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ABSTRACT: Angle-independent structural colors are prepared by membrane
separation-assisted assembly (MSAA) method with modified reduced graphene oxide
(rGO) as the substrate membrane. We show that the wrinkled and crumpled rGO

laminates not only ensure uneven morphology of colloidal film but improve color
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saturation by decreasing coherent scattering. In addition, we study the influence of
stopband position on thermal insulation property of the colloidal film for the first time.
High absolute temperature difference of 6.9 °C is achieved comparing with control
sample. And films with longer stopband positions indicate better thermal insulation
performance because of inherent slow photon effect in photonic structure. This general
principle of thermal insulation by colloidal films opens the way to new generation of

thermal management materials.

Structural colors, originating from interactions between periodical materials and light
have received considerable attention due to their ability in controlling and manipulating
light propagation.!-? Especially, amorphous colloidal particle arrays can also generate
the photonic band gap,>> which allow them to have constructive interference of
scattered light and angle-independent behavior, thus presenting various applications in
textile, paints, display and printing.®!° Up to now, much efforts have been done for the
construction of angle-independent structural colors, such as spray-coating of colloidal
latex,'!-13 fabrication of spherical colloidal crystal beads!'* and improving refractive
index of microspheres.'>-'® Among them, making best of colloidal structures with short-
range orders is of particular interest owing to its simplicity and scalability. In this
respect, Song and Wang demonstrated an ultra-fast fabrication of large-scale colloidal
photonic crystals via spray-coating method.!” Ge et. al investigated the influence of
constructive interference and Rayleigh scattering on formation of angle-independent

2
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structural colors.!!- 18 More recently, Takeoka’s group reported a layer-by-layer method
for bio-inspired bright structurally colored colloidal amorphous arrays by controlling
thickness and black background.!® Despite significant achievements having been made
in the preparation of amorphous structures, unmet challenges still remain. For instance,
on one hand, the scalable methods that enabling structural colors forming in a fast and
low-cost fashion. Another is how to take advantage of their stopbands, developing more
new profound applications. In most cases, due to the evaporation-induced assembly that
occurs at the liquid/air interface, the assembly progresses are time-consuming and
insufficient for large-scale production. And the arising of transverse tensile stress from
the capillary force could induce shrinkage of the colloidal film against a rigid substrate,
along with cracks and poor structural colors.?’-?! Also, the brightness of most
amorphous structures are severely decreased with the addition of light absorbers.?>23
Thus, this motivates us to develop a new strategy for facilely producing amorphous

structures with improved color saturation without sacrificing their brightness.

Recently, passive cooling technology with its ability in manipulating heat dissipations
in a controllable fashion has been widely studied in indoor and outdoor thermal
management.?*2¢ In nature, the similar structures could be found in creatures such as
elytra of longhorn beetles and the blue skin of the mandrill.?’-?® These structures result
skin surface temperatures to be decreased via their thermal management performance,
and then allow the creatures to be adapted to a hot environment. Although some

researchers have made progress in developing body thermoregulators through the
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matching of thermal emitter and the atmospheric transparency window or using well-
designed nanoporous textiles to promote effective radiative cooling.?*-3! However, the
utilizing of unique photonic structures to the best affection of outdoor thermal

management is still in infancy and not yet fully explored.

Herein, inspired by this unique phenomenon, we developed a new kind of amorphous
photonic structure representation of angle-independent structural colors by a membrane
separation-assisted assembly (MSAA) strategy. Not only this method for construction
of structural colors is uninvestigated, but also we applied the as-prepared structural
color film to out-door thermal management applications for the first time, which is
essential for personal cooling and energy saving. Reduced graphene oxide-sulfopropyl
methacrylate potassium salt (rGO-SPM) substrate may greatly decrease the transverse
tensile stress across the colloidal film. The resulting colloidal films are flexible and
have uniform morphologies with improved structural colors. Nanoscale wrinkles and
wave-like ripples on rGO-SPM caused by in-plane defects endow colloidal particles
with amorphous arrangements. More importantly, the dark color rGO-SPM brought
about during the reduction progress results in a decrease in coherent light scattering and
reduction of light reflection from the substrate. That sharply improved color saturation
of the colloidal film. By combining the synergetic effect of constructive scattering and
slow photon, a maximal reduction of 6.9 °C was achieved when exposing to sun
radiation. This finding opens a new pathway for fabrication of amorphous colloidal

structures with the construction of personal thermal management by structural colors.
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RESULTS AND DISCUSSION

Different from evaporation induced self-assembly of traditional structural colors, our
strategy adopts MSAA method to fabricate uniform structural colors. We present here
an easy-to-perform and versatile method enabling colloidal film forming onto a robust
membrane. That is, we initially synthesized sulfonated rGO by using sulfopropyl
methacrylate potassium salt (SPM) grafting onto rGO via in situ free radical
polymerization (Figure la, Figure S1 and S2). Then, in a typical run, rGO-SPM
nanosheets were assembled into separation layer on a porous mixed cellulose ester
(MCE) filter (Figure S11). Straight after, the colloidal film formation is done by
vacuum filtering of dilute monodisperse colloidal poly(styrene- methyl methacrylate-
acrylic acid) (poly(St-MMA-AA)) suspension (0.1-5 wt%, 3-5 mL) through an rGO-
SPM membrane, followed by air drying and peeling off from the filter (Figure S12).
This progress takes less than 2 minutes, comparing with traditional evaporation-
induced colloidal film-forming processes (typically several hours for wvertical
deposition).3334 Figure 1b and 1c¢ present the schematic comparison of MSAA process
and conventional evaporation-induced colloidal film-forming progress. The
construction of conventional structural colors is highly dependent on colloid
evaporating on rigid substrates and the assembly process mostly takes place at the
liquid/air interfaces. When the environment temperature and concentration of colloids
are low, it will affect film forming time, and even result in uneven crack assembly.

Thus, this traditional method is time consuming and not easily scaled up because
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dehydration of colloids is more difficult (Figure 1b).33-36 Alternatively, by MSAA
method, we facilely remove water from colloidal latex by using rGO-SPM as the
substrate membrane under vacuum condition (Figure 1c¢). This MSAA method can
greatly decrease film-forming time and the occurrence of cracks. Also, the soft and
wrinkle-like rGO-SPM structure may greatly break the outward capillary flow,

allowing consecutive and symmetrical colloidal film forming.

vacuum

-

On rigid substrate  Evaporation-induce assembly  Cracked & Dull color

.
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Assembly (MSAA)
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On porous substrate

Figure 1. (a) Schematic illustration of the fabrication of rGO-SPM and assembly
progress of the rGO-SPM/poly(St-MMA-AA) membranes via membrane separation-
assisted assembly (MSAA) method. Herein, the method comprises two steps. The first
step is the assembly of rGO on a filter paper. The second step is membrane filtration of
colloidal latex. (b) Schematic illustration of evaporation-induce assembly. Cracks along
with dull structural color could always be observed. (c) Schematic illustration of MSAA

method. The method is facile of achieving uniform structural colors.
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The transmission electron microscope (TEM) image of rGO-SPM is shown in Figure
S3, and the sheet-like nature of product is well reserved. Analytical results from UV-
Vis absorption, thermogravimetric analysis (TGA), derivative thermogravimetry
(DTG), x-ray diffraction (XRD) spectra, Raman spectra, FT-IR spectra, and X-ray
photoemission spectroscope (XPS) reveal that SPM was successfully grafted onto the
surface of rGO, and the de-oxygenation of GO was successfully done (Detailed
discussions of these results can be found in the supporting information, Figure S4-S10).
The optical and SEM images of rGO-SPM membrane are shown in Figure 2a-c. The
pristine rGO-SPM membrane exhibits a compacted laminar and layer by layer
architecture on its cross-section (Figure 2b). Meanwhile, surface SEM of rGO-SPM
membrane displays nanoscale wrinkles and wave-like ripples (Figure 2c). More
importantly, the as-prepared rGO-SPM membrane exhibits better wettability (water
contact angle of 79.5°), comparing with 100.2° of control rGO sample (Figure S13).
This may be mechanistically related to the better performance of structural color
fabrication, which will be discussed below. After filtration and assembly of poly(St-
MMA-AA) microspheres, the as-prepared colloidal film exhibits uniform structural
color (Figure 2d and S14) and could be bent at any directions showing preeminent
flexibility (Figure S15). As seen in Figure S16, colloidal latices with different
concentrations (0.2 wt%, 0.5 wt%, 1 wt%, 2 wt% and 5 wt%) were deposited on rGO-
SPM membranes, respectively. It is obvious that the hue is highly dependent on the
thickness (calculated by formula 2) of the particle arrays (Figure S17). Typical surface
and cross-sectional image of rGO-SPM/poly(St-MMA-AA) membrane is shown in

7
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Figure 2e, f. The rGO-SPM/poly(St-MMA-AA) show a hierarchical structure and the
microspheres are closely packed with a thickness of ~1.0 um. The particles are
isotropically distributed with short-range order (Figure 2e and Figure S24). Also, the
ring-shaped pattern in 2D fast Fourier transform (2D FFT) image (inset of Figure 3e)

reveals that the particles form an amorphous array, consisting with the SEM images.’’

Figure 2. (a) Photograph of an rGO-SPM membrane. SEM images of cross-section (b)
and surface (c) of an rGO-SPM/poly(St-MMA-AA) membrane. (d) Photograph of a
structural color film prepared by MSAA. Corresponding SEM images of the surface (e)

and cross-section (f). Insert: the corresponding FFT image.

Figure 3a presents optical images of three different colloidal films, which are composed
of poly(St-MMA-AA) microspheres with diameters of 195 nm, 218 nm and 256 nm
(Figure S18), respectively. These colloidal films display virtually identical structural
colors at the view angles changing from 90° to 30°, whilst the colloidal film prepared

by vertical deposition sharply varies from red to green (Figure S19, S20). To visually
8
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characterize the angle dependence of the colloidal films, the angle-resolved reflection
spectra and their corresponding contour maps were measured.’® As shown in Figure 3b,
band positions of colloidal films prepared by MSAA barely shift (less than 5 nm) when
the incident angle varies from 90° to 30°, indicating angle-independent property.
Meanwhile, the corresponding contour maps with reflection wavelength () on the x
axis, view angle (0) on the y axis and reflection intensity (I) being converted to colors
in maps also prove their angle-independent behavior. The contour maps of colloidal
films prepared by MSAA exhibit consecutive and linear reflection bands that are
vertical to x axises. As compared in Figure S21, the contour map of colloidal film
obtained from vertical deposition splits into different regions due to the reflection band

shift demonstrating the highly-ordered nature of ordinary periodic colloidal structures.
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Figure 3. (a) Photographs of three different colloidal films observed at angles from 90°
to approximately 30°. (b) Reflection spectra of colloidal films obtained at incident
angles of 90° (curve 1), 60° (curve 2), 45° (curve 3), 30° (curve 4) and (c) corresponding

contour maps.
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Interestingly, the as-prepared colloidal films show enhanced color saturation compared
with control sample (Figure 4 and Figure S22). To better understand the origin of this
enhanced structural color, colloidal microspheres were deposited on blank filter paper
for comparison (by filtrating of diluted colloidal latex (0.1-5 wt%, 3-5 mL) on a MCE
filter paper under vacuum condition). As a matter of fact, the angle-independent
photonic pseudogap is mainly caused by constructive interference of scattered light
from the amorphous array, while the ordinary photonic pseudogap is mainly caused by
Bragg diffraction from ordered lattice arrangement. 340 The transmitted light (40-60
%, Figure S23) from the other side of the filter paper greatly disrupts Bragg reflection
caused by the microsphere array, resulting in pale structural color. However, the black
rGO-SPM that is brought about during the reduction process prohibits the transmitted
light and ensures the interference of coherent scattering light from amorphous arrays
(Figure 4a, b). Thus, the color saturation of this colored film could be remarkably

reinforced.

10
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Figure 4. Schematic illustration of the formation of the structural color on blank filter
paper (a) and rGO-SPM (b). Photographs of poly(St-MMA-AA) microspheres deposit

on blank filter paper (c) and rGO-SPM (d).

The second set of experiments was focused on studying the passive cooling of structural
color film. Benefiting from the angle-independent structural colors and inherent
stopband behavior, these colloidal films show potential for outdoor personal thermal
insulation. In fact, the recent studies of many natural examples have revealed that highly
ordered architectures could efficiently dissipate heat back to the surroundings and keep
the body cool.*!*> For example, Cataglyphis bombycina, the silver ants that survive in
Sahara desert can reduce heat absorption by reflecting large portion of solar radiation
on a dense array of triangular hairs.?® Inspired by these features, we studied the impact

of stopband position on the efficiency of thermal insulation. To evaluate the influence

11
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of stopband positions on heat dissipation process, 8 individual structural colors that are
composed of poly(St-MMA-AA) microspheres with different corresponding diameters
are prepared (Figure S25). The obtained colors, covering the whole visible light regime
are derived from MSAA method and are uniform and independent of viewing angles as
demonstrated above. In a typical procedure, a colloidal film with a diameter of 50 mm
was placed on top the shelf (obtained from a 3D printer). Under natural sun light
radiation, the temperature of structural color film with stopband centered at 650 nm,
increased from 24.6 °C to 34.3 °C within 360 s. In contrast, the bulk polystyrene film
without a structural color showed a rapid temperature increase from 24.6 °C to 45.5°C.
The infrared photographs of sample films after 15 min of irradiation are shown in
Figure 5a. The inserts are temperature differences (AT) between different sample
surfaces (Tsampie) and the cement floor background (Tpe). With the increase of
stopband position, AT appears a downward trend (Figure S26 and S27). The stopband
of a structural color film that inhibit certain wavelength propagation is the main reason
for this result. The structural color films that possess red or near-infrared colors can
prohibit more longer-wavelength light from absorption. For a more realistic case, we
adopted structural color film to integrate on human skin, where the film was attached
to a human hand. Figure 5d-f are human hands with structural color film (stopband
centered at 650 nm), rGO-SPM film and bulk polystyrene film (without a color),
respectively. Before measurement, all samples are in thermal equilibrium after solar
radiation for at least 15 min. The temperature of bulk polystyrene film and rGO-SPM
was 33.5 °C and 38.1 °C, respectively. On contrary, for structural color film, the

12
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temperature was maintained at 32.3 °C, lower than skin temperature 37.8 °C. This is
consistent with the above results. It is worthwhile to note that our structural color film
is composed of two sides: the structural color side and the black rGO-SPM side. It is
expected that the color side can be processed to decrease solar radiation in summer,
while the black rGO-SPM side been processed to absorb more in winter. These findings,
together with the demand of suppressing solar irradiance during the daytime, offers new

insight into functional and scalable textile for personal cooling and energy saving.

A hasssonm

L

AT1=-6.9 °C AT4=-0.8°C

Figure 5. (a) Structural colors prepared by MSAA by varying the diameters of poly(St-
MMA-AA) and corresponding infrared photographs after 15 min of irradiation.
Schematics of comparison between (b) structural color film and (¢) bulk polystyrene
film. Infrared images of (d) structural color film, (e) bulk polystyrene film and (f) rGO-

SPM (attached to human body) under radiation.

Structural color patterns that are free from photobleaching represent an important

application of photonic crystals.**-#4 This MSAA method was also utilized to construct

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Photonics

angle-independent structural color patterns. As shown in Figure S28, a tubular photonic
structure on inner surface of a commercial ceramic tube with average pore size of 0.2
um is presented by placing it in vacuum circumstance. It exhibits uniform structural
color along diametrical direction. This tubular colloidal structure derived from MSAA
method may find potential use in obtaining monochromatic transmitted light, as long
as the photonic band gap (PBG) meets the critical value.*> Furthermore, by combining
this method with microfluidic printing, a well-defined structural color matrix could be
easily realized (Figure S29). Multi-color photonic patterns can be easily achieved with
assistance of mask lithography technology. In our experiment, a specially designed
mask (obtained by a 3D printer, Figure S30) was placed under as prepared rGO-SPM
membrane. Colloidal latex was then filled with lower regions and vacuum filtered until
water totally permeated. Afterwards, additional pattern was fabricated in the same
manner with another mask (Figure S31). Such structural colors that are composed of
1D to 3D colloidal structures are of great significance in self-assembly of colloidal

particles for practical application involving displays and monochromatic optical filters.

CONCLUSIONS

In summary, we report a membrane separation-assisted assembly (MSAA) strategy for
the construction of angle-independent structural colors. By taking advantage of the
water transport channels in sulfonated rGO, water and submicron particles could be
separated easily, along with colloidal particles assembles into amorphous structures.

Moreover, the color contrast is greatly enhanced by the rGO-SPM background.
14
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Accordingly, the resulting colloidal films are crack-free and could be bent at any
directions showing preeminent flexibility. Comparing with conventional evaporation-
induced techniques, MSAA method provides an easy-to-perform solution to assembly
of colloidal particles. We also investigated the influence of structural colors on thermal
insulation and applied it to personal thermal management for the first time. A maximal
reduction of 6.9 °C can be achieved when the stopband of structural color is centered at
650 nm. Such colloidal films with angle-independent structural colors may provide
applications in photoelectric material and new generation of out-door thermal
management materials. More parallel experiments for personal cooling and energy

saving by using structural colors will continue.

Materials and Methods

Materials. Methyl methacrylate acrylic acid (MMA, 98%,), acrylic acid (AA, 98%),
KMnO,, H;PO,4 and H,0, (AR, 30 wt% in water) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Styrene (St, 99%), potassium persulfate
(KPS, 99%), polyvinylpyrrolidone (PVP, K40, M,,= 40000), Sulfopropyl methacrylate
potassium salt (SPM, 95%), Graphite (120 mesh) were received from Aladdin
Industrial Corporation. Purified water with a resistance greater than 18 MQ*cm was
used throughout the experiments. Styrene was purified by distillation under a reduced

vacuum to remove inhibitor before usage. All other chemicals were used as received.

15
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Synthesis of poly(styrene- methyl methacrylate- acrylic acid) (Poly(St-MMA-AA))
colloidal particles. The monodispered poly(St-MMA-AA) microspheres were
synthesized via our previous method and are used in whole study. Briefly, 0.24 g of
PVP, 0.3 g of NaHCO3, were dissolved in 110 g of deionized water in a 250 mL round
flask with stirring under nitrogen atmosphere. 6.0 g of St and 0.04 g of KPS dissolved
in 12 g deionized water was add into the solution dropwise after the mixture was heated
at 98 °C. The reaction was continued for another 1.5 h; and then, 0.5 g of MMA, 0.5g
of AA and 0.01 g of KPS dissolved in 10g water were added, and the reaction was

continued for another 5 h.

Synthesis of rGO-SPM composite. The rGO-SPM composite was synthesized via in
situ free radical polymerization. The reduction of GO and graft of SPM was carried out
simultaneously: 0.2 g of SPM was added into graphene oxide aqueous solution (50 mg
of graphene oxide dissolved in 50 g water) and sonicated (40 kHz) for 1 h to obtain a
homogeneous solution. After the solution was purged with N, for 30 min and heated to
85 °C, 0.035 g of KPS dissolved in 10 g deionized water was add into the solution
dropwise to initiate the polymerization. Meanwhile, 44 pL of hydrazine hydrate and
700 puL of ammonium hydroxide were added into the solution to reduce the graphene

oxide. The reaction was continued overnight.

Membrane separation-assisted assembly process for angle-independent structural
color films. The angle-independent structural color films were prepared by filtering

rGO-SPM solution and colloidal suspension alternatively. Firstly, 2-4 mL of as

16
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synthesized rGO-SPM aqueous solution was filter through a mixed cellulose ester filter
membrane (47 mm in diameter, 0.2 um pore size). Then, 4-6 ml the diluted colloidal
suspension with a concentration of 0.2 wt% was dropped on the rGO- SPM film

carefully and filtered until dry.

Preparation of structural color patterns. A stepwise filtration method was adopted
here to prepare structural color patterns. The first layer of structural color pattern was
prepared by mask I (this mask was obtained by a 3D-printer). After the first layer of
structural color pattern was dry and mask I was replaced by mask I, the second layer

of structural color pattern was prepared by the same way.

Preparation of structural color matrix by microfluidic printing method. Typically,
the emulsion of 15 wt% poly(St-MMA-AA) were injected into a needle (inner diameter:
5um). The flow rates were kept at 0.6 mL h-!. Subsequently, droplets were printed on
the as prepared rGO-SPM paper by a 3D printing machine. Finally, poly(St-MMA-AA)

microspheres were self-assembled into PC structure after the solvent evaporation.

Characterization. The XRD patterns were recorded on a BrukerD8 Advance X-ray
diffractometer (40 kV, 25 mA, Cu Ka radiation, A=1.5418 A) at room temperature.
Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet 6700 FT-IR
spectrometer. IR images were performed on a Thermo Scientific Nicolet iN10 infrared
microscope equipped with a liquid nitrogen cooled MCT detector (Thermo Electron

Corporation, USA). Ultraviolet-visible (UV-vis) spectrum was obtained using a Perkin-

17
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Elmer Lambda 900 UV-vis spectrometer. The morphologies of materials were observed
by scanning electron microscopy (SEM) using a HITACHI S-4800 scanning electron
microscope. Low-resolution Transmission Electron Microscopy (TEM) images were
recorded on a JEOL JEM 1011 microscope operating at 100 kV. Atomic force
microscopy (AFM) images was accomplished under ambient conditions with Bruker
Dimension Icon scanning probe microscope in the tapping mode of operation.
Reflection spectra were recorded using an optical microscope equipped with a fiber
optic spectrometer (Ocean Optics, USB4000). Contact angles were measured with a
KRUSS DSA100 (KRUSS, Germany) contact-angle system at ambient temperature.
The samples for thermogravimetric analysis (TGA) were prepared by drying under
vacuum for water removal, and the analysis was carried out at a heating rate of 5 °C
min! from 30 to 700 °C in the N, atmosphere. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an ES-CAIAB250 XPS system with Al/Ka as the
source, and the energy step size was set as 0.100 eV. The size and zeta potential of
materials were measured by dynamic light scattering (DLS) (Malvern, ZEN3690).

Temperature profiles were measured using a Fluke Ti30 IR thermal imager.
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We introduce a membrane separation-assisted assembly of colloidal particles into
structural colors. These structural colors are angle-independent because of the
amorphous arrangement of particle arrays. Also, an application of thermal management

is demonstrated by taking advantage of the inherent slow photon effect.
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