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Robust and Flexible Colloidal Photonic Crystal Films
with Bending Strain–Independent Structural Colors
for Anticounterfeiting
Mengyao Pan, Xiao bai Li, Chengjia Xiong, Xiaoyi Chen, Lebin Wang, Xi Chen, Lei Pan,
Hongbo Xu,* Jiupeng Zhao,* and Yao Li*
dielectric constant of the periodic modulation can exclude the propagation of
photons in a certain frequency range.[1] As
a result, PCs are promising for a variety of
applications, such as optical waveguides,
lasers, and telecommunications.[2–5] When
the energy of visible light exists in
the bandgaps of PCs, the visible light
cannot propagate and will be reflected
and diffracted, producing the structural colors. The iridescent and metallic
structural colors make PCs suitable for
wide potential applications in color displays and printings,[6–10] chemical and
biosensors.[11–14] PCs with structural colors
have also been reported as good candidates for anticounterfeiting[15–22] because
they are resistant to fading and are not
easily mimicked by chemical dyes or
pigments.[23]
Up to now, various PCs have been
integrated into the field of anticounterfeiting. The reported PC-based anticounterfeiting materials can be classified into
two categories according to the security strategies. One is that
the anticounterfeiting materials can change color as viewing
angle changes.[15,24–26] The other type of PC anticounterfeiting
materials usually consists of patterns that are invisible under
normal circumstances but can be revealed under specific
external stimulations (e.g., water, vapor, lighting, magnetic or
electric field).[8,20,27–31] Although these unique anticounterfeiting characteristics make them high-level security, their poor
flexibility greatly limits their applications to curved surfaces or
flexible objects, such as banknotes.[30,32] Therefore, many efforts
have been devoted to developing flexible PCs. A typical example
of the first type of anticounterfeiting material with good flexibility has been reported by Kirill Keller’s group,[33] where the
flexible anticounterfeiting material was obtained by printing colloidal particles onto the flexible substrates via an inkjet printing
method. Chen’s group reported a flexible colloidal PC film prepared by coating poly(tert-butyl acrylate) (P(t-BA)) nanoparticle
suspension on the soft polyethyleneterephthalate substrate.
The flexible (P(t-BA)) PC film presented large area crack-free
morphology.[34] Hu et al. reported a flexible colloidal PC-based
anticounterfeiting material that can transform between the
invisible and visible states by the application and withdrawal

Colloidal photonic crystals (PCs) possess iridescent and metallic structural color,
making them an attractive candidate for anticounterfeiting. However, traditional
colloidal PC-based anticounterfeiting materials usually have bending-induced
color-switching characteristics or poor flexible stability, significantly affecting
their color reproducibility and durability. Here, a novel robust colloidal PC film
with bending strain–independent structural color and high flexible stability
has been developed through the self-assembly of SiO2 particles into the
poly(ethylene glycol) diacrylate (PEGDA) matrix. The unique microstructure of
the colloidal PC film contains ordered and disordered arrays of SiO2 nanoparticles embedded into the flexible PEGDA matrix, which is crucial to achieving
bending strain–independent structural color. In fact, during the bending process,
the colorless disordered arrays act as the buffer space, avoiding deformation
of the colored ordered arrays and thus maintaining its original structural color.
Remarkably, the film retains its structural and optical integrity after 10 000 times
bending, supporting its high flexible stability and robustness. In addition, the
film shows high transparency so that it can easily achieve an invisible and visible state transition under switch of weak and strong light. The film is potentially
useful for applications in anticounterfeiting and encryption.

1. Introduction
Photonic crystals (PCs) have aroused wide interest in recent
years due to their photonic bandgap properties and iridescent
structural colors. The bandgaps of PCs resulting from the
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Figure 1. Schematic illustration for the preparation of the flexible and free-standing colloidal PC film. a) A homogeneous dispersion containing SiO2,
PEGDA, and ethanol. b) The formation of colloidal PC dispersion with structural color after evaporation of the ethanol. c) Infiltration of colloidal PC
dispersion into the gap between glass slides and solidification under UV light. d) Formation of the free-standing colloidal PC film after removing the
glass slides.

of the magnetic fields, which was prepared by encapsulating
the magnetically responsive colloidal PC inside flexible polydimethylsiloxane material.[35] However, the large mismatch of
elastic modulus between colloidal PCs and soft substrates or
soft encapsulating materials will introduce additional strain,
leading to low robustness and mechanical strength and in a
repeated bending process.
In order to address the issue, elastic materials are incorporated into the PC system to enhance flexible stability and
robustness simultaneously. For example, Wang’s group introduced the polycarbonate with high flexibility for the preparation of the PC-based anticounterfeiting material via a novel
nanoimprinting method.[25] Ge’s group fabricated a patterned
composite PC film for security purposes by introducing the
mixture of poly(ethylene glycol) methacrylate and ethylene
glycol (EG) into the colloidal PC system and subsequently selectively crosslinking it, where the patterns on the film are hidden
in a normal state and can be revealed by a slight deformation
due to the high softness.[36,37] Despite the good robustness
and flexible stability of PC-based anticounterfeiting materials
in the above research, their structural colors will change with
the bending curvature and viewing angle.[25,36,37] As a result,
the film will undergo unpredictable and complex color changes
when it is bent, making it difficult to reproduce a specific
structural color in their practical applications. Therefore, it is
essential to develop PC films with bending strain–independent
structural colors to improve the recognition degree under
bending.[25]
Herein, we report for the first time a robust, flexible, and
free-standing colloidal PC film with bending strain–independent structural color, which has been prepared by in situ
fixing the silica nanoparticles into the poly (ethylene glycol)
diacrylate (PEGDA) polymer matrix through the photopoly
merization process. The resultant colloidal PC film exhibits
a structural color unrelated to bending deformation, which
is derived from the unique nanostructure containing ordered
and disordered arrays of SiO2 nanoparticles embedded into
the flexible PEGDA matrix. Remarkably, the film remains its
structural and optical integrity after 10 000 times bending,
exhibiting its high flexible stability and excellent durability.
In addition, the film also shows high transparency due to
low refractive index contrast between silica and PEGDA,
resulting in a covert nature under indoor ambient light and
an overt state under strong illumination, which makes it
high-level security. The free-standing feature makes it easy to
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transfer to any target surface. The combination of the bending
strain–independent structural color, a high-level security function, excellent flexible stability, and free-standing characteristic makes our PC system well suited for the applications in
security and encryption.

2. Results and Discussion
2.1. Preparation of the Colloidal PC Films
The ordered self-assembly of silica nanoparticles into the
PEGDA system is the crucial step to achieve the colloidal PC
film with a bright structural color. The preparation process is
schematically illustrated in Figure 1. Due to the high viscosity of
PEGDA, the silica particles were first dispersed in the ethanol
and then mixed with PEGDA to form the homogeneous milky
dispersion (Figure 1a), which was then heated at 60 °C to evaporate ethanol. During the evaporation process, the dispersion
gradually generates a bright structural color from milky white,
indicating the self-assembly of silica nanoparticles (Figure 1b).
To obtain the colloidal PC film with uniform thickness, the
dispersion was infiltrated into the spaces between two parallel glass slides (Video S1, Supporting Information) and then
exposed to ultraviolet (UV) light for solidification (Figure 1c).
After removing the glass slides, the flexible and free-standing
colloidal PC film was obtained (Figure 1d).

2.2. Transmission and Reflection Characteristics of the Colloidal
PC Film
Colloidal PC films with different structural colors (green, red,
yellow, and blue) have been fabricated by using silica nanoparticles with different diameters (159, 218, 182, and 142 nm,
Figure 2a). The reflection spectra for these colloidal PC films
all show sharp and narrow peaks, and the intensities of reflection peaks of these colloidal PC films with different central
reflection wavelength (513, 705, 590, and 457nm) are above
50% (Figure 2b), indicating their high color purity. The typical
transmission spectra show that the colloidal PC films possess high transmittance at wavelengths outside the stopband
(Figure 2c). The standardized Commission Internationale de
L’Eclairage (CIE) chromaticity values of the colloidal PC films
are converted from the measured reflectance spectra,[18] which
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Figure 2. a–c) Digital photos, reflectance, and transmission spectra of four colored (green, red, yellow, and blue) colloidal PC films. d) The positions
of the four samples in the CIE diagram.

verifies that the structural color of the colloidal PC film spans
the visible light regime (Figure 2d). It is worth noting that
these colloidal PC films with narrow reflection peaks and high
transparency can exhibit very bright structural colors on a black
background due to the absorption of the transmitted light by
the black pigment.

2.3. The Microstructure of the Colloidal PC Film
The colloidal PC film consists of crystalline regions with an
ordered arrangement of particles and amorphous regions
with disordered stacked silica particles, which is caused by

the polymerization-induced phase separation process.[38] The
unique structure of the green colloidal PC film can be observed
by the top surface scanning electron microscopic(SEM) image
in Figure 3a, where the particles are revealed correspondingly
uniform in the region A (marked by a white parallelogram)
and the nanoparticle is equidistant from its six nearest neighbors (marked by a red hexagon), while disordered distribution of particles appears in the region B (marked by a white
circle). The co-existence of crystalline and amorphous regions
can also be demonstrated by the cross-section SEM image
spanned overall thickness in Figure 3b (the arrow shows the
film thickness direction). The ordered arrangement of particles
in the crystalline region and random stacks of silica particles in

Figure 3. a) Top-view SEM image of the green colloidal PC film. b) The cross-sectional SEM image of the green film spanned overall thickness. The
thickness direction is indicated by the arrow. c) The magnification of the SEM image of the crystalline area marked in b) by the dashed rectangle. d) The
magnification of the SEM image of the amorphous region marked in b) by the solid outlined rectangle. e) Optical microscopy image of the green film.
f) Microscopic reflection spectra measured in the crystalline and amorphous regions.
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the amorphous region can be further clearly observed by the
enlarged images of the two regions (Figure 3c,d). The corresponding 2D fast Fourier transform patterns obtained from
Figure 3c,d respectively showing a series of spots and fuzzy concentric circles also reveals that highly ordered crystalline structure and disordered amorphous structure both exist in the PC
film (Figure S1, Supporting Information). Moreover, according
to the fact that the nanoparticle maintains equal distance from
its six nearest neighbors in the surface (marked by a red hexagon in Figure 3a) and the stacking sequence of the packing
layers parallel to the film surface is ABCABC (Figure 3c),[39] it
can be concluded that the particles in the crystalline region are
arranged in accordance with the non-close packed [111] planes
of FCC (face-centered cubic) lattice.[40,41] The observation of
many separate colloidal microcrystals in the optical microscope
image also confirms its unique microstructure (Figure 3e),
where the colloidal microcrystals show bright green color,
while the amorphous regions show colorless and transparent.
Figure 3f shows the microscopic reflection spectra measured
in the crystalline and amorphous regions. It demonstrates that
the intensity of the reflection peak is strong in the crystalline
region, while it is weak in the amorphous region. Therefore,
it can be considered that the reflected color of the colloidal PC
film is completely generated by the ordered microcrystalline
regions with a non-close packed structure. The reflection wavelength (λ) of the colloidal PC film can be calculated by Bragg’s
law, which can be expressed as Equation (1) when light enters
the plane vertically.[16,42]
 π 
λ = 2dneff = 
 3 2φ 

1/3
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3

1/2

D ( n silica 2φ + nPEGDA 2 (1 − φ ))

1/2

(1)


where d is the lattice spacing of non-close packed [111] plane
of FCC lattice, neff is the effective refractive index of the SiO2PEGDA composite, φ is the volume ratio of SiO2 in the colloidal PC film (30%), D is the average diameter of the particles,

nsilica and nPEGDA are the refractive indices of SiO2 (1.46) and
PEGDA (1.47), respectively. According to Equation (1), the
calculated reflection wavelength of the green colloidal PC film
is 515 nm, which is very close to the experimental result of
513 nm (Figure 2b), further verifying its non-close packed FCC
microcrystal structure. The calculated reflection wavelengths
for the other colloidal PC films are listed in Table S1 in the
Supporting Information, which are in good agreement with the
experimental results.

2.4. Bending Strain–Independent Structural Colors
of the Colloidal PC Films
Figure 4a shows that the colloidal PC films rolled into cylinders
with diameters of 3 cm exhibit the same bright structural colors
with the unbent colloidal PC films (Figure 2a), which suggests
that the structural color is independent of the bending deformation. Figure 4b shows the reflection spectra of the colloidal PC
films before and after bending, where there is almost no change
in the central reflected wavelength after bending. This result is
consistent with the observations in Figure 4a. Here, the refection signals are collected by placing the optical fiber vertically
above the colloidal PC film (the detailed measurement process
shown in the Video S2, Supporting Information). Moreover, the
structural colors of the colloidal PC films are independent of
the bending curvature (Figure S2, Supporting Information).
The bending strain–independent structural color of the colloidal PC film is derived from its unique microstructure of the
co-existence of crystalline and amorphous states. In general,
the particles in the crystalline regions are arranged in a regular
array, while those in the amorphous regions are disordered and
loose (Figure 3c,d), resulting in a greater deformation in the
amorphous region than the crystalline region when bending.
Figure 5a,b shows the microscopic images of the same region
of the green colloidal PC film before and after bending,
respectively. The shapes and the colors of microcrystals

Figure 4. Colloidal PC films possess bending strain–independent structural colors. a) Digital photos of bent colloidal PC films with colors of
green, red, yellow, and blue. b) Reflection spectra of the colloidal PC films before and after bending. The radius of curvature of the bent films
is 1.5 cm.
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2.6. Anticounterfeiting Applications
of the Colloidal PC Films
The transition of the covert-overt state of
the colloidal PC film can be easily achieved
under different light intensities due to its
high transparency. As shown in Figure 7a,
the colloidal PC film attached to the patterned background is almost invisible under
weak office lighting (ca. 300 lux), while the
“1  
0  
0” pattern of the background image
dominates the light reflected back to the
naked eyes.[43] It can be ascribed to the low
diffraction intensity and high transmittance
of the thin colloidal PC film (thickness of
59.72 µm). The hidden colloidal PC film can
be observed under high-intensity light and its
structural color becomes brighter as the light
intensity increases (Figure 7b,c), which can
be attributed to the fact that the diffraction
intensity of the film can be directly enhanced
by the strong illumination.[20] It should be
noted that the film with bright structural
color will not shield the original patterns of
the background image due to its high transmittance outside the stopband (Figure 7c),
Figure 5. The structure of the unbent and bent colloidal PC films with green color. a,b) Optical making it more suitable for the anticounmicroscopy images of the unbent and bent colloidal PC films, respectively. c,d) SEM images terfeiting watermark compared with other
of microcrystal regions before and after bending the film, respectively. The radius of curvature
colloidal PC-based anticounterfeiting mateof the bent film is 2.0 mm.
rials with low transparency.[18] The bent film
attached to the patterned background also
remains the same green color, demonstrating its high repro(marked 1, 2, 3, and 4) remain unchanged after bending,
ducibility under bending (Figure 7d). As a result, the colloidal
while a large deformation could be observed in the amorphous
PC film is a promising material for anticounterfeiting.
region. The deformation can be manifested in the enlargement
In order to further improve the diversity of colloidal PC-based
of the amorphous region surrounded by three microcrystals
anticounterfeiting materials, a patterned sample composed of
(marked in red circle) and the increase in the distance between
different monochromatic colloidal PC films has been prepared
two microcrystals (marked 1 and 2) from 2.5 to 3.1 µm after
(Figure S4, Supporting Information). The patterned barcode
bending. From the SEM images of the unbent and bent green
film in Figure 5c,d, a slight change in the lattice spacing in the
microcrystal regions could be observed, which suggests that
there is almost no deformation in the crystalline region after
bending. In a sense, it can also be considered that the amorphous regions act as buffer zones, slowing down the deformation of the microcrystal regions, so that the colloidal PC film
possesses the bending strain–independent structural color.

2.5. Bending Tests of the Colloidal PC Films
Excellent durability and long service life are crucial for the
application of anticounterfeiting materials. When the colloidal PC film is used as a security watermark for banknotes,
its life and durability are mainly dependent on its resistance to
bending. Thereby, we performed the bending test by using a
flexible bending tester machine (Figure S3a–c and Video S3,
Supporting Information). The position of reflection peak is
unchanged and the intensity of that decreases slightly after
bending 10 000 cycles, demonstrating its excellent flexible
stability, color stability and durability (Figure 6).
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Figure 6. Reflection spectra of the green colloidal PC film after bending
different cycles.
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4. Experimental Section
Materials: Tetraethylorthosilicate (TEOS, 98%)
and aqueous ammonia (28%) were obtained from
Sinopharm Chemical Reagent Co. Ltd. Ethanol
(99.7%) was purchased from Tianli Chemical
Reagent Co. Ltd. PEGDA (average Mn = 250) was
purchased from Sigma–Aldrich. Darocur 1173
Figure 7. The green colloidal PC film attached to the patterned background for anticounter(2-hydroxy2-methyl-1-phenyl-1-propanone,
96%)
feiting purposes. a–c) Digital photographs of the flat film attached to the patterned background
under office lighting (ca. 300 lux), indoor daylight (ca. 2000 lux), and outdoor daylight (above was purchased from TCI Co. Ltd. TEOS was used
after vacuum distillation, and other chemicals were
30 000 lux), respectively. d) Digital photograph of the bent film attached to the patterned
used directly without purification.
background under indoor daylight (ca. 2000 lux).
Preparation of the Colloidal PC Suspension:
Monodisperse silica particles with diameters
of 142, 159, 182, and 218 nm were synthesized through the modified
film shows the very bright color under black ground and strong
Stöber method.[44] Silica particles were dried and weighed after being
illumination, due to the absorption of the transmitted light by
washed by ethanol for several times. Then, the dried silica particles
black pigments and the enhancement of colloidal PC diffracwere redispersed into an adequate amount of ethanol and subsequently
tion intensity by a strong light source (Figure 8a).[16,20] When
mixed with PEGDA containing 3 wt.% Darocur 1173, where the volume
the patterned film is attached to the patterned background,
ratio of SiO2 particles to PEGDA was 3:7. In the typical process, 0.06 g
it appears very dim under weak office lighting illumination
SiO2 particles dispersed in 1 mL of ethanol were mixed with 0.0784 g of
PEGDA and 2 µL of Darocur 1173 forming a homogeneous dispersion.
(ca. 300 lux, Figure 8b), while it becomes vivid under strong
Then, it was dried at 60 °C for 24 h to evaporate the ethanol and to
light (ca. 2000 lux, Figure 8c), showing a rapid and straightforobtain the concentrated colloidal PC suspension with structural color for
ward transformation between covert and overt states. When the
further use.
barcode patterned film is bent, each small monochrome film
Preparation of the Free-Standing Colloidal PC Film: To prepare
also retains its original color (Figure S5, Supporting Informahomogeneous free-standing colloidal PC film, scotch tape (60 µm in
tion), indicating the good color reproducibility. Therefore, it
thickness) was first attached to both ends of a glass slide. Then, a cover
slide was placed on the scotch tape to form a gap of 60 µm between
shows remarkable applied potential in the field of anticounterthe cover slide and glass slide (Video S1, Supporting Information).
feiting or optical identification codes.
The concentrated colloidal PC suspension was infiltrated into the gap
by capillary forces and left undisturbed for self-assembly. After the
self-assembly was complete, it was irradiated with UV light (365 nm,
6.6 mW cm−2) for 60 s to induce polymerization of PEGDA, and thus the
3. Conclusion
colloidal PC film was obtained. After detaching it from the glass slide, a
In conclusion, a flexible and robust colloidal PC-based
free-standing colloidal PC film was obtained.
Preparation of a Flexible Film with a Multicolor Barcode Pattern
anticounterfeiting material has been successfully developed
for Security: The flexible film with a multicolor barcode pattern was
using silica particles and photocurable polymer via a UV
fabricated by employing the photocurable polymer to glue fourphotopolymerization. The colloidal PC film shows the bending
colored monochromatic colloidal PC films. First, the red, yellow,
strain–independent structural color and high transparency,
blue, and green monochrome films were prepared, which were
so it can retain the original color after bending and achieve
then arranged together to form a multicolor barcode pattern. After
visible and invisible state transitions under different light
the pattern was transferred between two glass slides, PEGDA
and Darocur 1173 (3 wt.%) were permeated into the gap between
intensities. Therefore, the film has high-level security and
two glass slides. Finally, it was irradiated with UV light (365 nm,
good color reproducibility. The distinct bending strain–inde6.6 mW cm−2) for 60 s and then peeled-off from the glass (Figure
pendent structural color and high transparency are caused by
S3, Supporting Information). Thus, a flexible film with a multicolor
its unique microstructure composed of crystalline and amorbarcode pattern was obtained.
phous regions and low refractive index contrast between silica
Characterization: The particle sizes of silica and arrangement of
and photocurable polymer, respectively. Meanwhile, the colparticles in the colloidal PC film were observed by SEM (ZEISS, Germany).
The optical microscope images of a colloidal PC film were obtained from
loidal PC film shows excellent flexible stability, color stability,
the Leica DM4 P optical microscope (Germany) in reflection mode. The
and structure durability, which can undergo 10 000 cycles of
reflection spectra were measured by an Ocean Optics Maya 2000 Pro
bending at least without losing the integrity of the mechanfiber spectrometer coupled to a six-around-one reflection/back scattering
ical structure and optical properties. It is believed that the
probe, where both incident and reflected angles were perpendicular to the
inimitable security material will have a place in the field of
surface of the sample. The microscale reflection spectra were measured
anticounterfeiting.
by the spectrometer mounted on the optical microscope (Leica DM4 P,
Germany). The transmission spectra were measured
using the spectrometer coupled to two optical
transmission fibers. The bending tests of the film
were measured by a Flexible Bending Test Machine
(MEIKO, CHINA).

Figure 8. The barcode patterned film for anticounterfeiting purposes. a) Digital photograph of
the barcode patterned colloidal PC films under daylight. b,c) Digital photographs of the barcode
patterned colloidal PC film attached to the patterned background under weak office lighting
illumination (ca. 300 lux) and under indoor daylight (ca. 2000 lux), respectively.
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