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ABSTRACT: Surfactants are extensively used as detergents, dispersants, and
emulsifiers. Thus, wastewater containing high-concentration surfactants discharged
to the environment pose a serious threat to the ecosystem. Unfortunately,
conventional detection methods for surfactants suffer from the use of sophisticated
instruments and cannot perform detections for various surfactants by a single
analysis. The article reports the development of simple and sensitive surfactant
detection using doctor-blade-coated three-dimensional curved macroporous
photonic crystals on a cylindrical rod. The photonic crystals exhibit different
hydrophobicities at various angular positions after surface modification. The
penetration of aqueous surfactant solutions in the interconnected macropores causes
red-shift as well as reduction in amplitude in the optical stop bands, resulting in
surfactant detection with visible readout. The correlation between the surface
tension, as well as the solution-infiltrated angular position, and the concentration of

aqueous surfactant solutions has also been investigated in this study.
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1. INTRODUCTION

Surfactants, consisting of both hydrophilic and lipophilic
moieties, are compounds that reduce the interfacial tension
between two phases, making them widely used in household,
industrial, agricultural, and pharmaceutical products as diverse
as detergents, dispersants, emulsifiers, petroleum products,
pesticides, and cosmetics.' > Recently, concerns about
ecotoxicity of surfactants arise from extensive usage of
surfactants and the resulting effects caused by their disposal
to the environment, which seriously inhibit the growth of
aquatic organisms and inevitably pose risks to various aspects of
the ecosystem.” In addition, bioaccumulation of surfactants
through food chains and potable water arouses reduction in the
activity of various enzymes in the human body, resulting in
pathological changes.”® To address the environmental issues
and reduce the increasing chemosensory irritations in humans,
it is imperative to regulate and monitor the concentration of
surfactants discharged to sewage and aquatic environment.’
Therefore, there is an urgent demand for rapid and convenient
analysis of surfactant concentrations.

To date, several methods have been developed for the
analysis of surfactants, such as gas and liquid chromatography,
refractometric analysis, capillary electrophoresis, charged
aerosol analysis, light-scattering measurement, mass spectrom-
etry, and fluorescence techniques.””'* However, most of the
existing technologies have serious issues, such as low sensitivity,
high cost and sophisticated instrumentation, and time-
consuming analysis, making them difficult for rapid detection.”®
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Moreover, typical approaches cannot be used to detect different
types of surfactants in a single analysis.'® Therefore, it is highly
desired to develop a universal methodology, rendering it
suitable for surfactant detection when pursuing exploratory
research.

Photonic crystals (also called photonic band gap materials)
consist of periodic dielectric structures with gaps for electro-
magnetic waves.'”'® Exemplified by blue Morpho butterfly wing
scales, three-dimensional photonic crystals are readily available
for exploring interesting ideas and materials through adjustable
colors in the past few decades.'””® Through the variation of
optical characteristics, including wavelength shift of photonic
band gaps as well as the Fabry—Perot fringes of diffractive
media, the concentration of chemicals can be deduced.*'™**
The photonic crystal-based chemical sensors exhibit several
advantages over other sensing methods in immunity to
electromagnetic interface, portability, short response time,
online monitoring capability, and stability.”**” Mould-shaping
technologies have been widely applied to pattern photonic
crystals.”® Unfortunately, the most rigid moulds at nanometer-
scale dimensions are brittle and expensive to prepare, whereas
the feature sizes of elastomeric moulds are limited to
submicrometer-scale dimensions.”” Additionally, the method-
ology is only capable of developing photonic crystals with a few
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structural layer thickness and required to generate new moulds
for different patterns.’® Recently, the preparation of photonic
crystals using top-down or bottom-up approaches has been
demonstrated. For instance, spherical colloids dispersed in a
monomer crystallize into non-close-packed face-centered cubic
configurations spontaneously under the influence of van der
Waals attractions and electrostatic interactions between
colloids.”** This method, in comparison with traditional
lithography-based fabrication technologies, provides a conven-
ient and low-cost approach for creating photonic crystals.”' >
Nevertheless, the existing techniques of self-assembled colloidal
methodologies, including gravity sedimentation, dip-coating,
spin-coating, capillary force-induced self-assembly, evaporation-
induced convective assembly, and electric-field-assisted self-
assembly, exhibit technical incompatibility with mature micro-
fabrication and are merely feasible for laboratory-scale
fabrication.”*~*

For scaling up production, a roll-to-roll doctor-blade-coating
technology via unidirectional shear aligning colloidal suspen-
sions has recently been developed to produce highly ordered
colloidal crystal—polymer composites. After selectively remov-
ing colloidal crystals in the composite, the resulting three-
dimensional macroporous polymeric photonic crystals display
uniform diffractive colors.*"** Unfortunately, the developments
of photonic crystal-based sensors are significantly impeded by
the inferior chemical adsorption abilities, and thus, the
sensitivity of surfactant sensing is restricted.” Although distinct
chemical indicators are applied to offer different responding
properties in the photonic crystals, most of the displacement
assays are time-consuming, relatively complex, and merely used
once or for a short period of time.***’

In view of the inherent hydrophobicity of air, porous
structures composed of a high volume of entrapped air can be
manipulated to alter the surface wettability. Inspired by lotus
leaves, the surface hydrophobicity of macroporous photonic
crystals can be adjusted through different reactive ion etching
durations, followed by a surface functionalization treat-
ment.*”*” Tt is worth mentioning that surfactants lower the
surface tension of aqueous solutions through disturbing the
arranged configurations of water molecules at the interface as
well as diminishing the attraction between them. Therefore, an
increase in the surfactant concentration of an aqueous solution
lowers surface tension of the surfactant solution until the
critical micelle concentration is reached.”™* As surfactants
saturate liquid—solid interfaces, the surfactants reduce inter-
facial tension of the solutions and facilitate adhesion of the
solutions to solid substrates, resulting in lower contact angles or
penetration of the solutions into hydrophobic porous
substrates.”” In other words, aqueous surfactant solutions
with higher surfactant concentrations can spontaneously
penetrate into porous media with higher hydrophobicity.

Owing to the intrinsic surface activity of surfactants, a novel
technique that allows effective surfactant sensing using doctor-
blade-coated curved macroporous photonic crystals, which
exhibit different hydrophobicities at various angular positions,
has been developed. The aqueous surfactant solutions with
different surfactant concentrations infiltrate the macroporous
photonic crystals with different hydrophobicities, causing a
relatively high effective refractive index of diffractive media. The
resultant infiltration therefore leads to color changes at different
angular positions. Most importantly, the as-prepared surfactant
detectors featuring a highly visible readout are portable,
inexpensive, fast responsive, and suitable for various surfactants.

2. EXPERIMENTAL SECTION

2.1. Materials and Substrates. Reagents and solvents for
preparing silica microspheres, including tetraethyl orthosilicate
(TEOS), ammonium hydroxide (NH,OH), and absolute ethanol,
were provided by Sigma-Aldrich. Deionized water (18.2 MQ cm) was
obtained by a water purification system (Millipore). UV-curable
ethoxylated trimethylolpropane triacrylate (ETPTA) monomer and
photoinitiator, 2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur
1173), were obtained from Sartomer and Ciba-Geigy, respectively.
(Tridecafluoro-1,1,2,2,tetrahydrooctyl)-trichlorosilane employed as a
modifier was received from Alfa Aesar. The surfactants, sodium
dodecyl sulfate (SDS, 99%) and cetyltrimethylammonium bromide
(CTAB, 99%), used in the study were acquired commercially from
Sigma-Aldrich. All reagents were used without further purification.
Polyacrylate cylindrical rods (2 cm in diameter and 1 cm in diameter,
Bridgeacry Corporation) were used as coating substrates, which were
washed repeatedly with water and then dried at ambient temperature
before use.

2.2. Preparation of Silica Colloidal Suspensions. Silica
microspheres with 255 nm in diameter were prepared based on the
Stober method.”' In the synthesis process, TEOS was hydrolyzed to
form silica microspheres in a mixture of absolute ethanol, deionized
water, and NH,OH at 25 °C for 24 h. The resulting silica
microspheres were purified using absolute ethanol via cyclic
centrifugation—redispersion procedures to remove impurities (ie.,
NH,OH, deionized water, and residual TEOS). After purification,
silica microspheres (7.4 mL) were then dispersed in UV-curable
ETPTA monomer (2.6 mL) with 1 vol % photoinitiator to reach a
silica microsphere volume of 74 vol % using a Thermolyne vortex
mixer. After filtering through a S ym syringe membrane for removing
silica microsphere agglomeration, the transparent silica colloidal
suspensions were preserved in an uncovered container for 12 h to
evaporate ethanol.

2.3. Fabrication of Curved Colloidal Crystals. Three-dimen-
sional curved silica colloidal crystals were fabricated by a scalable
doctor-blade-coating technology. In the assembly procedure, a doctor
blade was posed vertically on a polyacrylate cylindrical rod. The as-
prepared silica colloidal suspension was distributed along a single
sidewall of the blade onto the cylindrical rod. The rod was then rolled
at a pre-set speed to move the colloidal suspension across the gap
between the blade and the rod, while the blade could spread the
suspension uniformly on the rod and offer a one-dimensional shear
force to align the silica colloids that pass through the gap between the
blade and the rod. After coating, ETPTA was photopolymerized
rapidly to create a curved silica colloidal crystal—polymer composite by
exposure to ultraviolet radiation using 40 W UV lamp. In the doctor-
blade-coating procedure, various colloidal sizes ranging from 200 to
560 nm can be used to develop silica colloidal crystal—polymer
composites.41

2.4. Preparation of Curved Macroporous Photonic Crystals.
A reactive ion etcher operating at 40 mTorr, 40 sccm of argon, and 40
W was employed to etch the polymer matrix for partially exhibiting the
embedded top-layer silica microspheres. To create macroporous
photonic crystals, the embedded silica colloid crystals were then
eliminated through dropping a 1 vol % hydrogen fluoride aqueous
solution on the composite for 20 s, followed by cleaning it in absolute
ethanol. The above-mentioned protocols were repeated for several
cycles until the cylindrical rod became transparent in ethanol.

2.5. Surface Modification of Curved Macroporous Photonic
Crystals. The hydrophobicity of the macroporous photonic crystals
could be improved through surface functionalizing with fluorinated
silane through chemical vapor deposition. The cylindrical rod was put
into an oven, on the bottom of which was dispensed an uncovered
beaker within a relatively low volume of (tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-trichlorosilane. Subsequently, the oven was heated
up to 120 °C to evaporate the fluorinated silane. After 2 h, the rod was
moved to another clean sealed chamber and pumped to volatilize the
unreacted fluorinated silane molecules absorbed on the surface.
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Figure 1. Schematic illustration of the experimental procedures for preparing curved macroporous photonic crystals with different hydrophobicities.

2.6. Characterization. Field-emission scanning electron micros-
copy (FESEM) (JEOL 633SF) was performed. Reflection spectra
perpendicular to curved macroporous photonic crystal surfaces were
collected by a high-resolution fiber-optic UV—visible—near-infrared
(NIR) spectrometer (Ocean Optics HR4000) with Ocean Optics DT-
MINI-2-B as a light source. The spectra were recorded using Ocean
Optics Spectra Suite Spectroscopy Software in the wavelength ranging
from 300 to 800 nm, and the cone angle of collection was smaller than
5°. Absolute reflectivity was collected as the ratio of the specimen
spectrum over a reference spectrum from an aluminum-coated silicon
wafer. A sessile drop-shape analysis system (KRUSS G10) with the
DropSnake imaging system was employed to acquire static water
contact angles (SWCAs) of the specimens. Using an autopipetting
system, a drop of 10 uL deionized water was dispensed onto the
specimen surface. After raising the micropipette tip, an image of the
water drop was taken. An analysis of each image results in a left and
right contact angle. This process was repeated seven times on different
regions for each specimen, producing 14 angle measurements per
specimen. The average of these measurements was reported as the
SWCA. The image of the specimen was recorded by a digital camera
(Nikon COOLPIX L810).

3. RESULTS AND DISCUSSION

The scheme of the experimental protocol for preparing curved
macroporous photonic crystals with different hydrophobicities
is presented in Figure 1. Three-dimensional curved silica
colloidal crystal—polymer composites are assembled on the
surface of polyacrylate cylindrical rods by a doctor-blade-
coating technique, which aligns concentrated silica colloidal
suspensions. This technology allows scalable fabrication of
hexagonally ordered close-packed colloidal crystals with a large-
scale domain.”” The doctor-blade-coated curved colloidal
crystal—polymer composite is then transferred to a reactive
ion etcher and etched by applying argon plasma etching to
release the top-layer silica microspheres. Because of the high
selectivity of plasma etching between silica and ETPTA
polymer under above reactive ion etching conditions, the
long-range arrangement of silica microspheres can be well-
retained.’ The templating silica microspheres are then wet-
etched using hydrofluoric acid aqueous solution to fabricate
curved macroporous photonic crystals on cylindrical rods. The
resulting macroporous photonic crystals are finally function-
alized by exposure to a vapor of (tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-trichlorosilane with low surface energy to
improve the surface hydrophobicity. The silane coupling agents
are hydrolyzed with moisture to result in reactive silanolic
hydroxyl groups and further condense with other fluorinated
silanes on the surface of macroporous photonic crystals.””

A top-view SEM image of the doctor-blade-coated curved
macroporous photonic crystals templated from 255 nm silica
microspheres is displayed in Figure 2a. The crystalline ordering
of air cavities is evident, indicating that the polymer matrix does

not collapse during the wet etching treatment. In comparison

Figure 2. (a) Top-view SEM image of curved macroporous photonic
crystals templated from 255 nm silica microspheres. (b—h) Top-view
SEM images of the curved macroporous photonic crystals fabricated
by plasma etching a silica colloidal crystal—polymer composite for 1
min, followed by selective removal of the templating silica micro-
spheres at (b) 0°, (c) 15°, (d) 30°, (e) 45°, (f) 60° (g) 75° and (h)
90°.
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Figure 3. (a) Photograph of curved macroporous photonic crystals templated from 255 nm silica microspheres after a 1 min plasma-etching
treatment. (b) Reflection spectra obtained from unetched curved macroporous photonic crystals and the curved macroporous photonic crystals after

a plasma etching treatment at various angular positions.

with that, the surface morphologies of the plasma-etched
curved macroporous photonic crystals at various angular
positions are shown in Figure 2b—h. The macroporous
photonic crystals are prepared by argon plasma etching a
doctor-blade-coated curved composite at 40 mTorr, 40 sccm of
argon, and 40 W for 1 min, followed by wet etching the
templated 255 nm silica microspheres. The voids are
interconnected through smaller pores that appear owing to
the touching sites of silica microspheres in the doctor-blade-
coated composite, conforming that the hexagonal ordering of
close-packed silica colloidal crystals are confined in the polymer
matrix. Some smaller pores blocked by the ETPTA polymer
form primarily owing to the existence of silica microspheres
with extreme sizes. As shown in Figure S1, it is also evident that
the top hemisphere of top-layer silica microspheres can almost
be exposed after argon plasma etching for 1 min at 0°, resulting
in an average void size of 236 =+ 4 nm (Figure 2b), which is
comparable with the diameter of templating silica microspheres.
Interestingly, the top-layer void size of the plasma-etched
curved macroporous photonic crystals decreases as the angular
position increases from 0° to 90°. Besides, the void size of the
etched curved photonic crystal at 90° (Figure 2h) is
approximately equal to that of unetched curved photonic
crystals. It is worth noting that argon plasma proceeding in a
vertical direction enables the implementation of anisotropic
etching. In this system, argon gas is used for physically
bombarding the composite, and the etching rate of the polymer
matrix is proportional to the projected surface area
perpendicular to the etching direction (Figure 1).>* Therefore,
the etching rate decreases with increasing angular position, and
consequently, the void size gradually changes with different
angular positions (Figure S2).

A photograph of the plasma-etched curved macroporous
photonic crystals templated from 255 nm silica microspheres is
displayed in Figure 3a. The curved macroporous photonic
crystals exhibit a striking blue color illumined with white light,
derived from Bragg diffraction of incident visible light from
long-range hexagonal ordering of air cavities. This indicates that
large-scale curved macroporous photonic crystals with three-
dimensional crystalline arrays of pores can be created. To
further comprehend the optical properties of the plasma-etched
curved macroporous photonic crystals, a UV—vis—NIR

26336

spectrometer is used to evaluate the optical reflection spectra
perpendicular to the surface of curved macroporous photonic
crystals at various angular positions. As shown in Figure 3b, the
diffraction peak of unetched curved macroporous photonic
crystals is located at 458 nm with high reflection amplitude,
resulting from the high refractive index in contrast to the
polymer matrix and air cavities. The position of the diffraction
peak can be theoretically estimated using Bragg’s law™"

j’pea.k = Zneffd sin @

where n.; is the effective refractive index of the medium, d
denotes the interlayer spacing, and sin @ equals to 1 at normal
incidence. The calculated diffraction peak position as presented
by the incident arrow is located at 460 nm, agreeing well with
the experimental result. Compared with that, the shifts of the
peak position for the plasma-etched curved macroporous
photonic crystals are less than 1 nm at various angular
positions, disclosing that the high crystalline quality of air
cavities is not affected by top-layer void size after plasma
etching treatments. This further demonstrates that the curved
macroporous photonic crystals with different top-layer void
sizes at various angular positions can be obtained. In addition,
curved macroporous photonic crystals can be doctor-blade
coated on the surfaces of cylindrical rods with different
diameters. Figure S3 presents an image and reflection spectrum
of coated curved macroporous photonic crystals templated
from 255 nm silica microspheres on a rod with diameter of 1
cm. The blue color and diffraction peak position of the as-
prepared photonic crystals are apparently similar to that as
shown in Figure 3.

The surface of the plasma-etched curved macroporous
photonic crystals can be functionalized with fluorosilane
through silane coupling reaction to improve the surface
hydrophobicity. As displayed in Figure 4a, the SWCA on
surface-modified curved macroporous photonic crystals without
plasma etching treatment is 123 & 3°. In comparison with that,
an SWCA of 151 + 2° on surface-modified plasma-etched
curved macroporous photonic crystals can be achieved at 0°
(Figure 4b). Additionally, it is found that the SWCA becomes
smaller when the angular position increases (Figure 4b—h), and
the SWCA reaches 124 + 2° at 90° which is close to the
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Figure 4. (a) Water drop profile on fluorosilane-modified curved
macroporous photonic crystals templated from 255 nm silica
microspheres. (b—h) Water drop profiles on fluorosilane-modified
curved macroporous photonic crystals after a 1 min plasma-etching
treatment at (b) 0°, (c) 15°, (d) 30°, (e) 45°, (f) 60°, (g) 75°, and (h)
90°.

measured SWCA on surface-modified unetched curved macro-
porous photonic crystals.

The surface-modified curved macroporous photonic crystal
surfaces retain shining blue color when water drops wet the
surfaces consisting of polymer and entrapped air. The observed
incomplete wetting is therefore quantitatively explained using
Cassie’s model

cos@ =fcos@— (1-f)

where 0’ is the SWCA on a rough surface, 6 is the intrinsic
SWCA on a flat surface, and f is the area fraction of the polymer
matrix in direct contact with a water droplet. The solid
projected area fraction value, f, can be estimated by applying a
trigonometric calculation as

fo1 o[RS
23R}
where R, is the radius of top-layer voids determined by
averaging 100 voids in the SEM images of Figure 2 and R; is the
radius of the templating 255 nm silica microspheres. As
summarized in Figure Sa, the void size decreases with the
increase of the angular position, whereas the solid projected
area fraction (f) value increases with the angular position. The
calculated water contact angles using Cassie’s model are
compared with the acquired SWCAs in Figure Sb. It is
apparent that the tendencies of calculated results and
experimental data are similar, indicating that the entrapped
air between functionalized polymer matrixes can prevent water
drops from penetrating into the top-layer voids, and the
Cassie’s model is therefore valid for the as-created macroporous
photonic crystals.

It is evident that curved macroporous photonic crystals with
different surface hydrophobicities at various angular positions
can be fabricated by the scalable doctor-blade-coating method-
ology. This unique combination provides a platform for sensing
chemicals with different surface tensions. This study further
evaluates the sensing characteristics by depositing 10 uL
aqueous solution drops with different concentrations of SDS,
which is a common anionic surfactant present in cleaning and
hygiene products, onto the sample surface. As shown in Figure
S4, the surface tension changes significantly with the
concentration of the SDS. Upon introducing SDS into an
aqueous solution, the surfactant partitions into the surface,
reducing the surface tension by lowering the energy of the
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Figure S. (a) Dependence of the void size and the corresponding projected area fraction on the angular position of curved macroporous photonic
crystals after a 1 min plasma etching treatment. (b) Experimental and calculated SWCAs of the fluorosilane-modified curved macroporous photonic

crystals at various angular positions.
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surface. Subsequently, when the surface coverage by SDS
increases, the surface tension decreases until the concentration
reaches 0.5 wt %. Any further increase of SDS concentration
does not affect the surface tension of the aqueous solution.
Importantly, a clear tendency of the solution-infiltrated angular
position with the concentration of SDS is observed (Figure 6).
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Figure 6. Dependence of the surface tension and the solution-
infiltrated angular position on the concentration of aqueous SDS
solutions.

The addition of a surfactant reduces the surface tension of an
aqueous solution, allowing the solution to penetrate hydro-
phobic porous media. By comparing the experimental results, it
is evident that a lower surface tension is associated with a
smaller angular position. This suggests that the aqueous
solution with higher surfactant concentration can infiltrate the
angular position of macroporous photonic crystals with higher
hydrophobicity. The methodology provides a detection range
between 0.01 and 1 wt %, which covers the surfactant
concentrations present in most industrial wastewater and
municipal sewer discharges.” However, even though the
detection range is compared fairly with previously reported
detection technologies, it is not surprising that the minimum
quantification limit of the photonic crystal-sensing materials for
surfactants is less sensitive to the detection limits of other
detection methods.*~'*%°%*

A demonstration to verify the designed concepts is
performed in Figure 7a. As a proof-of-concept, three drops of
aqueous solution containing 0.2 wt % SDS are deposited onto
the surface of fluorosilane-modified curved macroporous
photonic crystals at 0°, 20°, and 40°. The formation of a
spherical droplet at 0° (left droplet) and a hemispherical
droplet at 20° (middle droplet) can be observed. In addition,
the macroporous photonic crystals underneath the droplets
display a shining blue color. In comparison with that, the
solution penetrates the substrate right after a droplet of solution
contacts the curved macroporous photonic crystals at 40° (right
droplet). The filling of air cavities by an aqueous solution leads
to a relatively high effective refractive index and a relatively
small refractive index contrast of the medium. This further
causes a red shift in the Bragg diffraction peak and decreased
reflection amplitude (Figure 7b). The macroporous photonic
crystals therefore exhibit a Kelly green color, caused by Bragg
diffraction of incident white light, at 40°. Therefore, the use of
curve macroporous photonic crystals provides instant visible
readout during surfactant sensing. More importantly, the center
of Kelly green spot can be located to determine the belonging
angular position even if the solution droplet will span several
angles. It is worth mentioning that the optical characteristics of
the photonic crystals can be completely recovered after rinsing
with ethanol and can thus be reused for surfactant detection.

For further understanding of surfactant detection capability,
the as-fabricated curve macroporous photonic crystals are
applied to detect aqueous solutions containing different
concentrations of CTAB, a commonly used cationic surfactant,
or hybrid surfactants (a 1:1 mixture of SDS with CTAB). In
comparison with Figure 6, the results in Figures S5 and S6
reveal that the responses of CTAB detection and hybrid
surfactants detection are similar with that of SDS detection.
Although sensing performances of different surfactants cannot
be distinguished, different types of surfactants can be detected
by using the surface-modified curve macroporous photonic
crystals.

4. CONCLUSIONS

In summary, a convenient and scalable doctor-blade-coating
technology for fabricated three-dimensional curved macro-
porous photonic crystals with different hydrophobicities at
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Figure 7. (a) Photograph of aqueous SDS solution (0.2 wt %) drops on fluorosilane-modified curved macroporous photonic crystals. (b) Normal
incidence specular reflection spectra obtained from fluorosilane-modified curved macroporous photonic crystals and the sample that has been

infiltrated with an aqueous SDS solution (0.2 wt %).
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various angular positions is developed. An aqueous solution
with higher surfactant concentration can penetrate the curved
macroporous photonic crystals with higher hydrophobicity,
leading to a color change at a smaller angular position. The as-
fabricated photonic crystals not only offer an instant visible
readout but also show promising sensitivity for aqueous
solutions containing low concentration surfactants. It is
believed that the methodology provides a platform for
preparing portable chemical detectors for a variety of
surfactants, which are promising for monitoring the concen-
tration of surfactants released to environment.
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