a—d).
Anticipatedly, the thickness expansion of the PEDOT:PSS
matrix is proportional to the voltages. The corresponding
normal-incidence reflection peak position therefore shifts
linearly from 660 to 727 nm with the applied voltage (Figure
6e,f). Manifestly, this red shift (67 nm) is larger than that (55
nm) of the 240 nm silica hollow sphere/PEDOT:PSS photonic
crystals, indicating that larger silica hollow spheres can bring
about larger red shifts. This finding further implies that it is
valid to develop a full-color display by appropriately selecting
the sphere size and thickness. It is noteworthy that the
expanded interlayer lattice spacings and the related structural
colors are well preserved after disconnecting a power supply
for more than 24 h (Figure 7a—d). Its original interlayer lattice
spacing can then be fully recovered in a few seconds by
applying an oxidation potential to pull out the electrolyte. As
demonstrated, the lattice spacing and the resulting reflection
peak position can be reversibly switched for 100 cycles on
demand (Figure 7e). Compared with macroporous photonic
crystals, hollow sphere-based photonic crystals exhibit greater
mechanical properties, which is critical for developing
electrochromic displays.

B CONCLUSIONS

By drawing inspiration from cephalopod skins, we develop a
roll-to-roll compatible doctor-blade coating technique to self-
assemble electrically responsive photonic crystals, wherein
close-packed nanometer-sized silica hollow spheres are
embedded in an electrically responsive copolymer matrix.
Upon applying varied voltages, the interlayer lattice spacing of
the photonic crystals can be altered on demand as the
innervated protein layers within the cephalopod skin do. In
comparison with fragile macroporous photonic crystals, the
swelling of nanometer-sized hollow sphere-based photonic
crystals with a nonvolatile electrolyte enables reversible color
shifts for more than 100 cycles and even maintains a high color
saturation under ambient conditions after disconnecting a
power supply. Importantly, the introduction of larger silica
hollow spheres can bring about larger color shifts, indicating
that it is valid to develop a full-color display by appropriately
selecting the sphere size and thickness. Such cephalopod-
inspired electrochromic photonic crystals are promising for
many optical applications.
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